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ABSTRACT 

 

Augmented reality “AR” is a promising paradigm that can provide users with real-time, high-

quality visualization of a wide variety of information. In AR, virtual objects are added to the 

real-world view in a real time. Using the AR technology can offer a very realistic environment 

for driving enhancement as well as driving performance testing under different scenarios. This 

can be achieved by adding virtual objects (people, vehicles, hazards, and other objects) to the 

normal view while driving in a safe controlled environment.  

In this dissertation, the feasibility of adapting the AR technology into traffic engineering 

was investigated. Two AR systems; AR Vehicle “ARV” system and Offline AR Simulator 

“OARSim” system were built. The systems’ outcomes as well as the on-the-road driving under 

the AR were evaluated. In evaluating systems’ outcomes, systems were successfully able to 

duplicate real scenes and generate new scenes without any visual inconsistency. In evaluating 

on-the-road driving under the AR, drivers’ distance judgment, speed judgment, and level of 

comfort while driving were evaluated. In addition, our systems were used to conduct two traffic 

engineering studies; left-turn maneuver at un-signalized intersection, and horizontal visibility 

blockage when following a light truck vehicle. The results from this work supported the validity 

of our AR systems to be used as a surrogate to the field-testing for transportation research.  
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CHAPTER 1:  INTRODUCTION 
 

1.1 Overview  

A useful and very significant jump in simulation technology is to be able to evaluate synthetic 

simulated conditions in realistic settings (Gelenbe et al. 2005). This technology is based on 

Augmented Reality “AR”.  Augmented reality is a paradigm which creates a combination of real 

and virtual objects in real-time in which the user cannot tell the difference between the real and 

augmented world (Hussain et al. 2004).  Figure 1.1 shows an example of a view that the user 

might see from an AR system showing a real scene with a virtual vehicle. 

 

   

(a) (b) 

Figure 1.1: a) real scene, b) the result of inserting a virtual vehicle into the real scenes. 

 

The AR technology has the ability to improve the user's perception and interaction with 

the real world (Bonsor 2001). Information expressed by the virtual objects can help the user to 

perform real-world tasks (Azuma 1997). Performing a real experiment to evaluate human 

performance under certain traffic scenarios might be very expensive with high degree of risks to 
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drivers. The AR technology can offer a very realistic environment for driving enhancement as 

well as driving performance testing under different scenarios. This can be achieved by adding 

virtual objects (people, vehicles, hazards, and other objects) to the normal view while driving in 

a safe controlled environment. That makes applying the AR technology into traffic engineering 

applications a promising approach. 

The AR technology can be applied in many potential areas in traffic engineering for both 

research and real world applications. AR can be used to study human performances under 

different traffic situations. With the use of AR, current road designs as well as any proposed 

designs can be evaluated. With the great leap forward in technology and developing different 

Intelligent Transportation Systems (ITS), it is important to test those systems before 

implementing them in the real world. The AR technology can be applied for assessing the 

benefits of using ITS and evaluating different information systems, static and/or dynamic, in 

and/or out of vehicle. In addition, it can be used to evaluate the new collision preventing 

systems. Besides, the AR technology can be used to assist driving under inclement weather 

conditions such as; rain, fog, and snow. In addition, it can help in drivers’ training, by allowing 

drivers to drive a real vehicle in a real safe environment, which makes drivers’ training easier 

and safer without the risk of hitting objects.  

 

1.2 Research Objectives 

Applying the Augmented Reality “AR” technology for traffic studies is a new and challenging 

task. Our main goal from this research is to investigate the feasibility of applying AR technology 

into traffic engineering area.  In order to achieve that goal, the following tasks were defined; 
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1. Build two systems based on the AR technology; AR Vehicle system, and Offline AR 

Simulator system. 

2. Evaluate the AR systems’ outcomes. 

3. Evaluate on-the-road driving under the AR. 

4. Use our AR systems for conducting two traffic studies; 

(a) Left-turn maneuver at non-signalized intersection study. 

(b) Horizontal visibility blockage problem due to following an LTV study.  
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CHAPTER 2:  LITERATURE REVIEW 
 

2.1 Augmented Reality Technology 

With enhancements in computer graphics, coupled with decreasing the cost and increasing 

computers’ processing power, a significant leap forward in the AR technology has been 

achieved. The basic idea of the AR technology is to add virtual (computer-generated) objects, 

audio and other sense enhancements to a real-world environment (Hussain et al. 2004). These 

enhancements are added in a way that the viewer cannot tell the difference between the real and 

augmented world.  

 

2.1.1. Augmented Reality Techniques 

In AR technology, real world and virtual objects are combined in a real time. There are two main 

techniques for combining real and virtual objects; optic technique and video technique 

(Johansson et al. 2002). While the optic technique uses an optical combiner for combining the 

real and virtual objects, the video technique uses a computer or a video mixer for combining the 

video of the real world, from video cameras, with the virtual images (computer-generated) 

(Azuma 1997). Both AR techniques (optic and video) can display the final view to the user using 

a Head Mounted Display “HMD”, monitor-based display, and/or hand-held display. The 

Augmented reality system with a Head Mounted Display (HMD) can be closed-view or see-

through HMDs. While the closed-view HMDs do not allow any direct view of the real world, the 

see-through HMDs allow the user to see the real world, with virtual objects added using optical 

or video techniques (Azuma 1997). Using the Head mounted displays provides a good extent of 

presence as the user is inside the actual environment. 
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Figure 2.1 shows an optical see-through HMD, in which an optical combiner is placed in 

front of the user's eyes. This combiner is partially transparent, so that the user can see the real 

world through them, as well as partially reflective, so that the user can see the imposed virtual 

images (Azuma 1997). In addition, a monitor-based optical configuration is also possible. This is 

similar to the see-through HMD except that the user does not wear the HMD, but the monitor 

and combiner are fixed in space, and the user moves his/her head to look through the combiner 

(Peuchot 1995). An example of an optic AR system with both HMD and hand-held display is 

presented in Figure 2.2. 

 

 
 

Figure  2-1: See-Through HMD optic technique AR system conceptual diagram (Azuma 1997). 
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Figure  2-2: Mobile optic AR system with HMD and a hand-held display (Feiner et al. 1997). 

 

Figure 2.3 shows a conceptual diagram of a video see-through HMD, in which one or two 

video cameras are fixed in the head mounted display. These video cameras provide a video of the 

user's view of the real world, this video is combined with the virtual images created by the scene 

generator. The video with the added virtual images is sent to monitors in front of the user's eyes 

in the HMD (Azuma 1997). An example of a mo  video AR system with HMD is presented in 

onitor-based with video configuration technology is shown in Figure 2.5.  In 

this case, the user does not wear the display device but there is a monitor fixed in front of the 

user.  Like the video see-through HMD case, one or two video cameras view the real world, then 

the video from those cameras and the virtual images, generated by a scene generator, are 

combined and displayed in the monitor in front of the user (Azuma 1997). Figure 2.6 shows an 

bile

Figure 2.4. The m
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example of a real monitor-based video technology AR system. In some cases, the combined 

video with the images might be displayed in a stereo on the monitor, which requires the user to 

wear a pair of stereo glasses as seen in Figure 2.6. An example of a video AR system with a 

hand-held display is presented in Figure 2.7. It could be used for many applications such as 

games and 3D navigation (guide a user through an unfamiliar building to their destination). 

 
Figure  2-3: See-Through HMD video technique AR system conceptual diagram (Azuma 1997). 
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Figure  2-4: Mobile video AR system with HMD (Wagner et al. 2005) 

 

 
 

Figure  2-5: Monitor-based video technique AR system conceptual diagram (Azuma

 
 

 1997). 
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Figure  2-6: An example of monitor-based video technique AR system (Drascic 1993). 

 

 
 
 
 

 
 

Figure  2-7: Video handheld display AR System (Wagner et al. 2005). 

 

Both optical and video techniques have advantages and disadvantages. Azuma et al. 

(1994) and Rolland et al. (1994) discussed some of both techniques’ advantages and 

isadvantages. In the following paragraphs, we briefly touch on them. 

 

d
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Safety:  

If the power is cut off from optical see-through HMDs, the user still has a direct view of the real 

world. In the other hand, if the power is cut off from the regular video see-through HMDs then 

the user cannot see anything. Using a moveable video see-through HMD in which the user can 

easily flip the glasses up and down might be a good solution for this problem, as shown in Figure 

2.8. 

 

Figure  2-8: video see-through HMD with flip able glasses (i-glasses website). 

bjects: 

 combiners allow light from both virtual and real sources, virtual objects might 

ore difficult 

plex, that may be why optical see-through are growing less popular (Bonsor, 2001). On 

the other hand, in the video technology both the real and virtual objects are available in digital 

form, that makes them displayed with the same clarity.  This advantage makes the video see-

through appear to be ultimately more convenient in producing the environment then the optical 

see-through technology. 

 

Obscure the real world o

Since the optical

not be completely obscure the real world objects which causes the virtual objects to appear like 

ghost or semi-transparent objects that breaks the illusion of the reality. Building an optical see-

through HMD that can effectively shut out the light from the real world is much m

and com
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Wide field-of-view: 

 In optical systems, distortions are a function of the radial distance away from the optical axis, 

i.e. further the user looks away from the center of the view, the larger the distortions he/she gets.  

In order to build a wide field-of-view display with optical see-through techniques, a more 

complex optical system is needed. This is not a problem for the video technique. 

 

Delay between the virtual and the real views: 

In the optical see-throu age 

between the virtual and real views can cause 

Under the ideal case, the brightness of both real and virtual objects should be matched. In the 

optical technique, since the user has a direct view of the real world, it might be a problem to 

atch the brightness of both real and virtual objects. While the real environment will wash out 

nvironment is too bright, the virtual image will wash out the real world if 

 decided that the 

video see-through HMD technology deemed more appropriate for this research. For safety 

reasons, the HMD with flip-able glasses was adapted. 

 

 gh, the view of the real world is instantly offered but the virtual im

stream is delayed. This chronological delay 

problems. In the video technique, it is possible to match the delay of the two views (virtual and 

real). 

 

Match the brightness of real and virtual objects:  

m

the virtual if the real e

the real environment is too dark. In the video technique, since the computer generates the view of 

both the real and virtual objects, matching the brightness is not a problem.  

After studying the advantages and disadvantages of each system it was
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2.1.2. Augmented Reality Challenges 

There are three main challenges face the AR techniqes; registration, non-rigid objects, and 

different terrain (Azuma 1997, Hussain & Kaptan 2004, Gelenbe et al. 2005). 

. Registration 

he word “Registration” refers to the need to align real and virtual objects, in position, 

orienta

es, which can easily be detected by the user as shown in Figure 2.9. 

 

1

T

tion, and scale, with each other. Small errors in registration generate visual 

inconsistenci

 

 

Figure  2-9: Small errors in registration cause visual inconsistencies (Hussain et al. 2004) 

lmost all AR techniques assume that virtual objects and live objects have exactly the same 

. This assumption is only valid for rigid objects such as roads and buildings. 

 

2. Non-Rigid Object 

A

detailed shape

However, in case of non-rigid real objects (e.g., trees) a problem might occur when a virtual 

object appears behind them as shown in Figure 2.10.  
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Figure  2-10: Non-Rigid objects cause visual inconsistencies (Hussain et al. 2004). 

 

3. Different Terrain 

When the real world terrain is not a level terrain, then the simulated terrain might differ from the 

real terrain. This difference in terrain might cause a vertical different between objects in the real 

view and their corresponding objects in the simulation as shown in Figure 2.11. 
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Figure  2-11: Different terrain problem required a vertical correction. 

 

y-correction

Actual Terrain Contours

Simulation Terrain Contours



There are no absolute solutions for these problems and it still an open research (Hussain 

et al. 2004). 

 

2.1.3. Augmented Reality Applications 

Augmented reality is a promising paradigm for providing users with real-time, high-quality 

visualization of a wide variety of information. Augmented reality can be applied into a wide 

range of applications in many areas. For instance, augmented reality can be applied into medical 

visualization and training, manufacturing and assembling, maintenance and construction, design 

and modeling, m s forms of 

entertainment, navigation and information gui ance. The common thing between all AR 

appl u et 

al. 2002). In this section, a brief discussion of some of those applications is presented. 

 

In Medicine: 

Using AR technology for medicine applications has gained the interest of researchers for several 

years (Fisher et al. 2004).  AR can be used for visualization, guidance, and training purposes. AR 

can help doctors to visualize internal human anatomy with the view of the patient.  This would 

guide surgeons in performing precision tasks, like displaying where to make a hole in the 

patient’s head for brain surgery, as shown in Figure 2.12 (Azuma 1997). Also, it would be very 

useful during small incision surgeries like min ally-invasive surgeries (Suthau et al. 2002). 

This would give an internal view of the patient w cut. Researchers at the 

University of North Carolina have investigated superimposing three-dimensional images over the 

patient D an 

ilitary training and warfare, commercial applications, variou

d

ications is the requirement to align virtual images with objects in the real world (Sutha

im

ithout the need for larger 

’s body for visualizing internal patient anatomy (Azuma 1997). While wearing HM
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ultrasound scan of a fetus inside a woman is superimposed over the women stomach, allowing 

 of the fetus as well as locating its position relative to the other 

that can be used for a 

cockroa

perspective 3D observation

internal organs, as shown in Figure 2.13. In addition, AR can be very helpful tool for surgery 

guidance and training. In which the visual images can help the surgeon to visualize the path 

through the patient’s anatomy to the affected part that needed to be removed (Suthau et al. 2002, 

Uenohara 1995). Also in breast biopsy operations, virtual images using AR technology can help 

the surgeon to identify the location of the tumor and guide the needle to its target, as shown in 

Figure 2.14.  

Furthermore, AR can be used for psychological disorders treatments. In which the 

environment around the patient is real but objects that the patient fears of are virtual. A research 

group at the University of Melbourne, Australia, have built an AR system 

ches phobia treatment then they tested it on a patient (Juan et al. 2004). They reported 

that, at the beginning, the patient was not able to come near a real cockroach but after using their 

AR system, the patient was able to approach, interact, and kill cockroaches as shown in Figure 

2.15. 
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Figure  2-12: AR guidance for brain surgery (Grimson et al. 1996) 

 

 
 

Figure  2-13: Virtual fetus inside womb of pregnant patient using AR. (State et al. 1994) 
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Figure  2-14: 3-D graphics guide needle insertion in breast tumor surgery (Henry et al. 1996). 
 
 

 
 

Figure  2-15: An image of the exposure session using AR system (Juan et al. 2004). 
 

 Mechanical and Repair: 

Another application dom  

maintenance and repair. AR technology can assist mechanics to perform hard tasks by providing 

variety of information without the need to go t anual. A brief description of each part 

name, function, or any other important information can be presented to the mechanic in real time 

In

ain that has been explored using AR technology is mechanical

o the m
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as shown in Figure 2.16 (Vallino 1998). Moreover, safety information can be provided, by 

highlight parts that present some danger to the mechanic like electrified or hot parts.  In addition, 

applying AR technology can guide mechanics through complicated tasks. A step-by-step tasks as 

well as brief descriptions of how to do them can be presented to the mechanic, using three-

dimension virtual graphics superimposed over the machine (Azuma 1997). 

Several research groups worked in building AR systems to help mechanics carrying out 

their work. A research group at the University of Southern California built an AR system to 

guide technicians through maintenance and repair processes (Neumann and Cho 1996). Another 

rese m 

that can display engine parts’ names once th  user point at them (Rose 1995). Moreover, 

res n 

the AR technology. Their system is able to guide technicians in building a wiring harness, which 

is an important part of the airplane's electrical system (Vallino 1998).  

arch group at the European Computer-Industry Research Centre (ECRC) built an AR syste

e

earchers at Boeing, an aircraft manufacturer, developed a see-through HMD system based o

 

Figure  2-16: Using AR, notations for parts’ name, their functions can be presented to the 

 

mechanic (Breen 1994). 
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In Commercials and Entertainments: 

Recently, AR technology has been used for broadcasting sport events in real time (Azuma et al. 

2001). Princeton Electronic Billboard has developed an AR system that can help games’ 

broadca

line in football game (Bonsor, 2001). Where people 

observe a yellow or orange line in the field, which is a virtual line (computer-generated), 

presents the first down line, where the offense has to reach, as shown in Figure 2.18. 

AR technology can also collaborate in entertainment by enhancing games that people 

play. Jebara et al. (1997) have developed an AR system using a HMD and wearable computer for 

billiard’s players.  The system can overlay virtual images of possible shots of the ball and their 

paths over the table, which can help players to make their shots. Moreover, Wagner et al. (2005) 

developed a handheld AR system with keyboard-less Personal Digital Assistants (PDAs). They 

applied their system for a four-user interactive game “Invisible Train Game”. In the game, 

players are able to see and control virtual trains over a real wooden small railroad track through 

their PDA’s video see-through display, as shown in Figure 2.19. Players are able to switch and 

adjust their virtual train via touching their PAD’s screen as shown in Figure 2.20.  All players are 

updated with other players’ actions via wireless networking. The game ends once a collision 

happens. Furthermore, Fox network has developed an AR system “FoxTrax Sytem” which 

ighlights the path of a hockey puck as it moves rapidly across the ice, as the speed of the puck 

changes the color of the path changes (Cavallaro 1997).  

sting by overlaying virtual images of advertisements on the outfield wall of the stadium 

in a baseball game (National Association of Broadcasters 1994). Also in car racing games, with 

AR technology some notations are added to help game broadcasting. Those notations are virtual 

images overlaid in the scene in real-time as shown in Figure 2.17. SporTVision has used AR 

technology in superimposing the first down 

h
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Figure  2-17:  Augmented notations on racecars for forecasting (NASCAR website). 

 
 
 

 

 
Figure  2-18:  The first down line (yellow line) is inserted in real time (SporTVision website). 

 
 

 20



 
Figure  2-19: Two video see-through PADs run Invisible Train Game (Wagner et al. 2005) 

 
 

 
Figure  2-20: Player’s interface elements, as seen from his perspective (Wagner et al. 2005). 

 

Navigation and Information Guidance 

Researchers at Siemens and the University of Linz in Austria have developed an augmented 

reality navigational system for vehicles (Staedter 2005). Their system displays transparent route 
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markers onto an actual image of the road ahead, directing the driver even in unfamiliar 

surroundings in a more convenient way than birds-eye view maps, as shown in Figure 2.21.  

Researchers at the University of Columbia build a Mobile AR System “MARS” that can 

provide users with information about their surrounding environment (Feiner et al. 1997). Their 

AR system can present the information on a HMD as well as hand-held device as shown in 

Figure 2.21.  

Research group at The University of Melbourne, Australia, developed an AR system to 

enable drivers to see the road and surrounding vehicles in spite of poor visibility (Scott-Young et 

al. 2003. Their AR system combines a virtual image of highlighted road boundaries and 

surrounding vehicles with a real time video of the road, and displays them on a laptop as shown 

in Figure 2.22. 

Another research group, at Nara Institute of Science and Technology, Japan, built an AR 

system for unmanned helicopter control assistance (Koeda et al. 2004). In which, the operator 

watches annotation view, from the helicopter, through a HMD while remotely controls the 

helicopter. Their annotations are virtual images (computer-generated) overlaid over the normal 

view from a camera fixed in the helicopter. 
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Figure  2-21: Augmented reality navigation system by Siemens and the University of Linz 
(Staedter 2005) 

 

 

Figure  2-22: The AR system shows road edges and a near vehicle as displayed to the 
driver (Scott-Young et al. 2003). 
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Moreover, a research group at the University of Nottingham, UK, built an AR system that 

can help road inspection and maintenance by superimposing virtual images of main water pipes, 

electricity pipes, gas pipes, or any other subsystem components (DTI augmented reality project). 

Figure 2.23 a) and b) present a real road, and a real road with 3-D graphs of subsystem 

components, respectively.  

 

  

a) Real world            b) Augmented World 

objects (DTI augmented reality project). 
Figure  2-23: Real world vs. augmented world with 3-dimensional survey data for the sub-surface 

 

 “ANTS" for 

providing geo-referenced environmental information to the user in real time. The system can 

posing virtual images of geological information about 

users.  

Also in geological inspection, Romão et al. (2002) developed an AR system

help the user in his inspection by superim

the user’s inspection location.  

Furthermore, Bonanni et al. (2004) built an AR kitchen, which is a typical house kitchen 

supplied with vision-based senses that projects three-dimensional multi-modal interfaces as 

shown in Figure 2.24. They also evaluated their system’s efficiency, ease of use, and safety for 
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Figure  2-24: Augmented reality kitchen, information is projected on the refrigerator (1), the rang 
(2), the cabinet (3), the faucet (4), and the drawer (5) (Bonanni et al. 2005). 

 

In this dissertation, we are investigating the feasibility of applying the AR technology 

into traffic engineering area. Therefore, two AR systems were built based on the video see-

through HMD AR technology. 

 

2.2 Left Turn Maneuver at Un-Signalized Intersection 

Two-way stop-controlled intersections are the most common type of intersection in the United 

States (Gattis and Low 1989). A two-way stop-controlled intersection is an un-signalized 

intersection with the right-of-way assigned to  of the two streets that intersect. Left-turn at 

t  

rn become a complex and driver decision procedure (Harwood et al. 1996). Left-turn drivers in 

the ma

 one

wo-way stop-controlled intersections, where left-turn vehicles don’t have the right-of-way, left

tu

jor road need to find acceptable gaps between vehicles in the opposing through traffic to 

inter the minor road as shown in Figure 2.25. Misjudged gaps might cause serious accidents 
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and/or high intersection delay (Mitchell 1972, Hanna et al. 1976, David et al. 1979). About one 

third of left-turn intersections’ accidents can be due to misjudging gaps (Chovan et al., 1994). 

Left turning accident is considered one of the most dangerous accidents, as relative 

impact forces are high so the potential of injury and damage is great (Caird & Hancock, 2002). 

In 1999, the fatalities resulted from left-turning accidents, which present 5.9% of all U.S. traffic 

fatalities for that year (National Highway Traffic Safety Administration, 1999). Moreover, left-

turn ac

eft-turn vehicles attempt to cross oncoming traffic. Of these LTAP accidents, 48.8 % 

occurre

cidents account for 12.8 % of all injuries and 9.6% of all property damage only “PDO” 

accidents with cost of about 15.4 billion dollars. In total crash severity; fatalities, injuries, and 

PDO, left-turning accidents come in the second crash severity just after straight accidents. 

A study done by Yan and Radwan (2005) using Florida 1999-2001 crash data, they found 

that about 29% of two-vehicle crashes at signalized intersections were left-turn crashes. More 

then 50% of those left-turn crashes were due to unprotected left-turning drivers who failed to 

yield the right-of-way to oncoming vehicles. About 60% of those left-turn crashes occurred in 

urban area causing about 14% injuries and almost 1% fatalities. 

Chovan et al., 1994, conducted an analysis using all police reported crashes for 1991; 

they found that about 7% of the 413,000 accidents were left-turn across path “LTAP” crashes, 

where l

d at un-signalized intersections. Most of LTAP accidents happened at intersections where 

the speed limit is 35mph (60kph) or higher. More male (86%) were involves in LTAP than 

females. Most crashes occurred in daylight (73%), in non-adverse weather (86%), and on a dry 

pavement (80%).  
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Figure  2-25: Left turn gaps in a two-way stop-controlled intersection. 

 

Several studies have examined drivers’ behaviors at un-signalized intersections for 

performing right-turn, left-turn or straight across maneuvers. Based on police-reported accidents 

in Michigan and Pennsylvania, USA, Lyles and Staplin (1991) pointed out that turn left cross on-

coming

-

signalized intersections, including drivers’ characteristics (age and gender), driver’s distractions, 

 traffic and cross or turn into a traffic stream are found to be the most dangerous 

maneuvers for elderly drivers.  

There are several factors that significantly effect left-turn drivers’ behaviors at un
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opposing vehic ometry (Yan & 

Radwan, 2005; Gattis 1998). 

rashes in undivided ones, and they attributed that to the sight distance problem. 

Laberge-Nadeau et al. (2003) conducted an experiment using a driving simulator to test 

 concluded that the use of cell phones, while 

observed to accept gaps that were shorter by approximately 1 s than those accepted by females.  

le (type and speed), waiting time, day time, and the intersection ge

Abdel-Aty et al. (1999) examined police-report accident data, and they indicated that old 

drivers are over-represented in right-turn, left-turn and angle accidents. Moreover, using crash 

data for the 1999-2001 periods in Florida, USA, Yan and Radwan (2005) conducted a logistic 

regression model to study effect of driver characteristics, environments, and vehicle type on left-

turn crashes’ risks. They indicated that not only elderly drivers are over-represented in those 

crashes but also learner drivers. They also found that crashes at divided highway have higher 

risks than c

cell phone effects on the driving performance, they

driving, affects driver’s performance specially the reaction time and lateral control of the vehicle. 

In addition, Cooper and Zheng (2002) performed experiments that confirmed the negative affect 

of driver’s distraction on left-turn maneuver’s decision-making.   

Alexander et al. (2002) conducted a study using the TRL driving simulator with 600 

screens and they concluded that both age and gender might affect the size of the selected gap as 

well as the time taken to cross the traffic stream. In addition, Yan (2003) performed an 

experiment using a six-degree of freedom driving simulator to study left-turn from a minor road 

into a major road. He concluded that the driver’s age and gender had a significant impact on the 

selected gap. 

 Lerner et al. (1995) performed a field study of gap-acceptance evaluations for through, 

right-turning, and left-turning maneuvers. He indicated that, in the daytime, male drivers were 
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In this dissertation, we focused on studying effects of left-turn driver’s characteristics 

(age and gender) on left-turn maneuver at two-way stop-controlled intersection. 

 

2.3 Horizontal Visibility Blockage 

The horizontal visibility blockage refers to the blockage of the left and/or the right view of the 

driver. This blockage can occur if driving a regular passenger car, such as Saturn, Honda Accord, 

Nissan Sentra, or Ford Taurus, closely behind a Light Truck Vehicle “LTV”, such as van and 

sport utility vehicles “SUVs”. Drivers following a vehicle may have a temporarily restricted 

vision, especially if the lead vehicle is large vehicle as LTVs. Therefore, a sudden stop of the 

leading LTV might contribute to a high potential of rear-end crash.  

With the fact that LTVs usually ride higher and wider than regular passenger cars, 

driving  passenger cars  behind LTVs likely affects  the visibility of passenger car drivers more 

than driving behind a regular passenger car (Abdel-Aty and Abdelwahab 2004). As shown in 

Figure 2.26 (a) and (b), the wider the leading vehicle is, for the following vehicle, the bigger the 

blocked view area. 
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(a) 

 

 

(b) 

Figure  2-26: The horizontal visibility blockage in case of (a) following a passenger car, and (b) 
following an LTV. 

 

The number of the Light Truck Vehicles (LTVs) on the U.S. highways nowadays is being 

on the rise. In 2002, LTV sales have soared to almost 8 million units (about 49% of new 
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passenger vehicle sales). In 2003, the number of registered LTVs in the United States exceeded 

85 million units or approximately 37 % of registered motor vehicles in the U.S. The majority of 

LTVs are used as private passenger vehicles and the number of miles logged in them increased 

about 26% between 1995 and 2000, and about 70% between 1990 and 2000. (NHTSA 

VEHICLE SAFETY RULEMAKING and SUPPORTING RESEARCH PRIORITIES:  2005-

2009) 

A number of researchers stated that the driver’s view blockage due to the lead vehicle 

large size can contribute to rear-end crashes (Sayer et al. 2000; Abdel-Aty & Abdelwahab, 2004; 

Abdelwahab & Abdel-Aty, 2004; and Harb, 2005). A sudden stop of the LTV might cause high 

probability of a rear-end crashes. With the high number of LTVs on the U.S. highways 

nowadays, rear-end crashes started to increase. Wang et al. (1998) stated that the rear-end 

crashes are the most abundant crash category. Moreover, rear-end crashes are the most common 

type of traffic crashes in the U.S., they account for about 30 % of all crashes reported annually in 

the U.S. In the last two years, the National Transportation Safety Board investigated nine rear-

end crashes in which 20 people died and 181 were injured. The common characteristic for all 

nine crashes was that the driver of the succeeding vehicle was not aware of traffic conditions 

ahead. 

Harb (2005) performed an experiment using a six-degree of freedom driving simulator to 

study effects of lead ve ions, velocity and gap 

aintenance. Harb concluded that driving behind LTVs produce more rear-end collisions at un-

 

hicle size on the probability of rear-end collis

m

signalized intersections than for driving behind PCs due to visibility blockage and following car

drivers’ behavior. His results also showed that passenger car’s drivers following LTVs are prone 
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to speed more and to keep a smaller gap then driving behind passenger cars. He related that 

behavior to drivers’ frustration and eagerness to pass the LTV. 

 Abdel-Aty and Abdelwahab (2004) conducted a study to address the effect of the lead 

vehicle’s size on the rear-end crash pattern. Based on their calibrated nested logistic model they 

concluded that the LTV blocked the succeeding PC drivers’ visibility. Their results showed that 

the suc

t between 

LTV an

ceeding vehicle driver’s visibility and inattention had the largest effect on being involved 

in a rear-end crash when following an LTV.  

Sayer et al. (2000) carried out an experiment using an instrumented passenger car to 

study the effect of lead vehicle sizes, height and width, on a passenger driver’s gap maintenance 

under nearly optimal driving conditions, i.e. daytime, dry weather, and free-flowing traffic. They 

concluded that passenger car drivers followed LTVs at shorter distance than they followed 

passenger cars, but at the same velocities.  

Acierno (2004) studied the effect of mismatch in weight, stiffness, and heigh

d PC on increasing fatalities among PC occupants when their vehicle collides with LTV.  

In his study, he used the Seattle Crash Injury research and Engineering Network (CIREN) 

database to establish patterns and source of injury. Among the first 200 Seattle CIREN cases 

reviewed, 32 collisions with 41 occupant cases were found to involve LTV versus PC. He related 

vehicle mismatch with death and serious injury in automotive crashes and recommended design 

improvements to both PC and LTV. 

The high rate of rear-end crashes confirms the urge to study the contribution of LTV’s 

view blockage to such type of crashes. In this research, we studied the effects of following an 

LTV on the succeeding car driver’s performance and the contribution of rear-end crash. 
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CHAPTER 3:  AUGMENTED REALITY SYSTEM 
 

As disc

HMD, and Global Position System “GPS”. The ARV system can be installed in any vehicle as 

shown in Figure 3.1 (a) and (b), where the video camera is fixed on the vehicle’s front 

indshield and the driver wears the HMD while driving the vehicle. Through the HMD, the 

river is able to see an augmented video. The augmented video is a combination of an in-time 

video of the real surrounding road (from the video camera) and virtual images (computer-

generated images) of vehicles, traffic signs, traffic signals, buildings, trees, and other objects 

depending on the scenario. The fixed video camera is aligned with the driver’s eye level as 

shown in Figure 3.1 (a) to get the same driver’s prospective view of the real world. The fixed 

video camera gives the driver a wide view that enables him/her to drive easily and safely. 

ussed in Chapter one, the main goal of this dissertation is to investigate the feasibility of 

applying the AR technology into traffic engineering area. In order to achieve that goal, two 

systems based on the AR technology were built; Augmented Reality Vehicle “ARV” system, and 

Offline Augmented Reality Simulator “OARSim” system.  While the first system (ARV system) 

is using an on-time video the second system (OARSim) is using a pre-recorded video. In this 

chapter, a detailed description of each system and a comparison with real field experiments are 

discussed. 

 

3.1 Augmented Reality Vehicle “ARV” System  

Our AR Vehicle system is based on the video see-through HMD technology. It has three main 

components connected to a powerful computer. These components are video camera, flip-able 

w

d
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Combining the real video with the virtual images is done through the computer so that the driver 

can not tell the difference between real and virtual objects in the scene.  

The block diagram that outlines the flow of data in the system is presented in Figure 3.2. 

In which, the video camera takes a real-time stream video of the real scene.  The video camera 

is calibrated using the unknown-orientation checkboard plan method (Open Source Computer 

Vision Library). The camera calibration is required once the system is installed in th  vehicle and 

before its first use. The calibration gives the camera’s intrinsic parameters; focal length (2x1 

vector), principal point (2x1 vector), skew coefficient, and distortion coefficient (5x1 vector). 

Before the vehicle start moving the camera’s extrinsic parameters; rotations (3x3 matrix) and 

translations (3x1 vector) are calculated using the in-the-field marks and updated using the GPS 

information (car position information) during the journey of the vehicle. The camera’s 

parameters; intrinsic and extrinsic are used to align virtual camera with real camera. Then the 

adjusted virtual camera position is used to render two 2-D frames; one contains the virtual 

objects and the other contains the virtual terrain using the graphic renderi  modules. 

Afterward, the registration module calculates the registration error between the real frame and 

the 2-D virtual terrain frame. This registration error is used to adjust the virtual camera. 

Subsequently, the video composition module combines the real frame (from the video camera) 

and virtual objects’ frame, to generate the augmented frame “final view”. Finally, the augmented 

frame is displayed in front of the viewer’s eyes through the HMD. 

 

 

e

ng
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(a) 
 

 
(b)  

Figure  3-1:  The ARV system installed in a vehicle; (a) the video camera fixed on the front 
windshield, the driver wears the HMD, and the laptop in the back of the vehicle, and (b) the GPS 
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antennal fixed on top of the vehicle. 
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3.2 Off-line Augmented Reality Simulator “OARSim” System  

has the same main components as the ARV system (video camera, GPS, HMD, and computer) 

Figure  3-2: Block diagram of the ARV System. 

The Off-line AR Simulator system is also based on the video see-through HMD technology.  It 
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besides

e the video camera is 

In the testing stage, a driver wears the HMD while taking control over the gas and brake 

e HMD, the driver is able to 

e an augmented video. The augmented video is a combination of the pre-recorded video, from 

t and virtual images (computer-generated images) of vehicles, traffic signs, 

traffic signals, buildings, trees, and other objects depending on the scenario. This combination is 

done through the computer so that the driver will not be able to tell the difference between real 

and virtual objects in the scene. Bas on the driver’s ap cation on brake, gas pedals and the 

g the computer. 

In addition, the block diagram that outlines the flow of data in the OARSim system has 

two main parts; one for the recording stage, and on  for the testing stage as outlined in Figure 3.4 

(a) and (b). In the recording stage, the video camera takes a real-time stream video of the real 

scene and before its first use it is calibrated using the unknown-orientation checkboard plan 

method. The camera’s parameters; intrinsic and extrinsic parameters are calculated the same way 

as in the ARV system. In which the intrinsic parameters (focal length, principal point, skew 

coefficient, and distortion coefficient) are calculated from the camera calibration and the 

extrinsic parameters (rotations and translations) are first calculated using the in-the-field mark 

and updated using the GPS information (car position information) during the journey of the 

vehicle. Finally the computer saves the recorded video, the camera’s parameters (intrinsic and 

 having a driving wheel and brake and gas pedals. The OARSim system can be divided 

into two main stages; recording stage and testing stage. In the recording stage, the video camera 

and the GPS are connected to the computer and installed in a vehicle wher

fixed on the vehicle’s front windshield as shown in Figure 3.3 (a). During the journey of the 

vehicle, the video camera records a video of the real-world.  

pedals, and the steering wheel as shown in Figure 3.3 (b). Through th

se

he recording stage, 

ed pli

steering wheel the frame in front of his eyes changes accordingly usin

e
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extrinsic), an d in the testing 

age.  

ed real frame 

(obtained from

video composition module that 

combines the pre-recorded real frame (obtained from the recording stage) and the virtual objects’ 

ented frame is displayed in front of the viewer’s eyes through the HMD. 

 

d the GPS information (vehicle position) into files that can be use

st

In the block diagram that outlines the flow of the data in the testing stage, the output from 

the recording stage is used as input for the testing stage as shown in Figure 3.4 (b). GPS 

information, real camera parameters, gas and brake pedals’ and steer wheel’s information are 

used to align virtual camera with real camera. Then using the adjusted virtual camera position 

the graphic rendering module renders two 2-D frames; one for the virtual objects and one for 

the virtual terrain. Afterward, the registration error between the pre-record

 the recording stage) and the 2-D virtual terrain frame can be calculated using the 

registration module. This registration error is used to adjust the virtual camera. Consequently, 

the augmented frame “final view” is generated using the 

frame. Finally, the augm
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Figure  3-3: The OARSim system with its two stages; (a) recording stage, and (b) testing stage. 
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(a) 

 

 
(b) 

Figure  3-4: Block diagram of OARSim system; (a) recording stage, and (b) testing stage. 
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3.3 On-The-Field-Testing vs. ARV System vs. OARSim System  

For in-the-field testing subjects are driving real vehicle in a real road with a completely real 

environment.  Using the ARV system subjects are driving real vehicle in a real safe road while 

seeing through a HMD an augmented video of in-time video and virtual objects (computer 

generated objects) of people, vehicles, or any kind of hazards according to the scenario. Using 

the OARSim system, subjects are sitting in the lab driving a fixed simulator (controlling a 

steering

ith our new AR systems; ARV system, and OARSim system in 

conduc

ering wheel, 

braking and gas pedals as well as the surrounding environment. 

For the level of risk, the in-the-field testing offers high degree of risks to participants 

because of the possibility of involving in a real crash. Using the ARV system offers small or no 

risk to participants since all hazardous objects are virtual objects. On the other hand, sitting in the 

lab driving the OARSim system does not offer any kind of risk to participants. 

 wheel and gas & brake pedals) while seeing through a HMD an augmented video of a 

pre-recorded video, of a real world, and virtual objects (computer-generated objects) of people, 

vehicles, or any kind of hazards according to the scenario. In this section we are comparing the 

in-the-field real testing w

ting an experiment. Table 3.1 is summarizing this comparison. 

For both in-the-field testing and using ARV system, driving real vehicle on a real road 

offers high degree of realism to the experiment with high degree of motivation to drivers which 

is not the case when the OARSim system is used. That driving the OARSim system leave 

subjects under the impression that they are in a game even with the real pre-recorded video. This 

might be because of the fact that trustworthiness of the testing is significantly affected by the real 

driving feeling that comes from the continuous interaction with the vehicle’s ste
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Considering the time, the cost, and the effort in term of preparing for the experiment and 

getting and testing subjects, in-the-field real testing requires the longest time, highest cost and 

effort, than comes using the ARV system and finally the OARSim system. 

  While changing the weather has a significant effect on the in-the-field testing and using 

the ARV system it does not affect using the OARSim system. 

 

Table  3.1: In-the-field testing vs. ARV system vs. OARSim system 

 
Comparison Factors In-The-Field Testing ARV System OARSim System 
On Road Driving √ √ --- 
Testing Realism  1 1 3 
Risk* 1 2 3 
Time* 1 2 3 
Cost* 1 2 3 
Effort* 1 2 3 
Weather Effect √ √ --- 

 
* From the highest to the lowest; 1 is the highest and 3 is the lowest. 
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CHAPTER 4:  EXPERIMENTAL METHODOLOGY 
 

As indicated earlier in chapter 1, our main goal from this dissertation is to investigate the 

feasibility of applying the AR technology into traffic engineering applications. Therefore two 

AR systems were built (ARV system, and OARSim system) based on the AR technology. Both, 

AR systems’ outcomes and the on-the-road driving under the AR were evaluated. Afterward, two 

studies were conducted using AR systems; the left-turn maneuver at non-signalized intersection, 

and the horizontal view blockage problem due to following a large truck vehicle. 

A paved oval racetrack was used in conducting experiments using the ARV system. In 

this chapter detail descriptions of the design of each experiment and the procedur  followed to 

co

 

4.1. The Racetrack 

The Orlando SpeedWorld oval racetrack, located in 19164 E. Colonial Dr., Orlando, Fl. 32833, 

was used in two of our experiments; evaluating on-the-road driving under AR and studying left-

turn maneuver. Figure 4.1 shows an aerial photo of the race track. An AutoCAD drawing of the 

racetrack with all dimensions is shown in Figure 4.2. The racetrack has an outer steep oval track 

with a width of 50 ft, and a 30 ft inner track with a normal supper elevation. In the center of the 

track there are two 22 ft width crossed roads as shown in Figure 4.1, and 4.2. In our studies only 

the inner track and the crossed roads were used. 

 

e

nduct them are discussed 
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Figure  4-1:  An aerial photo of the Orlando SpeedWorld oval race track. 
 

33
0

330

 R=1243040

30
40

22

22

10
2

 
 

Note: All dimensions are in feet 
Figure  4-2: An AutoCAD drawing of the Orlando World Oval race track with dimensions. 
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4.2. Ex

ere assessed. When comparing real-world’s images with their 

corresponding augmented images “final view”, we were able to verify that both systems are 

compatible, as will be discussed in Chapter 6.  

In evaluating the on-the-road driving under AR, i.e. drivers’ distance and speed 

judgments as well as th  that allows drivers to 

drive a real vehicle on a real road under the AR. In this experiment, two scenarios were 

conduc

real safe two-lane road (a paved 

racetrack) and asked to perform certain tasks while driving as follows;  

nt (white stop line), with what they perceived, to be the 

point B, where a stop sign located, than followed the path B-C-A. As shown in Figure 4.3, the 

perimental Design 

4.2.1. Scenario Design  

4.2.1.1. AR Systems Evaluation  

After building the AR systems, two stages need to be performed before using them in real traffic 

studies:  

1. Evaluate AR systems’ outcomes. 

2. Evaluate the on-the-road driving under AR.  

In evaluating AR systems’ outcomes, the systems’ abilities to duplicate real scenes and 

generate new scenes w

eir level of comfort, the ARV system was used

ted; driving the vehicle without the ARV system, and driving the vehicle with the ARV 

system. For the two scenarios, drivers drove the vehicle on a 

a) Stop the vehicle at a certain poi

front bumper of the vehicle over the white stop line in the pavement. Their initial 

stopping point was recorded.  

b) Drive at a constant speed (25 mph) and as close to the center of the lane as possible.  

Drivers’ path is shown in Figure 4.3, where drivers started at point A and asked to stop at 
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driving path has two parts; a straight segment and a curved segment. Figures 4.4, 4.5, and 4.6 

show three real photos taken during the field verification experiments. Figure 4.4 shows the 

rented 

 drive. Measures 

include

ss for other use in future research.  

 

vehicle at the beginning of the experiment (point A). Figure 4.5 shows the vehicle 

reaching the stop sign at point B. Figure 4.6 shows the vehicle while driving along the curve. The 

posted speed limit through the experiment was 25 mph (40 kph). During the experiment, drivers 

were given instructions to instruct them about their path.  

Some performance measures were captured over the course of the entire

d distance to the stop line, average cruising velocity on the straight segment and on the 

curved segment, and the average offset from the center of the lane along the straight segment and 

along the curved segment 

To get a more subjective view regarding AR systems realism, a survey was handed to 

participants after successfully completing the experiment. The survey included questions 

regarding quality of images, scene visibility, scenario realism, driving comfort, HMD comfort, 

and system fidelity. In addition, subjects were asked question related to their driving experience; 

whether they felt any motion sickness while driving or not, whether they felt safe while driving 

or not. Furthermore, subjects were asked about their opinion of how the AR system affected their 

comfort driving the system and its appropriatene
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SPEED 
LIMIT     

 25     

STOP   

 
 

Figure  4-3: An AutoCAD drawing of the on-the-road driving evaluation experim nt’s driving 
path. 

e

 
 

 
 

Figure  4-4: Photo taken at the beginning of on-the-road driving under AR experiment. 
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Figure  4-5: Photo taken when vehicle reaching the stop sign in on-the-road driving under AR 
experiment. 

 
 

 
 

Figure  4-6: Photo taken while driving along the curve in on-the-road driving under AR 
experiment. 

. 
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4.2.1.2. Left-Turn Maneuver 

ne using the OARSim 

stem. In both experiments, one scenario was conducted. Drivers’ path A-D-E, during the 

 point A and drove until reaching a two-

In studying effects of left-turner driver’s characteristics (age and gender) on the left-turn 

maneuver at non-signalized intersection, the ARV system and the OARSim system were used. 

Two experiments were performed; one using the ARVsystem and, o

sy

scenario, is shown in Figure 4.7, where drivers started at

stop controlled intersection at point D and asked to select an appropriate gap between the 

oncoming virtual vehicles to make the left turn. During the scenario, the posted speed limit as 

well as the opposing virtual vehicles speed was 25 mph (40 kph). During the experiment, drivers 

were given instructions to instruct them about their path. 

SPEED 
LIMIT     

 25     

E

D
STOP   STOP   

 
Note: The drawing is not to scale. 

Figure  4-7: AutoCAD drawing of the left-turn maneuver scenario with driving path. 
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In the scenario design, to insure that drivers select their minimum acceptable gaps 

between opposing virtual vehicles and to make traffic appear random as in the real world 

situation, the oncoming virtual traffic was formed in two classes of mixed gaps as shown in 

re 4.8. The first class was very small gaps (less than 3 seconds) that were unlikely to be 

nd class consisted of increasing gaps in which the 

Figu

accepted by left-turn drivers. The seco

succeeding gap was one second larger than the previous one. Kettleson and Vandehey, 1991, 

noted that it is obvious that most drivers will accept 15-second gaps. Therefore, in our 

experiment, uniformly increasing gaps ranged from 3 seconds to 15 seconds were used, to 

accommodate all drivers.  

 
 

Figure  4-8: Design of the virtual opposing traffic 

turn acceleration, the left-turn angular velocity  were recorded. 

In order to study effects of following an LTV on the succeeding passenger car driver’s 

performance and the contribution of a rear-end crash, the OARSim system was used. Two 

 

For each driver, the acceptable gap between opposing vehicles, the left-turn time, the left-

 

4.2.1.3. Horizontal Visibility Blockage  

scenarios were conducted using the OARSim system; following a PC (PC-PC), and following an 

LTV (LTV-PC). Due to some technical and cost issues related to this experiment, the ARV 
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system was not used to conduct this experiment. This included the high cost needed for renting a 

ove the OARSim system 

while seeing through the HMD an offline video of a real two-way road with virtual vehicles. The 

posted speed limits as well as the virtual vehicles speed were 35mph (56 kph).  

and LTV-PC) participants were forced to 

foll

t the time T1, a hazardous incident hinders the leading vehicle (an 

opp

esponding to this incident, the following vehicle’s driver (OARSim 

ere were two possibilities; a) stop 

the OARSim without hitting the leading vehicle, and b) involving in a rear-end collision with the 

leading vehicle. From scenarios’ design, both scenarios can be divided into three stages as 

 

Table  4.1: Horizontal visibility stages descriptions 

long straight segment of a paved racetrack, and getting a very expensive GPS.  

To account for the bias in the results that might occur due to the same subject driving 

both scenarios, subjects were divided into two groups; A, and B. Group A drove first scenario 

(PC-PC) and group B drove second scenario (LTV-PC). Both groups dr

At the beginning of both scenarios (PC-PC 

ow a leading vehicle (a PC for group A and an LTV for group B) and drive on a two-way 

road for a bout 100ft. A

osing vehicle lost control and turned in front of the leading vehicle) causing it to brake 

suddenly at time T2. R

driver) decelerated at time T2. For each subject’s response, th

summarized in Table 4.1. AutoCAD drawings of both scenarios (PC-PC and LTV-PC) with their 

stages are shown in Figure 4.9 and Figure 4.10. 

Stage Descriptions 
Stage I Following a leading vehicle for about 100ft. 

Stage II An opposing vehicle lost control and consequently the leading vehicle started 
braking. 
a) The leading and succeeding vehicle (OARSim) stopped without involving in 
a rear-end crash. Stage III 
b) The leading and succeeding vehicle (OARSim) involved in a rear-end crash. 
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Stage I 

 
 

 
Stage II 

 
 
     

                                    
(a)                                                                                 (b) 

 

 

 

 

 

 

 

 Stage III  

Figure  4-9: Following a PC scenario. 
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Stage I 

 
 

 
 Stage II 

 
 
     

       
(a)                                                                        (b) 

Stage III 

 sc
 

Some performance measurements were recorded for each subject, in the two groups, 

during 

 
VFigure  4-10: Following an LT enario. 

both scenarios. Those measurements include; subject’s response time to the incident, 

subject’s velocity at the time of the incident, the headway between the leading vehicle and the 

OARSim’s driver at the time of the incident, and the subject’s deceleration rate. 
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4.2.2. Sample Size 

In this section the number of subjects needed for each experiment (the sample size) is discussed. 

Calculating the required sample size for each experiment is based on either data obtained from 

previou

udying the effect of the AR on on-the-road driving. According to our 

pilot st

s study or from our pilot study as will be discussed in Chapter 5. 

 

4.2.2.1. Evaluate the on-the-road driving under the AR  

In this experiment we are st

udy, the variance of the average cruising velocity for driving the vehicle on the straight 

segment with and without the ARV system were 1.34 mph, 1.35 mph respectively, see Chapter 5. 

At a level of confidence 95% and estimated error of 0.5 mph the needed number of subject can 

be calculated based on the following equation 

)( 2
2

2
1

2
2α

⎟
⎠

⎞
⎜
⎝

⎛
H

Z

Where, n the estimated sample size 

αZ = Z-coefficient for the false-change (Type I error rate), with 95 % confidence i

σσ +⎟⎜=n .............................................................................................................. (4.1) 

nterval, 

α=0.05 and Z α/2= 1.96.  

H the half-width of a large sample confidence interval (error rate) = 0.5 mph. 

1σ  the standard deviation of the cruising velocity for driving without the ARV system. 

2σ the standard deviation of the cruising velocity f r driving with the ARV system. o

3.41)35.134.1(
5.0

96.1 2

=+⎟
⎠
⎞

⎜
⎝
⎛=∴n  
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From the abov  are needed for 

udying the effect of the AR on on-the-road driving. Finally, 44 participants successfully 

approximately equal to the range over 6, i.e. 10/6 second.  At a 

level o

e equation, at a level of confidence 95%, at least 42 subjects

st

finished this experiment. 

     

4.2.2.2. Left-Turn Maneuver Experiment 

In this experiment we are interested in studying left-turn maneuver at non-signalized 

intersection. Based on previous study, the gap acceptances for left turning maneuver at non-

signalized intersection ranged from 3 to 13 seconds (Tepley et al. 1997). Therefore, the standard 

deviation of the gap acceptance is 

f confidence 95% and estimated error of 0.5 sec, the needed number of subject can be 

calculated based on the following equation 

2
2

2 σ⎟⎟
⎠

⎜⎜
⎝

=
H

n .........................................................................................................................(4.2) 

Where, n the estimated sample size 

= Z-coefficient for the false-change (Type I error rate), with 95 % confidence interval, 

α ⎞⎛ Z

α=0.05 and Z α/2= 1.96.  

 H the half-width of large sample confidence interval for mean gap (error rate) = 0.5 sec. 

αZ

 σ  the standard deviation of the gap acceptances = gap acceptance range / 6. 

[ ] 7.426/10)
5.0

( ==
96.1 22∴n  

From the above equation, at a level of confidence 95%, at least 43 subjects are needed for 

studying the left-turn maneuver at non-signalized intersection. Finally, 44 participants 

successfully finished this experiment. 
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4.2.2.3. Horizontal Visibility Blockage Experiment 

 rear-end collision. Proportions of rear-end collisions 

when following a PC and following an LTV obtained from our pilot study, see Chapter 5, were 

ing equation. 

In this experiment we are studying the effect of following LTV on the succeeding vehicle 

driver’s performance and the contribution to

used to calculate the required sample size using the follow

( ) ( )
( )21

2211
2

pp
qpqpZZ

−

++ βα

Where, n  the estimated necessary sample size. 

αZ = Z-coefficient for the false-change (Type I) error rate, with 95 % confidence interval, 

α=0.05 and 

n = ....................................................................................................(4.3) 

Z α/2= 1.96.  

missed-change (Type II) error rate, with 95 % confidence interval, β 

scenario 1 (PC-PC) 

βZ = Z-coefficient for the 

=0.05 and Z β/2 = 1.64.  

p1 is the proportion of rear-end crashes in 

0
6
0

1
1_

1 ===
scenariofortrialsofnumberTotal

scenariincrashesendrearofNumberp ..........................................................(4.4) 

.....................................................................................................(4.5) 

shes in scenario 2 (PC-LTV) 

q1= 1-p1=1 ...........................

p2 is the proportion of rear-end cra

67.042_
2 ===

scenariincrashesendrearofNumberp ....................................................(4.6) 
62scenariofortrialsofnumberTotal

q = 1-p = 0.33 ..........................................................................................................................(4.7) 2 2 

( ) ( )
( ) 27.4

067.0
033.0*67.064.196.1 2

=
−

++
=n  
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From the above equation, at a level of confidence 95%, at least 5 participants were 

needed for each scenario of this experiment. With the minimum required sample size calculated 

above, the occurring error is 5% with the 95%confidence interval. In order to decrease the error 

to 1%, the same calculation completed above is repeated with 99% confidence interval. 

Therefore, α=0.01, Zα/2 =2.58 and Zβ/2 =2.33.  

( ) ( )
( ) 36.10

067.0
033.0*67.033.258.2 2

=
−

++
=∴n  

From the above equation, at a level of confidence 99%, at least 11 participants were 

need rio 

f the horizontal visibility blockage e

the-road driving performance under the effect of the AR, the ARV system was 

sed which allows drivers to drive a real vehicle on a real road under the AR. Two scenarios; 

ng with the ARV system were built using the ARV 

 OARSim system was only 

sed.  As mentioned early, due to some technical and cost issues related to this experiment, the 

ed for each scenario of this experiment. Finally, 22 subjects successfully finished scena

xperiment. o

 

4.3. Experimental Procedure 

After determining minimum sample size for each experiment, the three studies in a total 

were conducted; evaluate the on-the-road driving under the AR, study left-turn maneuver at non-

signalized intersection, and study horizontal visibility blockage due to following an LTV. In 

evaluating the on-

u

driving without the ARV system, and drivi

system. In studying the left-turn maneuver at non-signalized intersection, the ARV system and 

the OARSim system were used. Two experiments were performed; one using the ARV system 

and, one using the OARSim system. In both experiments, Left-Turn scenario was conducted. In 

studying horizontal visibility blockage when following an LTV, the

u
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ARV system could not be used to conduct this experiment. In this experiment, two scenarios 

(22 participants), and C (44 participants). Group A and B 

onducted horizontal visibility blockage and left-turn maneuver experiments and group C 

ad driving under the AR evaluation and the left-turn maneuver 

Table 4.2. All 

articipants had a valid driving license for at least one year. 

 
Table  4.2: Final study’s subjects distribution 

Gender 

were conducted using the OARSim system; following a PC, and following an LTV. 

A total of eighty-eight subjects participated in our study. Participants were divided into 

three groups; A (22 participants), B 

c

conducted the on-the-ro

experiments as shown in Table 4.2.   

In order to make the participated subjects representing the actual Florida drivers’ 

population, the Florida crash distribution was used; in which males represent about 60% versus 

females 40%, and young age represents 66% versus old 34% of the population. The younger 

group included ages 18-45 and the older group included ages 45-65 as shown in 

p

Group AR System used Scenario Driven by Group Age Male Female Total 

Young 9 6 A OARSim System • Left-Turn maneuver 
• Following a PC Old 4 3 22 

Young 9 6 B OARSim System • Left-Turn maneuver 
• Following an LTV Old 4 3 22 

Young 18 12 
C ARV System 

• Driving without ARV system 
• Driving with ARV system 
• Left-Turn maneuver Old 8 6 

44 

 

Before starting experiments using the ARV system (the on-the road driving under AR 

and the left-turn maneuver experiments) participants were required to test-drive the vehicle, at 

the paved racetrack, without the ARV system for two minutes and with the ARV system for 

another two minutes to become familiar with the vehicle, racetrack and the ARV system. In 
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addition, before starting experiments using the OARSim system (the left-turn maneuver and the 

horizontal visibility experiments) participants were asked to test drive the OARSim system for 

about two minutes to become familiar with the system. 

In all experiments, participants were informed that the objective of the study was to 

assess the fidelity of the AR systems and they should obey traffic laws and rules. In case of 

driving more than one scenario, participants were given at least two minutes to rest before 

running the next scenario.  

To get a more subjective view regarding AR systems realism and the design of each 

scenario, a survey was handed to participants. The survey included questions regarding quality of 

images, scene visibility, scenario realism, driving comfort, HMD comfort, and system fidelity. 

Furthermore, subjects were asked question related to their driving experience; whether they felt 

any motion sickness while driving or not, and whether they felt safe while driving or not. 

Furthermore, subjects were asked about their opinion of how the AR system affected their 

driving comfort and its appropriateness for other use in future research. Finally, participants were 

asked general questions regarding the scenarios they finished, as shown in Appendix A.  
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CHAPTER 5:  DATA OUTPUT INVESTIGATION 

As discussed in Chapter 3, the ARV system has three main components (video camera, HMD, 

and GPS) connected to a powerful computer. The GPS records the vehicle’s position (longitude 

ry 1/10 second and send these data to the computer. 

Appendix B. Based on these data, the 

d and the direction data 

Moreover, the OARSim system has the same main components as the ARV system 

ides having a driving wheel and brake and gas 

put file to be used in the second stage (testing stage). During the testing 

stage the computer uses this output file with the brake pedal’s, gas pedal’s and the steering 

wheel’s information to obtain the subject’s position (X and Y-coordinate), speed and direction. 

ther traffic variables, such as distance, angular velocity, and acceleration/ deceleration 

ents, the number of crashes 

 

 

5.1. AR Systems Data Output  

and attitude), the speed, and the direction eve

A sample of the GPS output data (raw data) is shown in 

computer calculates the X- and Y-coordinate and save them with the spee

into an output file. 

(video camera, GPS, HMD, and computer) bes

pedals. During the first stage (recording stage), the GPS records the vehicle’s position (longitude 

and attitude), the speed, and the direction every 1/10 second and send these data to the computer. 

Then the computer calculates the X- and Y-coordinate and save them with the speed and the 

direction data into an out

O

can be calculated using the AR systems’ output data. During experim

(if any) is reported by a second person.
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5.2. Experimental Variables 

Based on the AR systems’ output data some variables were calculated for each experiment, as 

will be discussed in the following sections. 

 evaluating the on-the-road driving under AR, subjects were asked to drive the vehicle as close 

ing the speed limit “25 mph” and stop the vehicle at the 

stop Line “d” 

he point where each driver initially stopped was recorded then the distance to the stop line was 

 equation.  

2 is the initial stop position of the vehicle’s front bumper. 

This distance is a good indication of each driver’s distance judgment. Figure 5.1 shows this 

distance.   

 

5.2.1. On–the-Road  under AR Evaluation Experiment 

In

as possible to lane center while follow

stop sign, with what they perceived, to be the front bumper of the vehicle over a white stop line. 

Form this experiment some variable were calculated based on the recorded output data as 

following: 

Distance to 

T

calculated using the following

21 XXd −=  

Where, 

d is distance to the stop line 

X1 is the position of the stop line 

X
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d

 

Figure  5-1: An AutoCAD drawing shows the distance to the stop line “d” in on-the-road 
evaluation experiment. 

Average Offset from the lane Center “AO” 

Since subjects were asked to drive as close to the center of the lane while maintaining road speed 

limit (25mph), the average offset from the lane center is a good indication of each driver’s level 

of comfort while driving. The average offset was calculated while driving along the straight 

segment “AOs” and while driving alone the curved segment “AOc”. 

 

 

Average Cruising Velocity “AV” 

The average cruising velocity refers to the average vehicle’s velocity through the experiment. 

The average cruising velocity is a good indication of each driver’s speed judgment. In the 

experiment, subjects drove on a straight segment and on a curved segment. Therefore two 

average velocities were calculated; one on the straight segment “AVs” and one on the curved 

segment “AVc”.  
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5.2.2. Left-Turn Maneuver Experiment 

In studying effects of the left-turn driver’s characteristics (age and gender) on the left turning 

maneuver at two-way stop-controlled intersection some variables were calculated based on the 

AR systems’ output data as follows: 

 

Acceptable Gap “GAP” 

The gap is the time gap between two successive vehicles in the opposing flow, measured from 

the instance that the front of the first vehicle passes a point to the instance that the front of the 

following vehicle passes the same point, in seconds, as shown in Figure 5.2. If the subject chose

a gap between two vehicles, on th g car and the 

ed by the major road design speed is equal to the accepted gap. 

 

e major road, then the distance between the leadin

following car divid
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Figure  5-2: The gaps between opposing vehicles. 

Left-Turn Time “LTT” 

The left-turn time is the total time during which the vehicle steer turned left and turned back 

when subjects complete the left turn maneuver. 

LTT= Tc-Ts 

Ts is the time at which the vehicle started to turn left. 

Tc is the time at which the vehicle completes left turning maneuver. 

 

 

 

Where, LTT is the total left turning time.  
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Average Left-turn Acceleration “ALTA” 

The average left-turn acceleration is the average vehicle’s acceleration rate during the period of 

making left turn maneuver.  

( )
LTT

VV −
ALTA sc=  

verage Left-Turn Angular Velocity “ALTAV” 

elocity is equal to the to the total sum of the rotation angle 

ed as following: 

Where, ALTA average left-turn acceleration 

Vs is the velocity at which the vehicle started left turning. 

Vc is the velocity at which the vehicle completed left turning maneuver. 

LTT is the total left turning time. 

 

A

The average left-turn angular v

difference for every time unit divided by the total time during which the vehicle’s steer turned 

left and turned back when subjects completed the left turn maneuver. The angular velocity can be 

calculat

LTT
ALTAV si

ci

i∑
=

=

α

 is the point at which the vehicle started left turning 

 is the point at which the vehicle finish left turning maneuver. 

TT = the total left turning time 

=  

Where: 

ALTAV is the average left-turn angular velocity. 

αi= the vehicle shifted angel at time i. 

S

C

L
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The shifted angel at any time i can be calculated as following 

( )
( )⎥⎦

⎤

⎣

⎡
−
−

+

+−

ii

ii

XX
YY

1

11

Where, Xi and Yi are the vehicle x and y positions at time i. 

Xi+1 and Yi+1 are the vehicle x and y positions at time i+1. 

 

5.2.3. 

⎢=i tanα  

Horizontal Visibility Blockage 

In stud

ome important variables were calculated 

s follows: 

ying effects of following an LTV on the leading vehicle driver’s performance and the 

contribution of rear-end crash, two scenarios were conducted; following a PC, and following an 

LTV using the OARSim system. For the two scenarios s

a

 

Incident Headway “IHWAY” 

The incident headway refers to the headway between the OARSim and the leading vehicle just 

before the OARSim started braking, measured from the end of the leading vehicle to the center 

of the following OARSim, as shown in Figure 5.3. The incident headway is one of the factors 

that indicate a collision threat. When it is too small the possibility of rear-end crash increases. 
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Light truck vehicle OAR Simulator

IH

S  turnin
vehicle

udden g 

 

Fig : The incide way “IH” in the Horiz. View blockage study. 

 

The Blocked Vi adway “Hb”

The blocked view headway “Hb” eading LTV and the succeeding 

c f ni ie o TV

from the end of the leading LTV to the center of the following car , as shown in Figure 5.4. In 

Figu 5.4, th hed area re ts the blocked area of t

following the LTV.  When a passenger car is following an LTV with a di  

to Hb the succ  car will not able to see the sudd ing vehicle he sudde ing 

vehicle will be in the blocked view area of the following car, as shown in Figure 5.4. 

 

ure  5-3 nt head

ew He  

is the headway between the l

ar that de ine the begin ng of the blocked v w area caused by f llowing an L , measured 

re e hatc presen  view he small vehicle when 

stance less than or equal

eeding en turn , i.e. t n turn
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Figure 5.4: The blocked headway “Hb” when following an LTV. 

 

From Figure 5.4, the blocked view headway “Hb” can be calculated as following, 

CD
BE

AC
AB

=  

( ) wb

b

L

W

XLH
H

5.1
2

2
=

++
 

( )222H wb )5.1( LXWWL +=−  

( )
)25.1(

22
W

H b =
L

LXW

w −

+
∴  

Wh , Hb

X: dist ding LTV to the event (sudden turning vehicle) = 

31.15ft. 

W and L are the light truck vehicle dimensions, equal to 9.22ft and 27.2ft respectively.  

ere : blocked view headway,  

the ance from the center of the lea

1
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Lw: lane width, equal to 15 ft. 

( )
ftH 6.62==b

)2
22.915*5.1(

2
2.2715.1312

22.9

−

+
∴  

dim e incident (sudden turning 

Incident Velocity “IV” 

from

Inc

In o ent response time refers to the time it took the vehicle’s driver to 

IRT

Wh ime to the sudden left turning vehicle. 

sudden turn. 

3 is the time at which the vehicle started to decelerate as a response to the incident. 

cident Deceleration Rate “IDR” 

he incident deceleration rate is the succeeding vehicle’s deceleration rate when the vehicle from 

e opposing traffic made a sudden turn and the leading vehicle brake suddenly which led the 

cceeding vehicle’s driver to decelerate. The deceleration rate can be calculated as follows: 

Therefore, the blocked view area’s headway is a function of the lane width, the LTV’s 

ensions (width and length), and the distance from the LTV to th

vehicle).  

 

The incident velocity refers to the vehicle’s velocity just before it starts braking when the vehicle 

 the opposing traffic makes a sudden turn and the leading vehicle brakes accordingly. 

 

ident Response Time “IRT” 

ur experiment, the incid

response to the incident (opposing vehicle makes a sudden turn).  

 =T3-T1 

ere, IRT is the response t

T1 is the time at which the vehicle from the opposing traffic makes a 

T

 

In

T

th

su
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( )
( )34

43

TT
VV

IDR
−
−

=  

W deceleration

V e velocit e  brake. 

V ocit in

T t e  

T at ve ete stop. 

4 is assumed to ph since in som icles had enough time to brake and 

ar away from the stop line and they roll at approximately 

5 mph or less for a while before they com

st before the crash was recorded as the incident impact velocity 

“IIV”. 

here, IDR is the vehicle’s  rate 

3 is th

4 is the vel

y at the instant the succ eding vehicle started to

y at which the succeed g vehicle stopped. 

3 is the time a

4 is the time 

 which the succeeding v

 which th

hicle started to brake. 

e succeeding 

 be ≤ 5 m

hicle reached a compl

V e cases when the veh

stop, they start braking when they are f

e to a complete stop.  

 

Incident Impact Velocity “IIV” 

In case of a crash between the two vehicles (the leading and the following vehicles), the velocity 

of the succeeding vehicle ju

 

5.3. Pilot Studies 

Before starting the formal experiments, pilot studies were conducted for all the experiments. The 

main purposes of the pilot studies were to test the design of the experiments, and to help in 

calculating the sample size needed for each experiment in the formal study.  
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5.3.1. On-The-Road Evaluation Pilot Study 

In the pilot study for on-the-road evaluation two scenarios were considered; driving without the 

ARV system and driving with the ARV system, designs of the scenarios were as described in 

Chapter 4. In both scenarios, subjects were asked to drive 25 mph (40 km/h) and as close to the 

center of the lane as possible along both straight and curved segments. In addition, they were 

vehicle at the stop sign in which the front pamper of the vehicle is over the stop asked to stop the 

line.   

In the pilot study, eleven individuals drove the vehicle (a rented vehicle) for the two 

scenarios; with the ARV system and without the ARV system. Subjects were handed a survey to 

fill after finishing the experiment (see Appendixes A).  

 

Data Collection 

For both scenarios (without the ARV system and with the ARV system) performance measures 

were captured over the course of the entire drive. Measures included distance to the stop line “d”, 

as shown in Figure 5.1, average cruising velocity on the straight segment and on the curved 

segment and the average offset from the center of the lane along the straight segment and along 

the curved segment. Measurements are summarized in Table 5.1. In Table 5.1, the positive sign 

of d indicates that the vehicle’s front bumper stopped before the stop line. The negative sign of d 

indicates that the vehicle’s front bumper stopped after the stop line. 
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Table  5.1: Data collection summary for each driver for on-the-road driving evaluation scenarios 
in the pilot study 
 

WITHOUT ARV SYS Scenario 

Subject 
No. 

Distance to 
Stop Line 
“d” (ft.) 

Avg. Velocity on 
Straight Segment 

“AVs” (mph) 

Avg. Velocity on 
Curved Segment 

“AVc” (mph) 

Avg. Offset 
on Straight 

Segment 
“Os” (ft) 

Avg. Offset 
on Curved 
Segment 
“Oc” (ft) 

1 0.34 9.99 14.16 0.68 0.52 
2 -0.17 9.41 14.98 0.34 0.26 
3 -0.85 7.40 10.62 0.89 0.95 
4 -1.03 7.38 13.54 1.01 1.2 
5 -0.32 6.43 12.05 0.64 1.34 
6 -0.90 8.36 12.36 1.20 1.08 
7 -0.70 10.23 12.4 1.40 2.10 
8 -1.02 9.52 14.26 1.04 1.44 
9 -0.82 9.14 12.06 1.32 1.10 
10 1.05 -1.16 6.60 12.32 1.25 
11 -0.42 8.95 13.28 0.85 0.63 

WITH ARV SYS Scenario 

Subject D
Stop Line No. 

istance to Avg. Velocity on 
Straight Segment 

Avg. Velocity on 
Curved Segment 

Avg. Offset 
on Straight 

Segment 

Avg. Offset 
on Curved 
Segment “d” (ft.) “AVs” (mph) “AVc” (mph) “Os” (ft) “Oc” (ft) 

1 0.25 8.21 11.37 0.85 0.65 
2 -0.13 10.12 10.48 0.425 0.32 
3 -0.48 6.75 9.52 1.11 1.19 
4 -1.17 7.96 10.52 1.26 1.50 
5 -0.67 6.01 8.81 0.80 1.70 
6 -0.54 7.50 11.72 1.50 1.35 
7 -1.05 9.40 9.51 1.75 2.10 
8 -0.72 7.51 11.52 1.3 1.80 
9 -0.93 8.86 8.08 1.65 1.37 
10 -0.79 6.14 9.42 1.56 1.31 
11 -0.85 6.43 10.23 1.16 2.01 

 

Data Analysis 

Figure 5.5 shows one of the subjects cruising velocities through the experiment, along the 

straight and the curved segments, for the two scenarios (without the ARV system and with the 

ARV system). In which participant started the experiment at point A and drove along the straight 
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segment till reaching the stop sign at point B and stopped. Afterward he continued driving along 

the curved segment and pass point C till reaching the end of the curve at point A’. Descriptions 

of points on the driving path are shown in Table 5.2.  From Figure 5.5, the participant’s 

maximum speed along the straight segment was 18.77 mph when driving without the ARV 

system and 19.95 mph when driving with the ARV system. On the other hand, the participant’s 

maximum speed along the curved segment was 22.96 mph when driving without the ARV 

system and 20.89 mph when driving with the ARV system. 
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Figure  5-4: One of the participants cruising velocities with distances in on-the-road evaluation 
experiment. 

 

5.2: Descriptions of participant’s driving path for on-the-road driving evaluation 

Point Descriptions 

Table  

A Beginning of the experiment (start driving on the straight segment). 
B Point where the stop sign is 
C Point on the curved segment 
A’ End of the curved segment 
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Using the data in Table 5.1, five tests were conducted as a measure of driver’s distance 

dgment, speed judgment, and driving comfort when driving without the ARV system versus 

driving with the ARV system, as fo

1 e ca ce d betw ea ce to  for 

without the ARV system and with V syste narios. 

2.  e statistical ificance d rence bet  the mean of the average cruising 

velocity o he stra  segment f without th RV system  with the A ystem 

scenarios. 

3. Test the st tical sig cance difference between the mean of t rage cruisi locity 

e cur  segme or without  ARV sys nd with th  system scenarios. 

4. t tical sig canc  of erage offs  the 

center of the lane along the ou ystem he 

 sy en

5. Test the st ignificance difference between the mean o rage of the 

c ter of  lane a g the curved segment ithout the ARV system and with the 

A  syste scenario

The statistical summary of those tests are summarize able 5.3.

 

 

ju

llowing, 

ifference 

the AR

. Test th  statisti l significan een the m

m sce

n of the distan  stop line

Test th sign iffe ween

n t ight or e A  and RV s

atis nifi he ave ng ve

on th ved n  ft the tem a e ARV

Test the s atis nifi e difference between the mean the av et from

straight segment for with t the ARV s

f the ave

 and with t

ARV stem sc arios. 

atistical s fset from 

en the lon for w

RV m s. 

d in T   
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Table  5.3: Statistical summary of Minitab outputs of paired t-tests for without the ARV system 
and with the ARV system scenarios in the pilot study 

Parameter Hypothesis P-VALUE Conclusion* 
 

Distance to Stop line “d” H0: mean1 = mean 2 0.974 Don’t Reject H0 H1: mean1 ≠ mean 2 
on Straight Segment 
“AVs” 

H0: mean1 = mean 2 
H1: mean1 ≠ mean 2 0.06 Don’t Reject H0 Avg. 

Cruising 

 “AVc” H1: mean1 ≠ mean 2 
Velocity  on Curved Segment H0: mean1 = mean 2 0.00 Reject H0 

on Straight Segment H0: mean1 = mean 2 
“AOs” H1: mean1 ≠ mean 2 0.504 Don’t Reject H0 Av

from Lane 

“AOc” H1: mean1 ≠ mean 2 

g. Offset 

Center on Curved Segment H0: mean1 = mean 2 0.013 Reject H0 

 
*Based on 95% confidence (α = 0.05) 

cally significant difference in all 

the ences in the average cruising 

Based on those results it can be confirmed that drivers’ distance judgment did not 

ed 

 their level of comfort did not s hange g al t 

s  ARV system. On the speed ent and their level of 

c ificantly changed while dr d seg ith the m. 

This can be explained as for driving with the ARV system, driver their decisions on the 

v  HMD, w  vide ra that is fixed on the 

he view from the video camera is wide enough to enable 

rivers to drive safely, driving on the curve required a wider view because of the nature of a 

 

At a 95% level of confidence, there was no statisti

parameters between the two scenarios (without and with the ARV system) when driving along 

straight segment. On the other hand, there were significant differ

velocity and the average offset from the lane center between the two scenarios when driving 

along the curved segment.  

significantly change under driving with the ARV system. In addition, both drivers’ spe

judgment and ignificantly c  when drivin ong the straigh

egment with the  other hand, drivers’  judgm

omfort sign iving along the curve ment w ARV syste

s base 

iew that they see through the hich comes from the o came

vehicle’s front windshield. Although t

d
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curve a

resented in 

Figure 

answered 

at it was excellent, 36% answered that it was satisfactory, and 18 % answered that it was good. 

 comfort, 64 % answered that it was good, and 27% answered that it was 

nd its wide width, 15 ft (4.57 m) lane-width. Therefore, when drivers turned their head to 

the right and to the left, to get a wider view, it did not help because the camera is permanently 

attached to the front windshield. That led people to slow down on the curved segment when 

driving with the ARV system. 

 

Survey Analysis 

The results for analyzing questions regarding the on-the-road evaluation study are p

5.6. One of the survey questions asked subjects about the scene visibility, 45% answered 

that it was good, 27% answered that it needed improvements, 18% answered that it was 

satisfactory, and 10% answered that it was excellent. Also, subjects were asked about the scene 

realism, 37% answered that it was excellent, 27% answered that it was satisfactory, 18% 

answered that it was good, and 18% answered that it needed improvements. Another question 

was about the scenario realism, 36.5% answered that it was excellent, 36.5% answered that it 

was good, and 27% answered that it was satisfactory. Regarding driving comfort, 46 % 

th

About the HMD

satisfactory, 9% answered that it needed improvement. Regarding the level of risk of the 

experiment (very high-high-moderate-small-none), 45% answered that there was no risk and 

45% answered that there was a small risk. Overall, about the whole system fidelity, 37% 

answered that it was good, 27% answered that it was excellent, 27% answered that it was 

satisfactory, and 9% answered that it needed improvements. None of the subject felt any kind of 

motion sickness. All participants indicated that the experiment had none or small level of risk. 
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Figure  5-5: Survey analysis for on-the-road driving evaluation pilot study. 

 

Conclusions 

In evaluating the on-road driving under the AR, drivers’ distance to the stop line, position from 

the center of the lane, and cruising velocity while driving were considered. The results indicated 

that drivers’ distance judgment didn’t significantly change when driving with the ARV system. 

t significantly change when 

oved the design of the experiment. 

Moreover, both drivers’ speed judgment and lane offsite didn’

driving on the straight segment while driving with the ARV system. On the other hand, for 

driving on the curved segment, drivers’ speed judgment and lane offsite significantly changed 

when driving under the AR. In the survey questions, participants were asked about the scene 

visibility, scene realism, scenario realism, driving comfort, HMD comfort, and system fidelity. 

Most of the answers indicated good overall system reliability. None of the participants felt any 

kind of motion sickness. All participants indicated that the experiment had none or small level of 

risk. Overall, the pilot study appr
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5.3.2. 

study was conducted using the OARSim system. In both studies one 

scenario was considered as described in Chapter 4. Figure 5.2 illustrate the scenario, in which 

drivers drove on a straight segment until reaching a two-way stop-controlled intersection and 

asked to select an appropriate gap between the oncoming virtual vehicles to make the left turn. 

During the scenar osted speed limit as well as the opposing virtual vehicles speed was 25 

mph (40 kph). Eleven subjects were participated in each pilot study.  

 

Data Collection 

During the left-turn pilot studies, some measures were captured for each driver. Measures 

included the selected gap between opposing virtual vehicles (in seconds), the left-turn time (in 

seconds), the left-turn acceleration (in feet per s ond square), and the left-turn angular velocity 

(in degree per seconds). Those m

 

Left-Turn Maneuver Pilot Studies 

Two pilot studies were performed to study left-turn maneuver at un-signalized intersection under 

the effect of driver’s age and gender. The first pilot study was conducted using the ARV system 

and the second pilot 

io, the p

ec

easurements are summarized in Table 5.4 below. 
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Table  5.4: Data collection summary for each driver for the left-turn maneuver scenario in 
pilot studies 

the 

System 
 

Using the ARV 

S Ag nd

epta
ap

P”
(sec) 

-Tu
im

LTT
(sec) 

g. L
u
le
LTA

(ft/sec2)

vg. Left-
rn Ang. 
elocity 

AV” 
(deg/sec) 

ubject 
No. e* Ge er** 

Acc
G

“GA

ble 
 

 

Left
T

“

rn 
e 
” 

Av
T

Acce
“A

eft-
rn 
ration 

” 

A
Tu
V

“ALT
 

1 Y M 4 3.3 4.55 2.95 
2 Y M 5 6.2 3.39 1.57 
3 Y F 6 4.6 3.51 2.12 
4 O M 5 5 2.31 1.95 
5 O M 6 6 1.71 1.63 
6 Y F 7.2 1.71 1.35 5 
7 O F 8 .5 3.53 2.79 3  
8 Y M 6 7.7 1. 1.27    23 
9 Y M 4 3.3 4.9 2.95    5 
10 Y F 3 4.7 3.12 2.07  
11 Y M 5 4 3.34 2.44 

Using the O m SystARSi em 

Subject 
N Age* Gender*

cceptab
Gap 

“GAP” 
(sec) 

ft-Tur
Time 
LTT”
(sec) 

vg. Lef
Turn 

celerati
ALTA
(ft/sec2) 

Avg. Left-
Turn Ang. 
Velocity 

“ALTAV” 
(deg/sec) 

o.  * 

A le Le n 

“  “

A t-

Ac on 
” 

1 Y M 4 2.54 9.82 3.84 
2 Y M 5 2.3 14.6 4.24 
3 Y F 6 2.57 13.86 3.79 
4 O M 6 4.1 5.48 2.38 
5 O M 8 2.2 14.08 4.43 
6 Y F 4 2.05 15.89 4.76 
7 O F 8 5.03 3.21 2.26 
8 Y M 3 3.7 6.67 2.64 
9 Y M 3 2.16 14.85 4.51 
10 Y F 6 3.67 7.38 2.66 
11 Y M 5 3.32 10.01 2.94 

 
*Y  (>45 years old). 

 

means young (18-45 years old) and O means old
** M means male, and F means female. 
 

 79



Data Analysis 

 results from the two experimenThe ts were compared to test if there was a significant difference 

stat

iments. 

 times’ means for using ARV 

system and using the OARSim system experi  

 

ents.

4  ween left-tu ular v eans for 

e rim

T e a le wh s were 

m

able  5.5: Statistical summary of Minitab outputs of two-sample t-test for left-turn maneuver 
stems 

Parameter Hypothesis P-VALUE Conclusion* 

between the two experiments’ parameters. The Minitab software was used to conduct four 

istical tests as following: 

1. Test the statistical significance difference between accepted gaps’ means for using ARV 

system and using the OARSim system exper

2. Test the statistical significance difference between left-turn

ments. 

3. Test the statistical significance difference between left-turn accelerations’ means for using

ARV system and using the OARSim system experim  

. Test the statistical significance difference bet rn ang elocities’ m

using ARV system and using th  OARSim system expe ents. 

he results from Minitab softwar re summarized in Tab 5.5, in ich no adjustment

ade for age and gender.  

 

T
parameters using ARV and OARSim sy
 

Accep
H1: mean1 ≠ mean 2 

ted Gap H0: mean1 = mean 2 0.892 Don’t Reject H0 

LT-Time H0: mean1 = mean 2 0.000 Reject H0 H1: mean1 ≠ mean 2 
Avg. LT-Acceleration H0: mean1 = mean 2 0.000 Reject H0 H1: mean1 ≠ mean 2 
Avg. LT-Angular Velocity  H0: mean1 = mean 2 0.001 Reject H0 H1: mean1 ≠ mean 2 

 

 
*Based on 95% confidence (α = 0.05) 
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From Table 5.5, there was no significant difference between accepted gap mean from the 

means for using ARV system and using OARSim system at a level of confidence 95% (P-value 

0.892). This indicates that using two different AR systems (ARV and OARSim systems) did not 

affect the accepted gaps. The reason for that is both systems (ARV and OARSim) provided 

drivers with almost the same augmented view, which is a combination of real-world video and 

virtual vehicles. Although the video using the ARV system was on-time video and using the 

ORVSim was pre-recorded video, this didn’t affect the drivers’ accepted gap means. 

On the other hand, there was a statistical significant difference in the left-turn time 

means, left-turn acceleration means and left-turn angular velocity means using both systems at a 

urvey Analysis 

e pilot studies, each subject was handed a survey, see Appendix A. Subjects in 

95% level of confidence. Drivers had a smaller left-turn time mean, a larger left-turn 

acceleration mean, and a larger left-turn angular velocity mean when using the OARsim system 

than when using the ARV system. The reason for that is driving a non-real vehicle (when using 

the OARSim system) had different effects from driving a real-vehicle (when using the ARV 

system) on drivers’ left-turn time mean, acceleration mean, and angular velocity mean. 

 

S

After finishing th

both studies were asked about the level of comfort of the left-turn maneuver, the visibility of the 

on-coming vehicles, and the realism of the on-coming vehicle speed with five choices to select 

from; poor, satisfactory, good, very good, and excellent. Subjects in the first study (using ARV 

system) indicated an overall good level of comfort of the left-turn maneuver and overall very 

good of the coming vehicles visibility and realism. While in the second study (using the 

OARSim system) subjects indicated an overall satisfactory level of comfort of the left-turn 
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maneuver, overall very good of the coming vehicles visibility and overall good of the coming 

vehicle realism. 

 

Conclusions 

The two AR systems; ARV system and OARSim system were used to conduct the same scenario 

 study left-turn maneuver at un-signalized intersection. While there was no significant 

difference in the accepted gap mean between using ARV system and using OARSim system, 

drivers had a smaller left-turn time mean, a larger left-turn acceleration mean, and a larger left-

turn angular velocity mean when using the OARsim system than when using the ARV system. 

This might be because both systems (ARV and OARSim) provided drivers with almost the same 

augmented view (a combination of real-world video and virtual vehicles) that contributed to non-

significant accepted gaps’ means difference.  On the other hand, driving a non-real vehicle (when 

using the OARSim system) had different effects from driving a real-vehicle (when using the 

ARV system) on drivers’ left-turn time mean, acceleration mean, and angular velocity mean. 

 

5.3.3. Horizon

 the pilot study for the horizontal view blockage two scenarios were considered; following a 

and following an LTV (LTV-PC) using the OARSim system, designs of the 

to

tal Visibility Blockage Pilot Study 

In

PC (PC-PC) 

scenarios were as described in Chapter 4. Figure 5.7 (a) and (b) below illustrate both scenarios, 

in which participants drove the OARVSim system following a leading vehicle (PC in the first 

scenario and an LTV in the second scenario), after driving about 100 ft an incident hindered the 

leading vehicle (a sudden turning vehicle in front of the leading vehicle) caused the leading 

vehicle to brake suddenly.   
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Twelve subjects participated in the pilot study in which six participants drove each 

scenario. The reason that all participants didn’t drive both scenarios simultaneously is that the 

results could be biased. Subjects were handed a survey to fill out after finishing the experiment 

(see Appendixes A).  

PC OAR Simulator

Sudden turning 
vehicle

Brake light is on

 
(a  

 

) 
 

Sudden turning 
vehicle Brake light is on

LTV OAR Simulator

 
(b)  
 

Figure  5-6: The horizontal view blockage scenarios in pilot study; (a) following a PC, and (b) 
following an LTV. 

 

Data Collection 

For both scenarios (PC-PC and LTV-PC) performance measures were recorded for each 

participant. Those measures include; whether the bject involved in a rear-end collision or not, 

subject’s response time to the incident (sudden turning vehicle), subject’s velocity at the time of 

the incident, the headway between the leading ve icle and the OARSim’s driver at the time of 

the incident, and the subject’s deceleration rate. Those measurements are summarized in Table 

5.6 below. 

su

h
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Ta
scenarios in the pilot study 
 

PC-PC Scenario 

ble  5.6: Data collection summary for each driver for the horizontal visibility blockage 

Subject end Response 

(sec.) 

Velocity 

(mph) 

Incident 
Headway 
“IH” (ft) 

Deceleration 

(ft/sec2) 
No. 

Rear-

crash* 

Incident 

Time “IRT” 

Incident 

“IV” 

Incident  

Rate “IDR” 

1 0 1.65 32.84 55.00 11.99 
2 0 1.23 27.39 109.74 16.00 
3 0 2.48 25.54 91.32 19.00 
4 0 1.12 20.09 106.89 7.65 
5 0 0.65 29.40 77.00 19.00 
6 0 0.55 20.68 89.90 15.00 

PC-LTV Scenario 

Subject 
No. 

Rear-
end 

crash* 

Incident 
Response 

Time “IRT” 
(sec.) 

Incident 
Velocity 

“IV” Headway 

Incident  
Deceleration 
rate “IDR” 

(mph) 

Incident 

“IH” (ft) (ft/sec2) 
1 0 1.17 25.84 51.18 17.00 
2 1 0.86 35.73 39.73 16.77 
3 1 1.15 33.90 45.00 21.91 
4 1 1.91 39.97 49.82 27.43 
5 0 2.14 35.71 61.52 21.56 
6 1 1.64 25.55 44.35 23.00 

 
*0 means that there was no crash, 1 means that there was a crash. 

 

Data Analysis 

The Minitab software was used to conduct five statistical tests to study the statistically 

significant difference between the recorded parameters for PC-PC and LTV-PC scenarios as 

following, 

number of potential rear-end 5. Test the statistical significance difference between the 

crashes for the PC-PC and LTV-PC scenarios. 

6. Test the statistical significance difference between the mean of the incident response time 

for the PC-PC and LTV-PC scenarios. 
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7. Test the statistical significance difference between the mean of the incident velocity for the 

PC-PC and LTV-PC scenarios. 

8. Test the statistical significance difference between the mean of the incident headway for the 

- ios. PC PC and LTV-PC scenar

9. Test the statistical significance difference between the mean of the incident deceleration 

rate for the PC-PC and LTV-PC scenarios. 

The results from Minitab software are summarized in Table 5.7.  

 

Table  5.7: Statistical summary of Minitab outputs for PC-PC and LTV-PC scenarios in the pilot 
study 
 
Parameter Hypothesis P-Value Conclusion* 
Number of Rear-End Crashes H0: P1 = P2 

H1: P1 ≠ P2 0.001 Reject H0 

Incident Response Time “IRT” H0: mean1 = mean 2 0.591 Don’t Reject H0 (sec) H1: mean1 ≠ mean 2 
Incident Velocity “IV” (mph) H0: mean1 = mean 2 

H1: mean1 ≠ mean 2 0.058 Don’t Reject H0 

Incident Headway “IH” (ft) H0: mean1 = mean 2 
H1: mean1 ≠ mean 2 0.004 Reject H0 

Incident Deceleration “IDR” 
(ft/sec2) 

H0: mean1 = mean 2 
H1: mean1 ≠ mean 2 0.025 Reject H0 

 
*Based on 95% confidence (α = 0.05) 
 

 At a 95% level of confidence, there was a significant difference between the number of 

rear-end crashes for following a PC and following an LTV (P-value= 0.001) with a higher 

number of rear-end crashes when following an LTV.  In additional, there was a statistical 

significant difference for the incident headway for following a PC and following an LTV at a 

95% level of confidence (P-value= 0.004) with a smaller headway mean when following an 

LTV, that might contribute to a higher chance of rear-end crashes. On the other hand, there was 
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no significant difference in the incident velocity mean for following a PC and following an LTV 

at a 95% level of confidence (P-values= 0.058). For the deceleration rate, there was a statistical 

significant difference for following a PC and following an LTV (P-value= 0.025), with a higher 

deceleration rate when following an LTV. Therefore, driving closer to the LTV might cause 

drivers to decelerate sharply as a response to the sudden application of LTV’s brake due to the 

incident (sudden turning vehicle). Thought the incident response time mean was higher when 

following an LTV than when following a PC, there was no significant difference between the 

incident response time mean for following an LTV and following a PC at a 95% level of 

confidence (P-value was 0.591). 

 Based on those results, it was clear that drivers drove closer to the LTV vehicle than to 

the PC. Accordingly, at the time of the incident (sudden turning vehicle), drivers following the 

LTV sharply decelerated to avoid the collision with the leading LTV. But the higher deceleration 

rate when following the LTV did not help, most of the drivers, to avoid the collision with the 

leading LTV and the number of rear-end crashes when following the LTV was significantly 

higher than when following the PC. 

 

Survey Analysis 

The results for analyzing questions regarding the horizontal visibility study are presented in 

Figure 5.8. One of the survey questions asked subjects if they drive closely behind a PC or an

LTV in their re ted that they 

drive closely behind PCs in their real life and 50% of subjects that followed the LTV (PC-LTV 

scenario) indicted that they drive closely behind LTVs in their real life. When subjects were 

asked about seeing the sudden left-turn vehicle that hindered the leading vehicle, about 85% of 

 

al life, 33% of subjects that followed the PC (PC-PC scenario) indica
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subjects following the PC indicated that they saw it while only 17% of subjects following the 

LTV indicated that they saw it. The small percentage of subjects that saw the sudden turning 

vehicle, when following the LTV, indicates the visibility blockage caused by the leading LTV. 

Finally most of the subjects indicated that they face the same visibility problem in their real life 

when they follow LTVs. 
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Figure  5-7: Survey analysis for the horizontal visibility pilot study. 

 

Conclusions 

In the horizontal visibility blockage pilot study, following an LTV significantly increased the 

d to drive closer to the LTV number of rear-end crashes than following a PC. Drivers intende

than to the PC while maintaining almost the same speed which caused them to sharply decelerate 

when an incident hindered the leading LTV. There was no significant difference in the 

succeeding vehicle’s driver response time for following a PC and following an LTV, when an 
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incident hindering the leading vehicle. In the survey questions, participant were asked if they 

sow the sudden turning vehicle, do they drive close to PCs or LTVs in their real  life, and do they 

face a visibility problem when they follow an LTV in their life. While most of participants 

followed the PC sow the sudden turning vehicle, only one participant followed the LTV 

indicate

 

 

 

 

 

 

 

 

d seeing the sudden turning vehicle which might be due to the visibility blockage caused 

by following the LTV. The majority of participants indicated facing visibility problems when 

following LTVs in their real life. Overall, the pilot study approved the design of the experiment. 
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CHAPTER 6:  AR SYSTEMS EVALUATION’S RESULTS AND DATA 
ANALYSIS 

 

In evaluating the AR systems, two stages were performed; evaluate AR systems’ outcomes, and 

evaluate on on-the-road driving under the AR. The results from those steps are discussed in this 

chapter. 

 

6.1. Evaluate AR

A  

utcome from both systems (augmented view) was almost the same, which is a combination of 

real-wo

The systems’ ability to generate augmented images that fairly duplicate real world images is very 

important. A real photo of three vehicles on a real road is shown in Figure 6.1 (a). Generating the 

same view by combining a real world image of the road with images of virtual vehicles can be 

done using the computer as shown in Figure 6.1 (b), (c), and (d). In the augmented view “final 

 Systems’ Outcomes 

lthough the ARV system used on-time videos and the ORVSim used pre-recorded videos, the

o

rld video and virtual vehicles.  

In evaluating AR systems’ outcomes, the systems’ abilities to duplicate real scenes as 

well as generate new scenes were assessed. Since in augmented images virtual objects are added 

to the real view, it is very important that the real and virtual objects are well aligned, in position, 

orientation, and scale, with each other in the final view. Small errors in this alignment generate 

visual inconsistencies, which can easily be detected by the user. When comparing real-world’s 

images with their corresponding augmented images “final view”, we were able to verify that 

both systems are compatible, as will be discussed in the following sections.  

 

6.1.1. Duplicate Real Scenes 
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view”, virtual vehicles were well aligned in scale, position, and orientation to the real objects in 

the scene as shown in 

 

6.1.2. Generat ne

In addition, the sys s’ c en ag n th cenario need 

to be evaluated. Actually this is one of the a es of us e AR technology; to generate 

n  scen that is h  conduct l world. xample, if a scenario requires 

d ggy r, it wo e risky an gerous t  out a fi periment under 

t t weather condition. An AR technology utilized to generate a driving scene, which 

is a combinatio l-wo bjects ld be of great 

value. An exam  sc n Fi a), (b The tion in Figure 

6.2 (c) appears vi  ver u co irtu vehicles and 

fog) and real objects (road and trees) are well aligned. 

 

Figure 6.1 (d). 

e New Sce s  

apability to gtem erate new im es, based o e desired s

dvantag ing th

ew desired arios ard to  in rea  For e

riving in fo  weathe uld b d dan o carry eld ex

his inclemen

n of a rea

ple of this

sually

rld scene and virtual o (vehicles and fog) wou

ene is show

y good witho

gure 6.2 (

t any visual in

), and (c). 

nsistency; v

augmenta

al objects (
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 (a) Real-world view 

(b) Real view 

(c) Virtual vehicles (d) Augmented view 

 

Figure  6-1: Evaluating the system’s ability to duplicate real scenes. 
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(a) Real-world view 

(b) Virtual vehicles (c) Augmented view 
 

Figure  6-2: Evaluating the system’s ability to generate a fogy scene. 

 

.2. Evaluate ARV System’s Effects on on-the-Road Driving  

he main purpose from this experiment is to evaluate the on-the-road driving performance under 

nly the effect of the AR, this can only be achieved using the ARV system which allows drivers 

to drive a real vehicle on a real road under the AR. Therefore, two scenarios (driving without the 

6

T

o
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ARV system, and driving with the ARV system) were built using the ARV system. In both 

scenarios, subjects were asked to drive 25 mph (40 kph) and as close to the center of the lane as 

possible along both a straight and a curved segments. In addition, they were asked to stop the 

vehicle at a stop sign in which the front bumper of the vehicle is over the stop line.  

Two photos taken during the two scenarios are shown in Figure 6.3 (a), and (b). These 

photos show one of the participants driving the vehicle along the straight segment; (a) without 

e ARV system, (b) with the ARV system. A small photo of what the subject sees, through the 

 scenario, is shown in the top left corner of Figure 6.3 (b). Two small 

th

HMD, during the second

photos taken from outside the vehicle during the two scenarios are shown in the bottom left 

corners of Figures 6.3 (a) and (b). Another two photos taken during the two scenarios while 

driving along the curved segment are shown in Figure 6.4 (a), and (b). 

 

      

(a)                                                                      (b) 

Figure  6-3: Evaluate on-the-road driving on the straight segment; (a) driving without the ARV 

 

system, (b) driving with the ARV system. 
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(a)                                                                      (b) 

Figure  6-4: Evaluate on-the-road driving on the curved segment; (a) driving without the ARV 
system, (b) driving with the ARV system. 

 

In both scenarios, the following measures were recorded for each driver; the distance to 

stop line, the average cruising velocity on the straight and on the curved segments, the average 

offset from the center of the lane along the straight and the curved segments. Those data are 

shown in Appendix C. Descriptive statistics for on-the-road evaluation’s parameters are shown 

in Table 6.1. While distances to stop line gave us an indication of the drivers’ distance judgment, 

average cruising velocities indicated drivers’ speed judgment on both straight and curved 

segments. Offsets from lanes’ centers provided good feedback about how smoothly subjects 

maneuvered along the straight and curved segments. As a measure of drivers’ distance judgment, 

speed judgment, and driving comfort statistical tests using Minitab software were conducted on 

the measured parameters for without the ARV system versus with the ARV system. 
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Table  6.1: Descriptive statistics for left-turn maneuver’s parameters 

Driving without ARV System Scenario 

Avg. Cruising Speed 
along 

Avg. Offset from the 
Lane Center for 

 Distance 

line “d” Straight 
Segment 

“Vs” (mph)

Curved 
Segment 

“Vc” (mph)

Straight 
Segment 
“Os” (ft) 

Curved 
Segment 
“Oc” (ft) 

to stop 

(ft)* 

N 44 44 44 44 44 
Mean -0.19 8.48 12.56 1.03 1.285 
Median -0.59 8.62 12.34 1.05 1.3 
Std. 
Deviation 1.40 1.45 1.76 0.37 0.41 

Variance 1.965 2.12 3.08 0.136 0.17 
Minimum -1.84 5.87 8.05 0.07 0.4 
Maximum 5.38 12.41 15.65 1.55 1.95 

Driving with ARV System Scenario 
Avg. Cruising Speed 

along 
Avg. Offset from the 

Lane Center for 
 Distance 

to stop 
line “d” 

(ft)* 

Straight 
Segment 

“Vs” (mph)

Curved 
Segment 

“Vc” (mph)

Straight 
Segment 
“Os” (ft) 

Curved 
Segment 
“Oc” (ft) 

N 44 44 44 44 44 
Mean -0.32 8.127 10.63 1.04 1.56 
Median -0.53 8.16 10.50 1.05 1.69 
Std. 
Deviation 1.19 1.20 1.57 0.42 0.49 

Variance 1.41 1.44 2.48 0.17 0.24 
Minimum -1.54 6.02 8.09 0.26 0.32 
Maximum 4.66 10.59 13.91 2.1 2.43 

 
*Positive sign indicates that the vehicle’s front bumper stopped before the stop line, and negative 
sign indicates that the vehicle’s front bumper stopped after the stop line. 

 

6.2.1. Distance Judgment 

As a measure of drivers’ distance judgment, the distance to the white stop line was recorded for 

each subject in the normal driving (without th ) and in driving with the ARV 

system. A paired t-test was conducted using Minitab software on the distance to stop line 

between the two scenarios. Table 6.1 shows the Minitab output. In which, the resulted P-value is 

e ARV system
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equal to 0.177 which is larger than α/2=0.025. As a conclusion, there is no significant statistical 

Table  6
with ARV system

difference in the distance to stop line between driving without the ARV system and driving with 

the ARV system. It means that driving under the ARV system didn’t affect drivers’ distance 

judgment. 

 

.2: Minitab output for paired t-test, distance to stop line for without ARV System and 
 scenarios 

 

 

 

6.2.2. Speed Judgment 

As a measure of speed judgment, each driver’s average cruising velocity along both the straight 

and the

ference in the average cruising velocity along the straight segment between the two 

scenarios.  In which the resulted P-value was 0.072 which is larger than α/2=0.025. On the other 

and, from Table 6.3, at a level of confidence 95%, there was a significant difference in the 

average cruising speed along the curved segment between the two scenarios (P-value was 0.0).  

As a conclusion, driving under the ARV system didn’t affect drivers’ speed judgment when 

 curved segments was calculated for the two scenarios. Two paired t-tests were conducted 

on the average cruising velocity along the straight segment and along the curved segment for the 

two scenarios (without the ARV system and with the ARV system). Table 6.2 and 6.3 show the 

MINITAB outputs for the two tests. In Table 6.2, at a level of confidence 95%, there was no 

significant dif

h
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driving along a straight segment but it did affect drivers’ speed judgment when driving along a

the case of driving

 

curved segment. This can be explained that in  with the ARV system, drivers 

n the 

base their decisions on the view that they see through the HMD, which comes from the video 

camera that is fixed on the vehicle’s front windshield. Although the view from the video camera 

is wide enough to enable drivers to drive safely, driving on the curve required a wider view 

because of the nature of a curve and its wide width, 15 ft (4.57 m) lane-width. Therefore, when 

drivers turned their head to the right and to the left, to get a wider view, it did not help because 

the camera is permanently attached to the front windshield. That led people to slow down o

curved segment when driving with the ARV system. 

 

Table  6.3: Minitab output for paired t-test, average speed on the straight segment of without 
ARV system and with ARV system scenarios 
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Table  6.4: Minitab output for paired t-test, average speed on the curved segment of without ARV 

 
system and with ARV system scenarios 

 

 

6.2.3. Driving Comfort 

As a measure of driving comfort, average offsets form the center of the lane along both the 

straight and the curved segment for each driver were calculated for the two scenarios. Offsets 

from the lane’s center line reflect drivers’ lane keeping therefore represent their level of comfort 

w

gnificant difference in the mean average offsets along the straight segment and along the 

ving with the ARV system. 

bles 6.4 and 6 ow the Minitab outputs. For ent, there was 

n significant nce in ffsets betw ing wi tem (normal 

driving) and driving under the ARV system (P- was 0.97) as sh n Table 6.4. On the 

o and, ther  a signi difference w riving along the d segment (P-value 

was 0.0), as shown in Table 6.5. It indicates that, driving under the system didn’t affect 

d  of ort whe ing along a st  segment but it did affect drivers’ level of 

comfort when driving along a curved segment. That can be explained as driving along a wide 

curve required a wider view than what the fixed camera provided. That caused people to deviate 

around the center of the lane when driving along the curved segment with the ARV system.  

hile driving. Two paired t-tests were performed using Minitab software to test if there is a 

si

curved segment between driving without the ARV system and dri

Ta .5 sh

differe

driving along the straig

een driv

ht segm

thout the ARV syso lane o

value own i

ther h e was ficant hen d  curve

ARV 

rivers’ level  comf n driv raight
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Table  6.5: Minitab output for paired t-test, average offset from lane center along the straight 
segment of without ARV system and with ARV system scenarios 
 

 
 
 
Table  6.6: Minitab output for paired t-test, average offset from lane center along the straight 
segment of without ARV system and with ARV system scenarios 
 

 

 

6.3. Survey Analysis 

The results from analyzing the survey questions regarding system evaluation are presented in 

Figure 6.5. The survey questions are shown in Appendix A. One of the survey questions asked 

subjects about the scene visibility, 44% answered that it was good, 22% answered that it was 

satisfactory, 17% answered that it was excellent, and 17% answered that it needed 

improvements. Also, subjects were asked about the scene realism, 34% answered that it was 

good, 32% answered that it was satisfactory, 27% answered that it was excellent, and 7% 

answered that it needed improvements. Another question was about the scenario realism, 46% 

answered that it was good, 27% answered that it was satisfactory, 22% answered that it was 
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excellent, and 5% answered that it need improvements. Regarding driving comfort, 37% 

answered that it was excellent, 34% answered that it was good, 27% answered that it was 

satisfactory, and 2% answered that it needed improvements. About the HMD comfort, 49 % 

answered that it was good, and 29% answered that it was satisfactory, 12 % answered that it was 

excellent, and 10% answered that it needed improvement. Regarding the level of risk of the 

experiment (very high-high-moderate-small-none), 45% answered that there was no risk and 

45% answered that there was a small risk. Overall, about the whole system fidelity, 41% 

answered that it was good, 29% answered that it was excellent, 20% answered that it was 

satisfactory, and 10% answered that it needed improvements. None of the subject felt any kind of 

motion sickness.  
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Figur  6-5: S ey an sis or sys  eval tion ex riment
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6.4. C

ments while driving were not affected by the ARV system. Moreover, both 

drivers’ speed judgm

the ARV system on a straight segment. Drivers’ speed judgments and levels of comfort were 

was using a video camera that a 

wide view, which was enough to help drivers to drive easily on a straight segment but driving 

along a wide lane curved segment needed a wider view.  

In the survey questions regarding the system fidelity, participants were asked about the 

wers indicated good overall system reliability. None of the participants 

felt any kind of motio the experiment had none or small 

level of risk. 

 

 

onclusions 

In evaluating the proposed ARV system’s outcomes, the system was successfully able to 

duplicate real scenes and generate new scenes. Inside augmented views (final views), virtual 

objects were well aligned with real objects in position, orientation, and scale without any visual 

inconsistency. 

In evaluating the ARV system’s effects on on-road driving, drivers’ distance judgment, 

speed judgment, and level of comfort while driving were considered. The results indicated that 

drivers’ distance judg

ents and level of comforts did not significantly change under driving with 

affected when driving with the ARV system along a curved segment. The main reason for that 

is fixed to the front windshield. The fixed video camera gave 

scene visibility, scene realism, scenario realism, driving comfort, HMD comfort, and system 

fidelity. Most of the ans

n sickness. All participants indicated that 
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C

RV system and, second using the OARSim 

system ents, one scenario was conducted, during which drivers drove on a 

straight segment until reaching a two-way stop-controlled intersection and asked to select an 

appropriate gap between the oncoming virtual vehicles to make the left turn. During the scenario, 

the posted speed limit as well as the opposing virtual vehicles speed was 25 mph (40 kph).  

 During the left-turn experiments, some measures were captured for each driver. Measures 

included the selected gap between opposing virtual vehicles (in seconds), the left-turn time (in 

seconds), the left-turn acceleration (in feet per second square), and the left-turn angular velocity 

(in degree per seconds). Those data are shown in Appendix D. The results from both experiments 

are discussed and analyzed in this chapter. 

 

.1. Studying Left-Turn M

nted vehicle was used to study effects of left-turn drivers’ 

in the bottom left of Figure 7.1.  

Descriptive statistics for left-turn maneuver’s measurements are shown in Table 7.1.  

HAPTER 7:  LEFT-TURN MANEUVER EXPERIMENT’S RESULTS AND 
DATA ANALYSIS 

 

In studying left-turn maneuver, the ARV system and the OARSim system were used. Two 

experiments were performed; first using the A

. In both experim

7 aneuver using ARV System 

Our ARV system installed in a re

characteristics (age and gender) on the left-turn maneuver at two-way stop-controlled 

intersection. Figure 7.1 shows a photo of one of the participants during the left-turn experiment, 

in which, the participant is driving the vehicle on a paved racetrack while seeing through the 

HMD. A small photo of what the subject sees during the experiment is shown in the top left 

corner of Figure 7.1. Another photo taken from out of the vehicle during the experiment is shown 
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Statistical analyses were conducted using Minitab software to test if there were significant age 

and/or gender effects on those measurements. 

 

 

Figure  7-1: Left turning maneuver at two-way stop-controlled intersection experiment using the 
ARV system. 

 

Table  7.1: Descriptive statis

 

(sec) (sec) (ft/sec2) Velocity (deg/sec) 

 

tics for left-turn maneuver’s parameters 

 Gap LT-Time LT-Acceleration LT-Angular 

N 44 44 44 44 
Mean 5.58 4.69 3.36 2.32 
Median 6.00 5.00 3.32 1.95 
Std. 1.22 1.45 1.50 0.86 Deviation 
Variance 1.49 2.09 2.24 0.74 
Minimum 3.00 2.10 1.23 1.27 
Maximum 8.00 7.70 7.33 4.64 
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7.1.1. Acceptable Left Turning Gap 

The gap is the time gap between two successive n the opposing om 

the instanc a o ve e s at

following vehicle passes the sam t, ec  Each left-turn driver accepted a gap between 

opposing through traffic for m  t le  ve m  7  a  

cceptable gap for all participants was 5.58 with a minimum of 3 seconds and a maximum of 8 

 

The average acceptable gap for males was 5.50 seconds, for females group was 5.67 seconds, for 

youn  grou a n ld o  o

a ys re ct to if we nif ge  ge s 

e n a p ap  r fr  th lys  su ize ab nd  

.3. There was a significant age difference in the acceptable gap for male and female groups 

under a 95% confidence level, as highlighted in Table 7.3. There was no significant gender 

effect for both age groups (young and old) at the 95% level of confidence. It indicates that, both 

old males and old females need bigger gaps than what younger drivers need, with no significant 

difference in gaps between males and females. Therefore, there is an age effect but there is no 

gender effect in the acceptable gaps. 

 

vehicles i  flow, measured fr

e th t the fr nt of the first hicl  passe a point to the instance th  the front of the 

e poin  in s onds.

aking he ft-turn maneu r. Fro  Table .1, the verage

a

seconds. The average acceptable gaps for each age and gender group are shown in Figure 7.2.
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Figure  7-2: Average acceptable gap by age and gender. 
 

Table  7.2: One-Sample Test for average acceptable gap between male and female groups 

Male Female Mean Difference 
 

95% CI 95% CI 95% CI 
 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper

Young 18 5.17 4.65 5.69 12 5.25 4.48 6.02 -0.08 -0.97 0.81 
Old 8 6.25 5.28 7.22 6 6.50 5.40 7.60 -0.25 -1.56 1.06 

Total 26 5.50 5.03 5.97 16 5.67 5.03 6.30 -0.17 -0.95 0.61 
 
 
Table  7.3: One-Sample Test for average acceptable gap between young and old groups 
 

Young Old Mean Difference 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Male 18 5.17 4.65 5.69 8 6.25 5.28 7.22 -1.08 -2.14 -0.03 

Female 12 5.25 4.48 6.02 6 6.50 5.40 7.60 -1.25 -2.47 -0.03 
Total 30 5.20 4.80 5.60 14 6.36 5.73 6.98 -1.16 -1.88 -0.43 
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A wide variety of models for estimating the accepted gap have been used (Miller 1972 

and Brilon et al. 1999). Harwood et al. (1999) indicated that statistical tests et 

showed that different models can give up to nd  th at

acc h a the pted as

log gr on  Lo  re io s istic chn fo lopi dic

odel for the probability that an event (in our case is accepting a gap) will or will not happen. 

h  

following Equation:  

 on the same data s

2 seco  difference in e estim e of the mean 

epted gap. T e model adopted in this dissertation for estim ting  acce  gap w  the 

istic re essi . The gistic gress n i a stat al te ique r deve ng pre tive 

m

e probability that a driver will accept a gap X is modeled as logistic distribution as in theT

)( x

)(

( g

xg

e
eπ ......................................................................................................................(7.1) 

Th n a in  lo reg n d fol g p ive ion ain

1
)x

+
=

en whe pply g the gistic ressio  mo el the lowin redict  equat  is obt ed: 

x
x

xg 10)(1
ln)(

π ⎥
⎦

⎢
⎣ −

.............................................................................................(7.2) x)( ββπ
+=

⎤⎡
=

In which,  )(xπ  is the probability that a gap of size X will be accepted,  

10 , ββ and  are constants. 

Therefore the logistic regression model of the probability of accepting a gap can be presented by 

the following equation. 

⎥
⎦

⎢
⎣ −

=∴
)(1

ln)(
x

xg
π

= 1.49* X – 7.67         (R  = 98.1%)        

Based on the Logistic model, the critical gap which is the median of accepted gaps, i.e. 

the gap which is accepted by 50

⎤⎡ )(xπ 2

% of the subjects is approximately 5.15 seconds. 

Plotting the logistic regression model of the probability of accepting a gap with the 

corresponding gap and the cumulative probability of accepting a gap with the corresponding 
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gap shows that the logistic regression model is well representing the data, as shown in Figure 

7.3. The critical gaps (the gap corresponds to the 50% probability of gap acceptance) from both 

curves are very close, approximately 5.15 seconds (from the logistic regression curve) and 5 

seconds (from the cumulative probability curve). 
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.1.2. Left Turning Time 

The left-turn time is the total time during which the left turning vehicle’s steer turned left and 

ack when subjects complete the left-turn maneuver. The left-turn time is one of the 

ariables that reflect er’s steer control. Fro 7.1, the averag .69 

second with a minimum of 2.1 seconds and a maximum of 7.7 seconds. The average left-turn 

t a g  ge ro  s n gu . In h, ra tur  

 

Figure  7-3: Gap acceptance probability. 
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for males is 4.63 seconds, for females group is 4.74 seconds, for young group is 4.61 second, and 

for old group is 4.81 se

 

conds.  
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Figure  7-4: Average left-turn time by age and gender. 

% confidence level for the left-turn 

time. It means that left-turn time was not significantly affected by drivers’ characteristics (age 

and gender). 

 
 
 
 
 
 
 
 

 

Statistical analyses were conducted to test if there were significant age and gender effects 

on the left-turn time. The results from the analyses are summarized in Table 7.4 and 7.5. There 

were no significant age or gender differences under a 95
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Table  7.4: One-Sample Test for average left-turn time between male and female groups 
 

Male Female Mean Difference 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Young 18 4.58 3.81 5.35 12 4.66 3.63 5.69 -0.08 -1.31 1.15 
Old 8 4.74 3.63 5.84 6 4.9 3.76 6.04 -0.16 -1.58 1.26 
Total 26 4.63 4.04 5.21 16 4.74 3.98 5.49 -0.11 -1.04 0.82 

 
 
Table  7.5: One-Sample Test for average left-turn time between young and old groups 
 

Young Old Mean Difference 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Male 18 4.58 3.81 5.34 8 4.74 3.63 5.84 -0.16 -1.48 1.16 
Female 12 4.66 3.63 5.69 6 4.9 3.76 6.04 -0.24 -1.65 1.16 
Total 30 -1.08 0.69 4.61 4.04 5.18 14 4.81 4.12 5.49 -0.20 

 
 
7.1.3. Average Left-turn Acceleration 

The average left-turn acceleration is the average vehicle’s acceleration rate during the period of 

making the left-turn maneuver. As shown in Table 7.1, the average left-turn acceleration rate 

during the period of left turn time is 3.36 ft/sec2 with a minimum of 1.23 ft/sec2 and a maximum 

of 7.33 ft/sec2. The average left-turn accelerations for each age and gender group are shown in 

Figure 7.5. In which, the average left-turn  acceleration for males is 3.50 ft/sec2, for females is 

3.11 ft/

summarized in Table 7.6 and 7.7. 

sec2, for young group is 3.63 ft/sec2, and for old group is 2.73 ft/sec2. Statistical analyses 

were conducted to test if there were significant age and gender effects on the left-turn 

acceleration. The results from the analyses are 
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Figure  7-5: Average left-turn acceleration by age and gender. 

are, Table 7.6 shows that 

ere is no gender difference in left turn acceleration. However, there is significant age 

difference in celera specially  grou in Table7.7. 

Younger females had significan rn accelerations then ol males under a 95% 

level of confidence. Furthermo ere was no significant age di ce in the left-turn 

acceleration between male groups, which contr to the non-significant age difference 

b es an  It  that older subjects like to use r acceleration rates 

during the left-turn maneuver than younger group, especially for the older female drivers.  
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Table  7.6: One-Sample Test for average left-turn acceleration between male and female groups 

Male Female Mean Difference 
 

95% CI 95% CI 95% CI 
 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper

Young 18 3.65 3.02 4.27 12 3.60 2.41 4.78 0.05 -1.24 1.35
Old 8 3.17 1.93 4.42 6 2.15 1.28 3.01 1.03 -0.34 2.40
Total 26 3.50 2.97 4.03 16 3.11 2.26 3.96 0.39 -0.59 1.37

 
 

Table  7.7: One-Sample Test for average left-turn acceleration between young and old groups 
 

Young Old Mean Difference 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Male 18 3.65 3.02 4.27 8 3.17 1.93 4.42 0.47 -0.87 1.82 
Female 12 3.60 2.41 4.78 6 2.15 1.28 3.01 1.45 0.04 2.86 
Total 30 3.63 3.08 4.18 14 2.73 1.97 3.49 0.89 -0.02 1.81 

 

7.1.4. Average Left-turn Angular Velocity 

The average left-turn angular velocity is equal to the total sum of the rotation angle difference for 

every time unit divided by the total time during which the vehicle’s steer turned left and turned 

back when subjects complete the left turn maneuver. As shown in Table 7.1, the average left-turn  

angular velocity dur  minimum of 1.27 

eg./sec. and a maximum of 4.64 deg./sec. The average left-turn angular velocities for each age 

and ge

ing the period of left turn time is 2.32 deg/sec with a

d

nder group are shown in Figure 7.6. In which, the average left-turn  angular velocities for 

males is 2.35 deg/sec, for females group is 2.29 deg/sec, for young group is 2.39 deg/sec, and for 

old group is 2.19 deg/seconds.  
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Figure  7-6: Average left-turn angular velocity by age and gender. 
 

Statistical analyses were conduct to f i g g  

ef  e  a  v . T  r  fr e a s m  in  

7.8 and 7.9.  There were no significant a r r differences under a 95% confidence level, 

as shown in Table 7.8 and 7.9. It means that the drivers’ characteristics (age and gender) had no 

significant impact on the left-turn angular velocity. 

 

Table  7.8: One-Sample Test for average left-turn angular velocity between male and female 
group

 

2.5Avg. LT-Ang. 
g/sec)

Ge r

ed  test i  there were sign ficant a e’s and ender’s

fects on the l ft-turn ngular elocity he esults om th nalyse are sum arized  Table

ge o  gende

s 

Male Female Mean Difference 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Young 18 2.39 1.96 2.81 12 2.39 1.74 3.04 -0.01 -0.75 0.74 
Old 8 2.27 1.51 3.04 6 2.08 1.58 2.56 0.2 -0.64 1.04 
Total 26 2.35 2.01 2.69 16 2.29 1.83 2.75 0.06 -0.50 0.63 
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Table  7.9: One-Sample Test for average left-turn angular velocity between young and old groups 

Young Old Mean Difference 
 

95% CI 95% CI 95% CI 
 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper

Male 18 2.39 1.96 2.81 8 2.27 1.51 3.04 0.11 -0.72 0.95 
Female 12 2.39 1.74 3.04 6 2.08 1.58 2.57 0.32 -0.45 1.09 
Total 30 2.39 2.06 2.72 14 2.19 1.76 2.62 0.20 -0.33 0.73 

 

7.1.5. Survey Analysis 

After finishing the left-turn maneuver experiment, participants were handed a survey, see 

Appendix A. The results from analyzing questions related to the left-turn maneuver are presented 

in Figure 7.7. One of the survey questions asked subjects about the comfort of the left-turn 

maneuver, 44% answered that it was good, 34% answered that it was satisfactory, 12% answered 

that it needed improvements, 8% answered that it was excellent, and 2% answered that it was 

poor. Also, subjects were asked about the visibility of the coming vehicles, 36% answered that it 

was good, 27% answered that it was satisfactory, 22% answered that it needed improvements, 

and 15% answered that it was excellent. Regarding the realism of the coming vehicle, 42% 

answered that it was good, 32% answered that it was satisfactory, 14% answered that it was 

excellent, and 12% answered that it needed improvements. 
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Figure  7-7: Survey analyses for left-turn maneuver experiment. 
 

7.2. Studying Left-Turn Maneuver using OARSim System 

Our OARSim system acteristics (age and 

ender) on the left-turn maneuver at two-way stop-controlled intersection. Figure 7.8 shows a 

photo o

 

 was used to study effects of left-turn drivers’ char

g

f one of the participants during the left-turn experiment, in which, the participant is 

driving the OARSim system while wearing the HMD. A small photo of what the subject sees 

during the experiment is shown in the top left corner of Figure 7.8.  

Descriptive statistics for left-turn maneuver’s measurements are shown in Table 7.10.  

Statistical analyses were conducted using Minitab software to test if there were significant age 

and/or gender effects on those measurements.
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Figure  7-8 f g v o a c d ct e s
O S te

 

Table  7.10: Descriptive statistics for left-turn maneuver’s parameters 

: Le t turnin  maneu er at tw -w y stop- ontrolle  interse ion exp riment u ing the 
AR im sys m. 

 

 
 Acceptable 

Gap (sec) 
LT-Time 

(sec) 
LT-Acceleration 

(ft/sec2) 
LT-Angular 

Velocity (deg/sec) 
N 44 44 44 44 
Mean 5.36 3.82 8.26 3.00 
Median 5.00 3.58 7.77 2.88 
Std. 
Deviation 0.88 1.33 1.35 3.85 

Variance 1.77 1.81 14.82 0.77 
Minimum 3.00 2.03 2.27 1.55 
Maximum 8.00 7.10 16.74 4.80 

 

7.2.1. Acceptable Left Turning Gap 

entioned early, the gap is the time gap between two successive vehicles in the opposing 

flow, measured from the instance that the front of the first vehicle passes a point to the instance 

that the front of the following vehicle passes the same point, in seconds. In the experiment, each 

left-turn driver accepted a gap between opposing through traffic for making the left-turn 

As m
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maneuver. From Table 7.10, the average acceptable gap for all drivers was 5.36 with a minimum 

of 3 seconds and a maximum of 8 seconds. The average acceptable gaps for each age and gender 

group are shown in Figure 7.9. The average acceptable gap for males was 5.27 seconds, for 

females group was 5.50 seconds, for young group was 5 second, and for old group was 6.5 

seconds.  
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Figure  7-9: Average acceptable gap by age and gender. 

arized in Table 7.11 and 

able 7.12. There was a significant age difference in the acceptable gap for male and female 

roups under a 95% confidence level, as highlighted in Table 7.12. On the other hand, there was 

o significant gender effect for both age groups (young and old) at the 95% level of confidence. 

 indicates that, both old males and old females need bigger gaps than what younger drivers 

Age

Gender

 

Statistical analyses were conducted to test if there were significant age’s and gender’s 

effects on acceptable gaps. The results from the analyses are summ

T

g

n

It
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need, with no significant difference in gaps between males and females. Therefore, there is an 

age effect but there is der effect in the acce s. 

 

T 1 e le fo e ce  g we ma ps 
 

M em an enc

 no gen ptable gap

able  7.1 : On -Samp  Test r averag  ac ptable ap bet en male and fe le grou

ale F ale Me  Differ e 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Young 18 4.89 4.25 5.52 12 5.00 4.23 5.77 -0.11 -1.07 0.85

Old 8 6.13  6.95 6 6.50 1 7.79 -0 97 5.30 5.2 .38 -1.72 0.
Total 26 5.27 0 16 5.50 9 -0.23 614.74 5.8 4.81 6.1 -1 ..07 0

 
 
T .12 e- le Test for average acceptable gap between young and old groups 
 

o O an en

able  7 : On Samp

Y ung ld Me Differ ce 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Male 18 4.89 4.25 5.52 8 6.13 5.30 6.95 -1.24 -2.25 -0.22 

Female 12 5.00 4.23 5.77 6 6.50 5.21 7.79 -1.50 -2.84 -0.16 
Total 30 4.93 4.48 5.38 14 6.29 5.67 6.90 -1.35 -2.10 -0.60 

 

In order to calculate the critical acceptable gap, the logistic regression model was used as 

in the previous experiment. Therefore the logistic regression model of the probability of 

accepting a gap of size X can be presented by the following equation. 

)(xg = 1.30* X – 6.27                                                      (R2 = 99.4%)        

Based on the Logistic model, the critical gap which is the median of accepted gaps, i.e. 

the gap which is accepted by 50% of the subjects is about 4.80 seconds. 

Plotting the logistic regression model of the probability of accepting a gap with the 

corresponding gap and the cumulative probability of accepting a gap with the corresponding 
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gap shows that the logistic regression model is well representing the data, as shown in Figure 

7.10. The critical gaps (the gap corresponds to the 50% probability of gap acceptance) from both 

curves were very close, approximately 4.80 seconds (from the logistic regression curve) and 4.90 

seconds (from the cumulative probability curve). 
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Figure  7-10: Gap acceptance probability. 

.2.2. Left Turning Time 

he left-turn time for each driver (the time it took him/her to complete the left turning maneuver) 

as recorded. From Table 7.10, the average left-turn time was 3.82 second with a minimum of 

.03 seconds and a maximum of 7.10 seconds. The average left-turn times for each age and 

ender group are shown in Figure 7.11. In which, the average left-turn time for males is 3.56 
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seconds, for females group is 3.56 seconds, for young group is 3.45 second, and for old group is 

.61 seconds.  
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re  7-11: Average left-turn time by age and gender. 

 

Statistical analyses were conducted to test if there were significant age and gender effects 

on the left-turn time. The results from the analyses are summarized in Table 7.13 and 7.14. 

While there was no significant gender effect on the left-turn time, there was a significant age 

effect especially between female groups under a 95% confidence level as highlighted in Table 

7.14. It was found that older drivers took longer left turning time to complete the maneuver than 

younger drivers especially in female groups. 
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Table  7.13: One-Sample Test for average left-turn time between male and female groups 

Male Female Mean Difference 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Young 18 3.30 2.74 3.86 12 3.68 3.02 4.35 -0.39 -1.21 0.44 
Old 8 4.16 2.89 5.43 6 5.22 3.71 6.73 -1.06 -2.81 0.70 
Total 26 3.56 3.04 4.08 16 3.56 3.04 4.08 -0.63 -1.47 0.20 

 
 
Table  7.14: One-Sample Test for average left-turn time between young and old groups 
 

Young Old Mean Difference 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Male 18 3.30 2.74 3.86 8 4.16 2.89 5.43 -0.86 -2.18 0.46 
Female 12 3.68 3.02 4.35 6 5.22 3.71 6.73 -1.54 -2.99 -0.08 
Total 30 3.45 3.05 3.85 14 4.61 3.73 5.50 -1.16 -2.11 -0.22 

 

7.2.3. Average Left-turn Acceleration 

As shown in Table 7.10, the average left-turn acceleration rate during the period of left turn time

is 8.26 ft/sec2 w 2 2 e average left-

rn accelerations for each age and gender group are shown in Figure 7.12. In which, the average 

 is 9.06 ft/sec2, for females is 7.10 ft/sec2, for young group is 9.14 

, e conducted to test if there were 

 

ith a minimum of 2.27 ft/sec  and a maximum of 16.74 ft/sec . Th

tu

left-turn  acceleration for males

ft/sec2  and for old group is 6.36 ft/sec2. Statistical analyses wer

significant age and gender effects on the left-turn acceleration. The results from the analyses are 

summarized in Table 7.6 and 7.7. 
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Figure  7-12: Average l  age and gender. 

 

Based on the mean analysis pro B sof Table 7 hat 

there is no gender difference in the l Howe ere is s  

especially in female groups as highlighted in Table 7.16. 

Furthermore, there was no significant age difference in the left-turn acceleration between male 

groups, under a 95% level of confidence. However, younger females had significant higher left-

turn accelerations then older females which contributed to the significant age difference between 

males and females. It means that older subjects have lower acceleration rates during the left-turn 

maneuver than younger group, especially for the older female drivers.  
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Table  7.15: One-Sample Test for average left-turn acceleration between male and female groups 

Male Female Mean Difference 
 

95% CI 95% CI 95% CI 
 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper

Young 18 9.68 7.82 11.55 12 8.33 5.90 10.76 1.35 -1.56 4.26 
Old 8 7.66 4.68 10.64 6 4.63 2.05 7.21 3.03 -0.51 6.57 
Total 26 9.06 7.55 10.57 16 7.10 5.21 8.99 1.96 -0.39 4.32 

 
 
Table  7.16: One-Sample Test for average left-turn acceleration between young and old groups 
 

Young Old Mean Difference 
95% CI 95% CI 95% CI 

 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper
Male 9.68 7.82 11.55 8 7.66 4.68 10.64 2.03 -1.36 5.41 18 
Female 12 8.33 5.90 10.76 6 4.63 2.05 7.21 3.70 0.42 6.98 
Total 30 9.14 7.76 10.53 14 6.36 4.39 8.32 2.78 0.44 5.12 

 

7.2.4. Average Left-turn Angular Velocity 

The average left-turn angular velocity is equal to the total sum of the rotation angle difference for 

every time unit divided by the total time during which the vehicle’s steer turned left and turned 

back when subjects complete the left turn maneuver. As shown in Table 7.10, the average left-

turn angular velocity during the period of left turn time is 3 deg/sec with a minimum of 1.55 

deg/sec. and a maximum of 4.80 deg/sec. The average left-turn angular velocities for each age 

and gender group are shown in Figure 7.13. In which, the average left-turn  angular velocity for 

males is 3.15 deg/sec, for females group is 2.79 deg/sec, for young group is 3.09 deg/sec, and for 

old group is 2.81 deg/seconds.  
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Figure  7-13: Average left-turn angular velocity by age and gender. 

 

eering angle velocity during left turn time, there were no 

signific

 

 

 

Statistical analyses were conducted to test if there were significant age’s and gender’s 

effects on the left-turn angular velocity. The results from the analyses are summarized in Table 

7.17 and 7.18.  For the average st

ant age or gender differences under a 95% confidence level, as shown in Table 7.17 and 

7.18. It means that the drivers’ characteristics (age and gender) had no significant impact on the 

left-turn angular velocity. 
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Tabl le 
groups 

Male Female Mean Difference 

e  7.17: One-Sample Test for average left-turn angular velocity between male and fema

 

95% CI 95% CI 95% CI 
 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper

Young 18 3.25 2.77 3.72 12 2.87 2.31 3.43 0.38 -0.32 1.08 
Old 8 2.93 2.23 3.64 6 2.64 1.91 3.36 0.30 -0.61 1.20 
Total 26 3.15 2.78 3.52 16 2.79 2.39 3.19 0.36 -0.17 0.89 

 

Table  7.18: One-Sample Test for average left-turn angular velocity between young and old 

 
Young Old Mean Difference 

 

groups 

95% CI 95% CI 95% CI 
 N Mean Lower Upper N Mean Lower Upper Mean Lower Upper

Male 18 3.25 2.77 3.72 8 2.93 2.23 3.64 0.31 -0.51 1.13 
Female 12 2.87 2.31 3.43 6 2.64 1.91 3.36 0.23 -0.60 1.07 
Total 30 3.09 2.76 3.43 14 2.81 2.36 3.25 0.29 -0.26 0.83 

 

7.2.5. Survey Analysis 

Participants were handed a survey after finishing 

are presented in Figure 7.14. When subjects were asked about the comfort of the left-turn 

ered that it was satisfactory, 27% answered 

that it needed improvements, 8% answered that it was excellent, and 4% answered that it was 

poor. Also, subjects were asked about the visibility of the coming vehicles, 34% answered that it 

was good, 39% answered that it was satisfactory, 18% answered that it was excellent, and 9% 

answered that it needed improvements. Regarding the realism of the coming vehicle, 34% 

the experiment with the same questions as in 

previous experiment using ARV system, see Appendix A. The results from analyzing questions 

maneuver, 25% answered that it was good, 36% answ
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answered that it was good, 32% answered that it was satisfactory, 16% answered that it was 

excellent, and 18% answered that it needed improvements. 
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urn Maneuver 

he purpose of this statistical comparison is to study left-turner driver’s characteristics on the 

ft-turn maneuver at un-signalized intersection using ARV system and OARSim system. During 

xperiments, the following parameters were recorded for each driver; the acceptable gap (in 

econd), the left-turn time (in second), the left-turn acceleration (in feet per second square), and 

e left-turn angular velocity (in degree per second. Those data are shown in Appendix D. 

llent

 

Figure  7-14: Survey analyses for left-turn maneuver experiment. 

 

7.3. Interpreting the Results 

7.3.1 ARV vs. OARSim in Studying the Left-T

T

le

e

s
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Descriptive statistics for those parameters using the two systems are shown in Table 7.1 and 

Table 7.10 respectively. 

 Statistical analy c u a re was a 

statistical difference of those parameters between the two experiments. The results from Minitab 

software ar arized i  7.1

 

Table  7.19: Statistical summary of Mi tput -sample s for left n maneuver 
parameters using ARV and OARSim s

 
Left-Turn Maneuver’s Parame P-VALUE Conclusion* 

ses were onducted sing Minit b software to test if the

e summ n Table 9.  

nitab ou s of two  t-test -tur
ystems 

ter Hypothesis 
Acceptable Gap e  2 

e  2 eject H0 H0: m
H1: m

an1 = mean
an1 ≠ mean  0.453 Don’t R

LT-Time ean an 2 
: mean an 2  ject H0 H0: m 1 = me

1 eH1 ≠ m 0.002 Re

Avg. LT- ation ean n 2 
ean n 2 00 ject H0 Acceler H0: m 1 = mea

H1: m 1 ≠ mea 0.0 Re

Avg. LT-Angular Velocity  ean n 2 
mean1 01 eject H0 H0: m 1 = mea

H1:  ≠ mean 2 0.0 R

 
*Based on enc .05)
 

At a 95% level of confidence, there was no significant difference for acceptable gap 

d using OARSim system. The reason is that both systems (ARV 

een the left-turn time 

means 

95% confid e (α = 0  

means for using ARV system an

and OARSim) provided drivers with almost the same augmented view, which is a combination 

of real-world video and virtual vehicles. Although the video using the ARV system was on-line 

video and using the ORVSim was pre-recorded video, this didn’t affect the drivers’ accepted gap 

means. 

On the other hand, there was a statistical significant difference betw

using both systems at a 95% level of confidence with a smaller left-turn time mean when 

 126



using the OARSim system than when using the ARV system. In addition, there was a statistical 

significant difference in the left-turn acceleration means and left-turn angular velocity using both 

stems at a 95% level of confidence.  Drivers had a larger left-turn acceleration mean and 

larger left-turn angular velocity mean when using the OARsim system than when using the ARV 

system. Left-turn time, left-turn acceleration, and left-turn angular velocity are all attributed to 

the drivers’ ability to push the gas pedal and steer the vehicle fast enough to turn. It appears that 

the subjects had much better feel and handling of both the gas pedal and the steering system of 

the OAR system more so than the ARV system. Furthermore, the nature of the portable simulator 

of the OAR system make subjects believes that they are in game and they tend to drive more 

aggressive. 

    

7.3.2 Age and Gender Effects on the Left-Turn Maneuver 

Two experiments were conducted to study left-turner driver’s age and gender effects on the left-

turn maneuver at un-s . 

e, the left-turn acceleration, and the left-turn angular velocity 

were reco

sy

ignalized intersection; using the ARV system and the OARSim system

The accepted gap, the left-turn tim

rded for each subject in both experiments. 

In both experiments (using ARV and OARSim systems), there was no significant gender 

effect on all left-turn parameters (acceptable gap, left-turn time, left-turn acceleration, and left-

turn angular velocity) in the two experiments. This conclusion is supported by Kroemer et. al 

(1994) and Koppa (1992) findings. 

On the other hand there was a significant age effect on the accepted gap in both 

experiments. In which, both old males and old females needed bigger gaps than what younger 

drivers needed. This agrees with Yan’s (2003), Alexander’s (2002), Tarawneh’s (1996), and 
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Lerner’s (1995) findings. 

Although, experiments’ results, using both the ARV and the OARSim systems, showed 

that there is an age effect on left-turn gap acceptances, the AASHTO (2001) criteria for left-turn 

gap acceptances did not consider left-turn drivers’ characteristics (gender, age). While the critical 

accepted gap from our logistic regression models were 5.15 seconds (using the ARV system) and 

4.80 seconds (using the OARSim system), the AASHTO (2001) indicated a 5.50 seconds as a 

l gap for this type of maneuver (left-turn from a major road) which is a little conservative. 

tween old and young drivers in accepted gaps 

ft turning time in the left-turn experiment 

using the A

ales. 

This result agrees with Yan’s (2003) findings. 

Regarding the left-turn angular velocity, there was no significant age effect under a 95% 

confidence level.  

  

 

 

critica

Moreover, due to the significant difference be

during both experiments, it is recommended to increase the critical accepted gap by 1.0 seconds 

for all design criteria at un-signalized intersections in areas with high-density old age population. 

In the experiment using the OARSim system, older drivers took significantly longer time 

to complete the left-turn maneuver than what the younger driver took, especially in female 

groups.  However there was no age effect on the le

RV system. 

Furthermore, in both experiments, there was a significant age effect on the left-turn 

acceleration rate, especially among female groups at a 95% level of confidence. Older females 

had a smaller acceleration rate when performing the left-turn maneuver than younger fem

 128



CHAPTER 8:  HORIZONTAL VISIBILITY RESULTS AND DATA 
ANALYSIS 

 

Our Offline Augmented Reality Simulator “OARSim” system was used to study the 

effects of following an LTV on the succeeding car driver’s performance and the contribution of 

rear-end crash. Two scenarios were conducted; following a passenger car “PC-PC” and 

following a large truck vehicle “PC-LTV”. During the two scenarios, the posted speed limit as 

well as the leading virtual vehicle speed was 35 mph (56 kph). Two groups of participants (A 

and B) rode the OARSim system for about 5 minutes, while seeing through the HMD a real 

offline video of a two-way road with virtual vehicles and asked to drive as in the real life. Group 

“A” completed PC-PC scenario while group “B” completed PC-LTV scenario. In both scenarios 

participants were forced to follow a leading vehicle (PC for the first scenario and LTV in the 

second scenario).  was 35 mph (56 

ph).  

The posted speed limit as well as the leading vehicle speed

k

Figure 8.1 (a) and (b) show two photos of two participants during PC-PC and PC-LTV 

scenarios, in which, participants are driving the OARSim system while wearing the HMD. Two 

small photos of what each subject sees during the experiment are shown in the top left corner of 

Figure 8.1 (a) and (b).  
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(a) (b) 

ge experiment; (a) following an LTV, and (b) following a 
PC. 

8.1. Driver’s Performance Analysis for Following a PC and LTV 

During both scenarios (PC-PC and PC-LTV), the following parameters were recorded for each 

driver; the velocity (in mph), the headway (in feet), the response time (in seconds), the 

deceleration (in feet per second square), and the impact velocity (in mph) (in case of a rear-end 

crash with the leading vehicle). Those data are shown in Appendix E. Descriptive statistics for 

the horizontal visibility blockage’s parameters are shown in Table 8.1. Statistical analyses were 

conducted using Minitab software to test if the leading vehicle’s type (PC/LTV) had significant 

effects on those parameters. There were one and fourteen (14) rear-end crashes observed for the 

PC-PC and PC-LTV experiments, respectively. 

 

 

 

 

 

Figure  8-1: Horizontal visibility blocka

 

 130



Table  8.1: Descriptive statistics for horizontal visibility blockage’s parameters 

Following a PC Scenario 
 Incident 

Headway 
(ft) 

Incident 
Velocity 
(mph) 

Incident 
Response 

Time 
(sec) 

Incident 
Deceleration 

(ft/sec2) 

Impact 
Velocity 
(mph) 

N 22 22 22 22 1 
Mean 82.08 26.93 12.52 1.64 17.35 
Median 77.09 27.58 11.66 1.64 17.35 
Std. 
Deviation 21.98 4.03 4.43 0.64 --- 

Variance 483.30 16.21 19.66 0.41 --- 
Min. 51.28 20.09 6.52 0.55 17.35 
Max. 127.23 33.10 21.57 2.98 17.35 

Following an LTV Scenario 
 Incident 

Headway 
(ft) 

Incident 
Velocity 
(mph) 

Incident 
Response 

Time 
(sec) 

Incident 
Deceleration 

(ft/sec2) 

Impact 
Velocity 
(mph) 

N 22 22 22 22 14 
Mean 51.34 31.15 17.05 1.85 22.46 
Median 46.81 30.40 16.77 1.78 22.92 
Std. 4.68 7.12 0.64 5.10 Deviation 16.60 

Variance 275.45 21.94 50.63 0.41 26.05 
Min. 25.42 24.22 5.24 0.59 14.50 
Max. 95.00 22 27.47 3.09 32.64 

 

8.1.1. Incident Headway “IH” 

The incident headway refers to the distance tween the two vehicles (the leading and the 

succeeding vehicles), measured from the end of the leading vehicle to the center of the following 

vehicle in feet, just before the participant starts raking due to the sudden turning vehicle. The 

incident headway is one of the factors that indic e collision threat. When the headway is too 

small, the succeeding vehicle is more likely to result in a rear-end accident. 

 From Table 8.1, the average incident headway was 82ft when following a PC and 51ft 

when following an LTV. The incident headway for each driver in both scenarios is shown in 

be

 b

ate th
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Figure 8.2. The trend of the data in Figure 8.2 indicates that the headway tends to be larger when 

llowing a PC than when following an LTV.  
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he Minitab output, in 

hich the resulted P-value was 0.00. Therefore, there was a statistical significant difference 

etween the following headway means of both scenarios at a 95% level of confidence. It 

indicates that subjects following LTVs left significantly smaller headways than what other 

subjects left when following PCs. The subjects drove closer to LTVs than to PCs because when 

they drive behind LTVs they feel uncomfortable and anxious to pass it due to the view blockage 

caused by LTVs, which is supported by the findings from Sayer (2003), and Harb (2005). 

Figure  8-2: Headway for following a PC and following LTV. 

 

A two sample t-test was conducted using Minitab software on the headway between the 

two scenarios (following a PC and following an LTV). Table 8.2 shows t

w

b
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Table  8.2: Minitab output for 2 sample t-test, incident headway of following an LTV and PC 
 

 
 

8.1.2. Incident Velocity “IV” 

The incident velocity refers to the subject’s driving velocity just before braking when the vehicle 

from the opposing traffic made a sudden turn and the leading vehicle braked accordingly. The 

velocity is an important factor when following LTV, in case of a sudden stop of the LTV, the 

speedy succeeding vehicle might not have the time to stop causing a higher potential of rear-end 

collision with the LTV.  

The incident velocity of each subject (in the two groups) is shown in Figure 8.3; the trend 

of the data indicates higher velocity when following an LTV. From Table 8.1 the mean velocity 

was 26.9mph (with a minimum of 20mph and a maximum of 33mph) when following a PC and 

31mph (with a minimum of 24mph and a maximum of 40 mph) when following an LTV. 
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Figure  8-3: Velocity for following a PC and following LTV. 

 

A two sample t-test to compare the velocity means of the two samples at a 95 % 

confidence interval was performed using Minitab software. The output from the statistical test is 

shown in Table 8.3, in which there was a significant difference between the two velocity means 

(P-value =0.005). The higher velocity mean for following the LTV can be explained by the fact 

that subjects driving behind the LTV cannot see beyond it causing uncomfortable feeling and 

anxious desires to pass it, which agrees with the findings from Harb (2005). 
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Table  8.3: Minitab output for 2 sample t-test, incident velocity of following an LTV and PC 
 

 

 

8.1.3. Incident Response Time “IRT” 

The incident response time refers to the time it took the participant (succeeding car’s driver) to 

respond to the incident (opposing vehicle sudden turn). Although the response time is a good 

parameter that reflects the view blockage caused by following the LTV, it is also a very sensitive 

parameter that can be affected by many other factors such as the driver’s age and gender, and the 

eadway between the LTV and the succeeding vehicle.  h

Figure 8.4 shows the response times for both following the PC and following the LTV 

scenarios. The data does not have a certain trend. From Table 8.1, the average incident response 

time was 12.5 sec when following a PC and 17.5 sec when following an LTV. 
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ime for following a PC and following LTV. 

 

 the means of 

response delay time of both scenarios. From Table 8.4 the resulted P-value was 0.335 which 

means that there is no significant statistical difference between the response delay time means of 

the two samples at a 95% level of confidence. 

 

 

 

 

 

 

Figure  8-4: Response t

A two sample t-test was conducted using Minitab software to compare
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Table  8
PC 

.4: Minitab output for 2 sample t-test, incident response time of following an LTV and 

 

 

 

8.1.4. Incident Deceleration Rate “IDR” 

The incident deceleration rate refers to the succeeding car’s deceleration rate when the vehicle 

from the opposing traffic made a sudden turn and the leading vehicle braked accordingly which 

led the succeeding car’s driver to decelerate. The deceleration rate is an important factor that can 

reflect the accident risk. If the succeeding car’s deceleration rate is high it indicates that there is a 

high potential for rear-end collision with the leading vehicle.  

Figure 8.5 shows the deceleration rates of each participant for both scenarios (following a 

PC and following an LTV). The deceleration rate for following an LTV seems higher than the 

deceleration rate for following a PC. From Table 8.1, the average incident deceleration rate was 

1.64ft/sec2 when following a PC and 1.85ft/sec2 when following an LTV. 
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Figure  8-5: Deceleration rate for following a PC and following LTV. 

 

 

A two sample t-test was performed using Minitab software to check for a statistical 

significant difference between the deceleration means of both samples. From the MINITAB 

output below the P-value is equal to 0.012 which means that there is a statistical significant 

difference between the deceleration means of following a PC and following an LTV at a 

95%level of confidence.  
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Table  8.5: Minitab output for 2 sample t-test, incident deceleration of following an LTV and PC 
 

 

 

8.1.5. Incident Impact Velocity “IIV” 

The incident impact velocity refers to the velocity at which the succeeding vehicle hit the PC or 

the LTV (in c  the severity 

of the crash; the higher the impact velocity the greater the severity of the crash. From Table 8.1, 

the nu

8.2. Rear-End Collision Analysis 

While one subject out of 22 subjects following the PC got involved in a rear-end collision with 

the PC, 14 subjects out of the 22 subjects following the LTV were involved in rear-end collisions 

with the LTV, see Appendix E. Therefore, the probabilities of being involved in an accident 

following PC and following LTV are 4.5%, and 63.6% respectively.  It is clear from the data that 

following LTVs caused more rear-end crashes than following PCs.   Minitab software was used 

ase of a crash). The impact velocity is a good parameter that can reflect

mbers of crashes (one for following a PC and 13 for following an LTV) were not 

comparable and it was hard to perform a statistical analysis. However, the trend of the data in 

Table 8.1 indicates that not only driving behind an LTV can produce more rear-end collisions 

than driving behind a passenger car but also that rear-end collisions with LTV are more severe 

than rear-ends with PC. 
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to conduct Chi-square test for the two accidents’ ratios.  There was a significant difference 

between the accident ratios for following an LTV (P-value= 0.00), as shown in Table 8.6. 

Without a doubt, following LTVs contributed to more rear-end crashes than following PCs. 

 

Table  8.6: Minitab output for Chi-square test for accident ratios when following PC and LTV 
 

 

 

In order to study factors that contribute to rear-end crashes when following LTV, binary 

gistic regression was used. The binary logistic regression is a statistical technique for 

l for the probability that an event (in our case is involving in a rear-

lo

developing predictive mode

end crash) will or will not happen. Minitab software was used to build a model for the 

probability of rear-end crashes when following LTVs using the logistic regression. The 

probability that a driver will involve in a rear-end crash is modeled as logistic distribution in the 

following equation, 

)(

)(

1

xg

e
e
+

.............................................................................................................(8.1) 

The Logit of the multiple logistic regression model is presented in the following equation; 

)( xgx =π
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In which,  )(x

22110⎥⎢

π  is the probability that the driver will involve in a rear-end crash,  

ββ nββ ,...,2  are constants. 

nxxx ....,,, 21 are independent variables 

Four potential independent variables; Velocity (mph), headway (ft), response time (sec), 

and the deceleration rate (ft/sec2) suspected to be related to the rear-end collision probabi

,, 10

lity 

when f

itab output for Logistic regression model of rear-end accident 

ollowing an LTV. The four variables were used to construct the logistic model in Minitab 

software. After several trials and eliminations, the final model is shown in Table 8.7 where the P-

values< 0.05. The final model consists of one factor which is the headway between the 

succeeding and the leading vehicles.  

 

Table  8.7: Min

 

 

Therefore, the logistic regression model of the probability of involving in a rear-end crash 

when following an LTV can be presented by the following equation. 

⎥
⎦

⎤⎡
=

)(ln)( xxg π = 9.311-0.171*Headway ⎢
⎣ − )(1 xπ

............................................................ (8.3)                   
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Based on the Logistic model, the probability of rear-end collision with the corresponding 

headway, when following an LTV, is shown in Figure 8.6. From Figure 8.6, the critical headway 

“Hc” between the succeeding car and the leading LTV can be obtained (approximately 54.5ft), as 

the headway corresponds to the 50% probability of rear-end collisions. This indicates that cars’ 

drivers who leave headways equal or smaller than 54.5ft from the leading LTV have 50% or 

higher chance of being involved in a rear-end crashes with the LTV.  

ased on the theoretical calculation of the blocked view area of the small car when 

following an LTV, the blocked headway “Hb” was 62.6 ft, see Chapter 5. Hb is the calculated 

headway at which the succeeding car is not able to see the sudden turning vehicle, i.e. the sudden 

turning vehicle is in the blocked view area of the following car. In Figure 8.6, the hatched area 

represents the blocked view area of the small vehicle when following the LTV. From Figure 8.6, 

the pro es that corresponds to “Hb” was approximately 20%. Therefore, 

about 80% of the rear-end crashes occurred when driving in the blocked view area. This 

indicates that following LTVs may prevent drivers in cars behind them from being aware of the 

traffic situation ahead that increased the chance of involving in rear-end crashes with LTVs in 

case of sudden application of the breaks. This agrees with Graham’s (2000), Abdel-Aty’s (2004), 

and Rami (2005) findings. 

 

B

bability of rear-end crash
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hich from group A, which consisted of 22 subjects 

driving

Figure  8-6: Rear-end crashes probability for following LTVs. 

 

8.3. Survey Analysis 

After finishing the horizontal visibility blockage experiment, participants in both groups (A for 

following PC and B for following LTV) were handed a survey, see Appendix A. One of the 

survey questions asked subjects if they drive closely behind a PC or LTV in real life. Figure 8.7 

shows the ratios of participants answers, in w

 behind a PC, 32 % answered that they drive closely behind PCs in real life and the 68% 

answered that they do not drive closely to PCs in real life. On the other hand, from group B, 

which consisted of 22 subjects driving behind an LTV, 41 % answered that they drive closely 

behind LTVs in real life and the 59% answered that they do not drive closely to LTVs in real 

life.  
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Figure  8-7: Driving close to leading vehicle (LTV and PC) in real life. 

 

In addition, subjects from both groups (A and B) were asked if they saw the sudden 

turning vehicle. The ratios of subjects’ answers are shown in Figure 8.8, in which 32% of 

subjects following a PC answered that they did not see the sudden turning vehicle from the 

opposite direction and 68 % of the subjects following the LTV did not see the vehicle from the 

opposite direction making a left turn. 
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e performed using Minitab software. Based on the results drivers intended 

to driv

 

Figure  8-8: Seeing the sudden turning vehicle from the opposing direction. 

 
Finally all subjects were asked if they face the same visibility problem when following 

LTVs in real life. About 70% of the subjects answered that they face the same problem and 30% 

answered that they do not. 

8.4. Interpreting Results 

In the horizontal visibility blockage experiment we focused on studying effects of driving behind 

LTV on the succeeding car driver’s performance and the contribution of rear-end crash. Two 

scenarios were conducted; following a passenger car “PC-PC” and following a large truck 

vehicle “PC-LTV” using the OARSim system.  

In studying succeeding car driver’s performance when following LTV vs. following PC, 

statistical analysis wer

e faster and closer to the leading vehicle when following LTVs than when following PCs. 
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This behavior can be explained by the fact that subjects drive uncomfortably behind LTVs 

because they cannot see beyond it with an urge feeling to pass it. Consequently, subjects speeded 

and stayed close behind LTVs waiting for a chance to pass them.  

On the other hand, there was no significant difference in the subjects’ response times to 

the sudden turning vehicle when following LTVs and following PCs. This can be explained as 

the response time is very delicate parameter and is affected by many other factors (such as 

driver’s age and gender, and the head way between the leading and the succeeding vehicles). 

Based on the statistical analysis, it was confirmed that there was a statistically significant 

difference between the rear-end crashes when following an LTV and following a PC with a 

higher percentage of rear-end crashes for following LTVs. Moreover, the trend of the impact 

velocities (in case of rear-end crash) showed a higher impact velocities in case of following 

LTVs. 

rom the regression model of the rear-end crashes when following LTVs, the distance 

TV and the following passenger car was the most significant factor. About 

e leading 

TV in case of sudden braking. This indicates that the horizontal visibility blockage is a serious 

 taken into consideration for the safety of the passenger car drivers who 

Therefore rear-end crashes with LTVs were more severe than rear-end crashes with 

regular PCs.  

F

between the leading L

80% of the rear-end crashes occurred when driving in the blocked view area. That driving a 

passenger car closer behind an LTV produced higher probability of rear-end crashes due to the 

visibility blockage caused by the LTV. This visibility blockage prevented succeeding car driver 

from being aware of traffic situation ahead, and therefore more prone to collide with th

L

problem and should be

might follow LTVs. 
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From the survey analysis, while most of subjects following the PC (about 70%) saw the 

sudden turning vehicle in front of the leading vehicle, only few of subjects (about 30%) 

following the LTV indicated seeing it. In addition, the majority of subjects (about 70%) indicated 

me visibility problem in their real life when following LTVs. 
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CHAPTER 9:  CONCLUSIONS AND FUTURE WORKS 
 

9.1. Conclusion 

Augmented reality “AR” is a paradigm that combines real-world video with virtual objects 

(computer-generated) in a real-time. Our main goal from this research was to investigate the 

feasibility of adapting the AR technology into traffic engineering research. In order to achieve 

this goal, two systems based on the  built; Aug ented Reality Vehicle 

“ARV” system, and Offline Augmented Reality Simulator “OARSim” system.  While the first 

system uses an online real world video the second system relies on a pre-recorded real world 

video.  

The ARV system can be installed in any vehicle in which the driver can wear the HMD 

while driving the vehicle. Through the HMD, he/she is able to see a combination of an online 

real video and virtual objects. While using the OARSim system, the driver wears the HMD while 

taking control over a gas and brake pedals, and a eering wheel. Through the HMD, the driver is 

a  

the combi difference 

etween real and virtual objects in the scene. 

The outcomes from the two AR systems (augmented views) were tested to be free of any 

inconsistency, virtual and real objects were aligned in position, orientation, and scale without any 

visual problems. In addition, on-the-road driving under the AR was evaluated using the ARV 

system installed in a rented vehicle while driving on a paved race track. Drivers’ distance 

judgment, speed judgment, and driving comfort under AR (drive with ARV system) and under 

normal driving condition (driving without ARV system) were compared. While driving under the 

AR technology were m

st

ble to see a combination of pre-recorded real world video and virtual objects. In both systems

nation is done through the computer so that the driver can not tell the 

b
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AR didn’t affect drivers’ distance judgment, speed judgment, and driving comfort when driving 

along the straight segment it significantly affected drivers’ speed judgment and driving comfort 

when driving along the curved segment. It is believed that the reason for the difference between 

driving on straight segment and driving on a curved segment may be attributed to the way the 

camera was fixed to the front windshield. The fixed video camera gave a view wide enough to 

help drivers to drive easily along the straight segment but driving along a curved segment needed 

a wider view. The wider view can be achieved by using a wider view camera (a camera with a 

wide lens), using a movable camera that can ac ovements, or using 

two or more cameras. 

The two AR systems; ARV system and OARSim system were used to study left-turn 

maneuver at un-signalized intersection. While there was no significant difference in the accepted 

gap mean between using ARV system and using OARSim system, drivers had a smaller left-turn 

time mean, a larger left-turn acceleration mean, and a larger left-turn angular velocity mean 

n using the OAR im system than w the ARV system. This might be because b

stems (ARV and OARSim) provided drivers with almost the same augmented view (a 

comb

accepted gaps’ means difference.  On the other hand, driving a non-real vehicle (when using the 

i t effects from driving a real-vehicle (when using the ARV system) 

commodate driver’s head m

whe s hen using oth 

sy

ination of real-world video and virtual vehicles) that contributed to non-significant 

OARS m system) had differen

on drivers’ left-turn time mean, acceleration mean, and angular velocity mean. 

There was no significant gender effect on all left-turn parameters (acceptable gap, left-

turn time, left-turn acceleration, and left-turn angular velocity) in the two experiments. On the 

other hand there was a significant age effect on the accepted gap in both experiments. In which, 

both old males and old females needed bigger gaps than what younger drivers needed.  
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Although, experiments’ results, using both the ARV and the OARSim systems, showed 

that there is an age effect on left-turn gap acceptances, the AASHTO (2001) criteria for left-turn 

gap acceptances did not consider left-turn drivers’ characteristics (gender, age). While the critical 

accepted gap from our logistic regression models were 5.15 seconds (using the ARV system) and 

4.80 seconds (using the OARSim system), the AASHTO (2001) indicated a 5.50 seconds as a 

critical gap for this type of maneuver (left-turn from a major road) which is a little conservative. 

Moreover, due to the significant difference between old and young drivers in accepted gaps 

during both experiments, it is recommended to increase the critical accepted gap by 1.0 seconds 

for all design criteria at un-signalized intersections in areas with high-density old age population. 

In the left-turn experiment using the OARSim system, older drivers took significantly 

longer time to complete the left-turn maneuver than what the younger driver took, especially in 

female groups. However there was no age effect on the left turning time in the left-turn 

experiment using the ARV system. Furthermore, in both experiments, older females had a 

smaller acceleration rate when performing the left-turn maneuver than younger females.  

In addition, our OARSim system was used to study effects of following an LTV on the 

succeeding car driver’s performance and the contribution of rear-end crash. Two scenarios were 

conducted; following a passenger car “PC-PC” and following a large truck vehicle “PC-LTV”. 

Based on the results drivers intended to drive faster and closer to the leading vehicle when 

following LTVs than when following PCs. This behavior can be explained by the fact that 

subjects drive uncomfortably behind LTVs because they cannot see beyond it with an urge 

feeling to pass it. Consequently, subjects sped and stayed close behind LTVs waiting for a 

chance to pass them.  

Furthermore, there was no significant difference in the subjects’ response times to the 
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sudden turning vehicle wh e explained as the 

sponse time is very delicate parameter and is affected by many other factors (such as driver’s 

ge and gender, and the head way between the leading and the succeeding vehicles). Based on 

e statistical analysis, it was confirmed that there was a statistically significant difference 

etween the rear-end crashes when following an LTV and following a PC with a higher 

ercentage of rear-end crashes for following LTVs. Moreover, about 80% of the rear-end 

rashes, in case off following LTVs, occurred when driving in the blocked view area. This 

dicates that following LTV may prevent driver in car behind them from being aware of the 

affic situation ahead that increased the chance of involving in rear-end crash in case of sudden 

op of the leading LTV.  Furthermore, the trend of the impact velocities (in case of rear-end 

rash) showed a higher impact velocities in case of following LTVs.  

Results from this study highly supported using the new AR systems; ARV system and 

ARSim system for a wide range of applications in transportation research and possible training.  

 

.2. Future Works 

he realism of the AR system is mainly based on the realism of the final view that the driver 

es. The final view is a combination of computer-generated (virtual) objects and a video of the 

al scene, which can help drivers to execute their tasks safely and with minimum costs. To 

prove the realism of the final view, some issues need to be considered as following, 

.2.1. Driver’s View 

urrently, the video camera is fixed on the front wind shield. The fixed video camera gives a 

ide view which is enough to help drivers to drive easily on a straight segment but for other 

en following LTVs and following PCs. This can b

re
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applications a wider view might be needed. The wider view can be achieved by using a wider 

view vable camera that can accommodate 

 

An t effect. This effect can be 

n n the objects 

in e sun lighting model, some 

ime, the date, 

nd mple) the 

Latitud te parameters can be obtained from 

atically. The vehicle’s orientation can be obtained via the GPS (the 

diff uce the rendering time the rendering 

lgo m

.2.3. Virtual Objects’ Quality 

he quality of the final view that the driver sees is influenced by the quality of the virtual 

ages. In order to get more illusion 3-D virtual object, high quality 2-D images of virtual 

bject, from different viewpoints can be recorded. Then the morphing technique can be applied 

 get 2-D images from any viewpoint. Afterward, these images can be augmented to the real 

ene to create the illusion of the 3-D as shown in Figure 9-2 (a), (b) and (c). Also, fast 

ovements of virtual objects can be more realistic by adding motion blur to the animation. 

 camera (a camera with a wide lens), or using a mo

driver’s head movements, or using two or more cameras. 

9.2.2. Sunlight Effect 

 important factor that affects the final view’s realism is the sunligh

considered by using the sun lighting model for casting shadows a d indirect light o

the image, as shown in Figure 9-1 (a) , (b), and (c). Using th

parameters need to be set; the geographic location (Latitude, and ongitude), the tL

a  the orientation of the vehicle. For the geographic location for Orlando, FL, (for exa

8.e = 2 545 and the Longitude = 81.377. Time and da

the computer’s clock autom

erence between two GPS readings). In this case, to red

a ris  need to be optimized.  
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T
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(a) real-world view 

 

      
 

(b) sun light effect at 7:00am                               (c) sun light effect at 4:00pm 

Figure  9-1: Sun Light effect, (a) normal view, (b) and (c) includes sun light effect with virtual 

 

vehicles added on July 5, 2005, Latitude = 28.545 and Longitude = 81.377. 
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(a)real-world view 

 
 

                       
(b) two 2D high quality vehicles            (c) augmented view with 2D high quality virtual vehicles 

 
Figure  9-2: Sun Light effect, (a) normal view, (b) two high quality 2D virtual vehicles 

augmented in real v w as in (c). 

 

9.2.4. A Powerful Computer 

Currently, a powerful laptop is being used in the two AR systems, but for future applications 

with complicated scenarios and large number of virtual objects, a powerful desktop will be 

needed. There is always a gap between the performance of laptops and desktops. Installing a 

laptop in a vehicle is much easier than installing a desktop, but desktop is powerful than laptop in 

executing image processing and computer graphic gorithms. Installing a desktop in a vehicle 

ie

al
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requires ing ktop a f p this a r batt  

tor C-to-  inverte nected 

nd g rator m e expen e th enera . 

connect the des  with  source o ower. In  case, echarged ery, a

genera , or a D AC r con to the vehicle’s battery needs to be used. Both 

recharged battery a ene ight b siv , and most of e g tors are noisy
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System Fidelity 
 

1. How do you evaluate the visibility of the scene? 
1 �          2 �   3 �  4 �  5 � 

   Poor        Needs Improvement      Satisfac ory         Good           Excellent 
 

2. How do you evaluate the realism of the scene? 
1 �          2 �   3 �  4 �  5 � 

         Poor        Needs Improvement      Satisfactory         Good           Excellent 
 

3. How do you evaluate the fidelity of the traffic scenario? 
1 �          2 �   3 �  4 �  5 � 

         Poor        Needs Improvement      Satisfactory         Good           Excellent 
 

4. How do you evaluate the comfort of the flipable glasses? 
1 �          2 �   3 �  4 �  5 � 

         Poor        Needs Improvement      Satisfactory         Good           Excellent 
 

5. Did you feel any kind of motion sickness (nausea, lighted head) during the 
experiment? 
1 �          2 �     

          Yes                   No 
 

6. How long have you had a valid driver’s license? 
_________________    years 

 
7. Overall, how do you evaluate the fidelity of the whole system? 

1 �          2 �   3 �  4 �  5 � 
         Poor        Needs Improvement      Satisfactory         Good           Excellent 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
t
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Left Turn Gap Acceptance Experiment 
 

1. Was the visibility of on-coming vehicles realistic? 
1 �          2 �   3 �     4 � 5 � 

  Not at all  Im at  G ce
 

2. you t icl eali
1 �     3 �    4 �  5 � 
 Not at all        Needs Improvement      Satisfactory         Good        Excellent 

   
3. Was the le uv  wearin able gl comfort

1        3 �  4 �  5 � 
 N t at all  ds Impr       Satis      Goo  Excellen

 
 
Horizon  Visibili ockage Ex ent

 
ood        Ex

stic? 

        Needs

r judgmen
      2 � 

provement      S

of on-coming veh

isfactory        

e’s speed r
 

llent 

Was 
 

ft-turn mane er while g the flip asses able? 
 �    2 �     
o       Nee ovement factory    d       t 

tal ty Bl perim  
 

1. Do you usually drive closely behind a passenger car in sim circumst s? 
1         

          Yes                   No 
 

2. Do you usually drive closely behind a Van or SUV in similar circumstances? 
1          

          Yes                   No 
 

3. W  the vis  of other s realist
1        3 �  4 �  5 � 
  at all  ds Impr       Satis      Goo   Excellen

 
4. Did you see the car making a left turn before the leading car started braking? 

1          
          Yes                   No 
 

5. D ou enc  similar y problems in real life? 
1 �          

          Yes                   No 
 
 
Thank for pa ting in t ey! 

ilar ance
 �    2 �  

 �    2 � 

as ibility  vehicle ic? 
 � 

Not
   2 � 
      Nee

 
ovement

   
factory    d      t 

 �   2 �  

o y
 

ounter
   2 � 

 visibilit

you rticipa his surv
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APPENDIX B: SAMPLE OF PS’S PUT D  
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Date e in d 
on* 

Sp
in irection de N Longi East/ 

West 
Tim Recor eed D orth/ Latitu tude sec Validati mph South 

60706 5840 0 N 8105.565246 W 16 A 0.02 2832.262881  
60706 165840.1 0 881 N 8105.565247 W A 0.02 2832.262  
60706 165840.2 0 2882 N 8105.565247 W A 0.02 2832.26  
60706 165840.3  0 881 N 8105.565246 W A 0.01 2832.262  
60706 165840.4 0 878 N 8105.565243 W A 0.01 2832.262  
60706 165840.5 0 878 N 8105.565242 W A 0.01 2832.262  
60706 165840.6 0 877 N 8105.565242 W A 0.01 2832.262  
60706 165840.7 0 878 N 8105.565243 W A 0.02 2 62832.2  
60706 165840.9 0 0 6288 N 8105.565241 W A .03 2832.2  
60706 5841 0 0 N 8105.565236 W 16 A .05 2832.262883  
60706 165841.1 0 N 8105.56523 W A 0.09 2832.262889  
60706 165841.2 0 0 2832.262898 N 8105.5 W A .17  65221
60706 165841.4 41.8 292 N 8105.565199 W A 0.4 2832.26  
60706 165841.5 40.9 2933 N 8105.565187 W A 0.53 2832.26  
60706 165841.6 40.5 2948 N 8105.565172 W A 0.67 2832.26  
60706 165841.8 39.9 2984 N 8105.565138 W A 0.94 2832.26  
60706 165841.9 39.7 3003 N 8105.56512 W A 1.05 2832.26  
60706 5842 39.4 3024 N 8105.565101 W 16 A 1.14 2832.26  
60706 165842.1 39.4 046 N 8105.56508 W A 1.22 2832.263  
60706 165842.2 39.5 071 N 8105.565055 W A 1.28 2832.263  
60706 165842.4 39.7 122 N 8105.56501 W A 1.35 2832.263  
60706 165842.5 39.9 151 N 8105.564981 W A 1.38 2832.263  
60706 165842.6 40.1 181 N 8105.564951 W A 1.42 2832.263  
60706 165842.7 40.1 3216 N 8105.56492 W A 1.47 2832.26  
60706 165842.9 39.7 3296 N 8105.564846 W A 1.65 2832.26  
60706 5843 39.6 341 N 8105.564804 W 16 A 1.79 2832.263  
60706 165843.1 39.8 3387 N 8105.564757 W A 1.96 2832.26  
60706 165846.3 40.3 973 N 8105.561332 W A 7.82 2832.266  
60706 165846.4 A 8 40.3 2832.267123 N 8105.561176 W 
60706 165846.5 A 8.18 40.3 2832.267297 N 8105.561009 W 
60706 165846.6 A 8.36 40.4 2832.267473 N 8105.560837 W 
60706 165846.7 A 8.54 40.5 2832.267653 N 8105.560662 W 
60706 165846.8 A 8.71 40.6 2832.267836 N 8105.560485 W 
60706 165847 A 9.02 40.7 2832.268211 N 8105.560121 W 
60706 165847.1 A 9.15 40.8 2832.2684 N 8105.559937 W 
60706 165847.2 A 9.26 40.8 2832.268592 N 8105.55975 W 
60706 165847.3 A 9.36 40.8 2832.268787 N 8105.559559 W 
60706 165847.4 A 9.46 40.9 2832.268979 N 8105.559371 W 
60706 165847.5 A 9.56 40.9 2832.269182 N 8105.559174 W 
60706 165847.6 A 9.67 40.8 2832.269388 N 8105.558975 W 
60706 165847.7 A 9.79 40.7 2832.269599 N 8105.558771 W 
60706 165847.9 A 10.11 40.5 2832.270033 N 8105.558353 W 
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60706 W 165848 A 10.29 40.4 2832.270254 N 8105.55814
60706 165848.1 A 10.48 40. 2832.270478 N 8105.557926 W 3
60706 165848.3 A 10.85 40. 2832.270935 N 8105.55749 W 1
60706 165848.4 A 11.02 4 2832.271168 N 8105.557267 W 0
60706 165848.6 A 11.31 39. 2832.271642 N 8105.556814 W 9
60706 165848.7 A 11.44 39. 2832.271883 N 8105.556587 W 8
60706 165848.9 A 11.64 39. 2832.272376 N 8105.556126 W 7
60706 165849 A 11.74 39. 2832.272625 N 8105.555889 W 7
60706 165849.1 A 11.82 39. 2832.272876 N 8105.555652 W 7
60706 165849.2 A 11.89 39. 2832.273129 N 8105.555413 W 7
60706 165849.3 A 11.96 39. 2832.273382 N 8105.555172 W 7
60706 165849.5 A 12.09 39. 2832.27396 N 8105.554682 W 8
60706 165849.7 A 12.25 40. 2832.27443 N 8105.554182 W 1
60706 165849.9 A 12.45 40. 2832.274963 N 8105.553677 W 2
60706 165850 A 12.56 40. 2832.275232 N 8105.553421 W 2
60706 165850.2 A 12.77 40. 2832.275773 N 8105.552906 W 2
60706 165850.3 A 12.86 40. 2832.276045 N 8105.552647 W 2
60706 165850.4 A 12.95 40. 2832.27632 N 8105.552378 W 2
60706 165850.6 A 13.12 40. 2832.276859 N 8105.551846 W 1
60706 165850.7 A 13.21 40. 2832.277139 N 8105.551576 W 1
60706 165850.8 A 13.29 40. 2832.277421 N 8105.551307 W 1
60706 165850.9 A 13.37 40. 2832.27776 N 8105.551035 W 2
60706 165851 A 13.45 40. 2832.277993 N 8105.550763 W 1
60706 165851.1 A 13.54 40. 2832.278283 N 8105.550488 W 1
60706 165851.3 A 13.7 4 2832.278866 N 8105.549935 W 0
60706 165851.5 A 13.88 39. 2832.279447 N 8105.549367 W 9
60706 165851.6 A 13.97 39. 2832.279745 N 8105.549083 W 8
60706 165851.7 A 14.07 39. 2832.280046 N 8105.548799 W 8
60706 165851.8 A 14.16 39. 2832.28035 N 8105.548512 W 8
60706 165851.9 A 14.27 39. 2832.280657 N 8105.548222 W 7
60706 165852.1 A 14.5 39. 2832.281275 N 8105.547634 W 8
60706 165852.2 A 14.63 39. 2832.281589 N 8105.547338 W 8
60706 165852.3 A 14.74 39. 2832.28191 N 8105.54704 W 9
60706 165852.4 A 14.84 4 2832.282229 N 8105.54673 W 0
60706 165852.5 A 14.92 40. 2832.282543 N 8105.546428 W 1
60706 165852.7 A 15.08 40. 2832.283181 N 8105.545814 W 4
60706 165852.9 A 15.31 40. 2832.283834 N 8105.545181 W 6
60706 165853 A 15.44 40. 2832.284163 N 8105.544865 W 7
* A means the record is valid 
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 APPENDIX C: ON-THE-ROAD EVALUATION EXPERIMENT’S 
DERIVED DATA 
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WITHOUT ARV SYS Scenario 

Subject 
No. 

Distance 
to Stop 

Line  (ft.) 

Avg. Velocity 
on Straight 

Segment (mph)
 

Avg. 
Velocity on 

Curved 
Segment 

(mph) 
 

Avg. 
Offset on 
Straight 
Segment  

(ft) 
 

Avg. Offset 
on Curved 

Segment  (ft) 
 

1 0.34 9.9925 14.1634 0.68 0.85 
2 -0.17 9.4138 14.9848 0.34 0.425 
3 -0.86 7.4027 10.6278 0.89 1.11 
4 -1.03 7.3787 13.5444 1.01 1.26 
5 -0.32 6.4309 12.0519 0.64 0.8 
6 -0.9 8.358 12.3649 1.2 1.5 
7 -0.7 10.2307 12.3978 1.4 1.75 
8 -1.02 9.5212 14.264 1.04 1.3 
9 -0.82 9.1423 12.0649 1.32 1.65 
10 -1.16 6.6031 12.3201 1.25 1.56 
11 -0.42 8.946 13.2785 0.85 1.16 
12 -0.96 8.0491 9.9523 0.92 1.15 
13 -0.84 8.6625 12.2291 0.86 1.08 
14 0.43 9.0312 13.3693 1.4 1.75 
15 0.07 8.5788 11.9832 1.12 1.4 
16 -0.75 8.8819 12.0541 1.5 1.88 
17 -1.05 12.4087 15.1102 0.87 1.09 
18 -0.46 6.8817 11.3968 0.92 1.15 
19 1.05 10.4981 14.9283 1.49 1.89 
20 -0.62 7.4308 11.7474 1.24 1.55 
21 -1.41 8.8088 11.05 1.48 1.85 
22 -0.75 8.8566 11.472 1.5 1.55 
23 0.2 8.3839 14.3513 0.4 0.5 
24 -1.08 7.7848 11.3108 1.16 1.45 
25 0.49 7.3911 8.0548 0.98 1.22 
26 -1.02 9.8544 15.654 1.04 1.3 
27 5.02 9.34 12.83 1.55 1.95 
28 5.38 9.87 14.77 1.44 1.8 
29 -0.56 10.98 14.56 1.12 1.4 
30 -0.3 7.56 11.73 0.96 1.2 
31 -1.21 9.4391 12.4697 1.42 1.55 
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32 -1.84 10.5731 14.6583 1.23 1.55 
33 -0.39 6.1057 11.5949 0.78 0.98 
34 2.4 6.3591 9.5569 0.85 1.06 
35 -0.16 5.8691 8.6611 0.32 0.4 
36 0.56 7.2731 11.9493 1.12 1.4 
37 0.49 7.068 11.6228 0.98 1.44 
38 -0.75 8.7585 13.6399 1.5 1.88 
39 0.034 9.9925 14.1634 0.068 0.86 
40 -0.17 9.4138 14.9848 0.34 0.43 
41 -0.86 7.4027 10.6278 1.22 1.53 
42 -1.03 7.3787 13.5444 1.06 1.07 
43 -0.32 6.4309 12.0519 0.64 0.8 
44 -0.9 8.358 12.3649 1.44 1.14 

 
WITH ARV SYS Scenario 

 

Subject 
No. 

Distance to 
Stop Line  

(ft.) 

Avg. Velocity 
on Straight 

Segment  
(mph) 

 

Avg. Velocity 
on Curved 
Segment  

(mph) 
 

Avg. 
Offset on 
Straight 
Segment  

(ft) 
 

Avg. Offset 
on Curved 

Segment  (ft) 
 

1 0.26 8.2116 11.3747 0.52 0.65 
2 -0.13 10.1205 10.4855 0.26 0.325 
3 -0.49 6.7556 9.5166 0.95 1.19 
4 -1.17 7.9599 10.5156 1.2 1.5 
5 -0.67 8.0171 8.8091 1.34 1.7 
6 -0.54 7.5003 11.7253 1.08 1.35 
7 -1.05 9.3987 9.5073 2.1 2.1 
8 -0.72 7.5142 11.5211 1.44 1.8 
9 -0.93 8.8607 8.0874 1.1 1.375 
10 -0.79 6.1409 9.424 1.05 1.31 
11 -0.85 8.4289 10.2356 0.63 2.01 
12 -0.91 6.5648 9.09 0.88 1.1 
13 -0.94 8.7213 12.1628 0.98 1.3 
14 0.13 8.9966 12.4076 1.55 2.03 
15 -0.09 8.4927 9.517 0.91 1.89 
16 -0.49 6.9071 12.4947 0.98 1.32 
17 -1.34 10.5892 13.0053 1.15 1.73 
18 -0.23 8.9252 8.881 0.46 1.76 
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19 0.69 8.7367 9.0579 1.38 2.01 
20 -1.11 9.3818 9.049 1.45 1.82 
21 -0.49 7.1649 10.9114 0.98 1.78 
22 -1.11 6.915 9.2629 1.22 2.2 
23 0.3 9.4886 13.9006 0.6 1.03 
24 -0.82 7.3714 10.1335 1.64 2.05 
25 -1.08 10.2357 12.5095 0.55 1.77 
26 -1.48 8.1043 10.9442 1.11 1.4 
27 4.66 8.34 12.87 1.6 2 
28 4.17 7.52 10.54 0.95 1.19 
29 -0.85 10.44 13.34 1.7 2.43 
30 -0.13 8.24 9.43 0.26 0.325 
31 -1.33 8.4992 13.0442 1.66 2.21 
32 -1.54 8.0819 9.2258 1.08 1.99 
33 -0.2 6.5054 8.8269 0.4 1.6 
34 -0.42 6.5054 8.8269 0.84 1.76 
35 0.49 6.1899 8.2414 0.98 1.23 
36 -0.1 8.1673 11.7745 0.9 1.33 
37 0.66 8.1581 11.9445 1.32 1.65 
38 -0.52 8.8769 12.6422 1.04 1.98 
39 0.26 8.2116 11.3747 0.52 0.65 
40 -0.13 10.1205 10.4855 0.26 0.86 
41 -0.49 6.7556 9.5166 0.98 1.67 
42 -1.17 7.9599 10.5156 1.21 1.85 
43 -0.67 6.0171 8.8091 1.34 1.98 
44 -0.54 7.5003 11.7253 1.08 1.35 
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APPENDIX D: LEFT-TURN MANOUVER DERIVED DATA 
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1. Using ARV System 
 

Subject 
No. Gender Age Gap 

(sec) 
LT-Time 

(sec) 

LT-
Acceleration 

(ft/sec2) 

LT-Angular 
Velocity 
(deg/sec) 

1 male young 4.00 3.30 4.55 2.95 
2 male young 5.00 6.20 3.39 1.57 
3 male young 6.00 7.70 1.23 1.27 
4 male young 4.00 3.30 4.95 2.95 
5 male young 5.00 4.00 3.34 2.44 
6 male young 6.00 7.00 2.93 1.39 
7 male young 4.00 5.40 2.99 1.81 
8 male young 4.00 2.40 4.28 4.06 
9 male young 5.00 4.20 3.38 2.32 
10 male young 6.00 3.30 4.89 2.95 
11 male young 5.00 2.90 6.07 3.36 
12 male young 6.00 4.90 2.58 1.99 
13 male young 6.00 5.20 1.85 1.88 
14 male young 6.00 5.20 2.26 1.88 
15 male young 7.00 3.90 4.49 2.50 
16 male young 5.00 5.00 3.81 1.95 
17 male young 3.00 2.40 5.16 4.06 
18 male young 6.00 6.10 3.52 1.60 
19 male Old 5.00 5.00 2.31 1.95 
20 male Old 6.00 6.00 1.71 1.63 
21 male Old 8.00 5.00 2.64 1.95 
22 male Old 7.00 6.10 2.67 1.60 
23 male Old 7.00 5.30 3.32 1.84 
24 male Old 7.00 5.00 2.25 1.95 
25 male Old 5.00 3.20 4.13 3.05 
26 male Old 5.00 2.30 6.38 4.24 
27 female young 6.00 4.60 3.51 2.12 
28 female young 5.00 7.20 1.71 1.35 
29 female young 4.00 4.70 3.12 2.07 
30 female young 3.00 4.00 4.03 2.44 
31 female young 7.00 4.00 4.06 2.44 
32 female young 5.00 2.40 7.33 4.06 
33 female young 5.00 5.10 2.59 1.91 
34 female young 7.00 3.50 3.54 2.79 
35 female young 4.00 6.20 1.66 1.57 
36 female young 6.00 5.00 2.74 1.95 
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37 female young 5.00 7.10 1.87 1.37 
38 female young 6.00 2.10 6.98 4.64 
39 female Old 8.00 3.50 3.53 2.79 
40 female Old 6.00 6.20 1.42 1.57 
41 female Old 6.00 4.50 1.63 2.17 
42 female Old 7.00 5.00 2.35 1.95 
43 female Old 7.00 6.10 1.44 1.60 
44 female Old 5.00 4.10 2.50 2.38 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 168



2. Using OARSim System 
 

Subject 
No. Gender Age Gap 

(sec) 
LT-Time 

(sec) 

LT-
Acceleration 

(ft/sec2) 

LT-Angular 
Velocity 
(deg/sec) 

1 male young 4 2.54 9.82 3.84 
2 male young 5 2.30 14.60 4.24 
3 male young 4 3.70 6.67 2.64 
4 male young 3 2.16 14.85 4.51 
5 male young 5 3.32 10.01 2.94 
6 male young 6 3.10 7.91 3.15 
7 male young 7 4.96 4.52 1.97 
8 male young 5 2.03 13.01 4.80 
9 male young 5 6.30 3.80 1.55 
10 male young 4 3.48 8.00 2.80 
11 male young 3 3.23 9.45 3.02 
12 male young 6 2.11 16.74 4.62 
13 male young 6 4.47 5.56 2.18 
14 male young 7 4.34 5.41 2.25 
15 male young 4 2.59 13.46 3.76 
16 male young 3 2.99 9.73 3.26 
17 male young 6 3.16 10.21 3.09 
18 male young 5 2.55 10.56 3.82 
19 male Old 6 4.10 5.48 2.38 
20 male Old 8 2.20 14.08 4.43 
21 male Old 5 3.40 9.49 2.87 
22 male Old 7 4.92 5.37 1.98 
23 male Old 6 6.87 3.91 2.24 
24 male Old 6 2.57 10.84 3.79 
25 male Old 5 3.92 7.62 2.49 
26 male Old 6 5.30 4.46 3.28 
27 female young 6 2.57 13.86 3.79 
28 female young 4 2.05 15.89 4.76 
29 female young 6 3.67 7.38 2.66 
30 female young 3 4.70 6.09 2.07 
31 female young 7 2.68 12.18 3.64 
32 female young 4 2.85 10.20 3.42 
33 female young 5 4.13 4.81 2.36 
34 female young 5 5.16 5.62 1.89 
35 female young 6 3.85 4.97 2.53 
36 female young 4 3.32 8.23 2.94 
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37 female young 4 5.38 5.62 1.81 
38 female young 6 3.83 5.11 2.55 
39 female Old 8 5.03 3.21 2.26 
40 female Old 5 4.74 5.57 2.06 
41 female Old 7 7.10 2.27 3.92 
42 female Old 5 3.37 8.55 2.89 
43 female Old 7 4.32 5.77 2.26 
44 female Old 7 6.75 2.39 2.43 
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APPENDIX E: HORIZONTAL VISIBILITY BLOCKAGE’S 
DERIVED DATA  
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No. Vehicle 
Type 

Rear-
end 

crash* 

Incident 
Response 
Time (sec) 

Incident 
Velocity  
(mph) 

Incident 
Headway  

(ft) 

Incident  
Deceleration 
Rate  (ft/sec2) 

1 PC 0 1.65 32.84 55.00 11.99 
2 PC 0 1.23 27.39 109.74 16.00 
3 PC 0 2.48 25.54 91.32 19.00 
4 PC 0 1.12 20.09 106.89 7.65 
5 PC 0 0.65 29.40 77.00 19.00 
6 PC 0 0.55 20.68 89.90 15.00 
7 PC 0 1.63 26.03 56.99 9.00 
8 PC 0 1.33 30.26 107.33 13.00 
9 PC 0 1.89 22.12 73.00 10.43 
10 PC 0 1.33 23.04 80.00 15.00 
11 PC 0 1.63 33.10 85.00 9.19 
12 PC 0 2.64 29.36 69.36 14.00 
13 PC 0 1.82 22.60 99.00 11.01 
14 PC 0 2.98 30.34 127.23 15.05 
15 PC 0 1.67 22.06 77.18 8.85 
16 PC 0 1.64 27.86 55.37 8.72 
17 PC 0 1.33 27.76 66.76 18.00 
18 PC 1 1.64 32.51 51.28 21.00 
19 PC 0 1.98 28.94 64.04 18.11 
20 PC 0 2.88 27.26 76.68 13.06 
21 PC 0 2.12 30.29 120.61 7.00 
22 PC 0 1.15 23.04 66.14 14.00 
23 PC 0 3.75 23.04 46.14 18.60 
24 LTV 0 2.75 24.63 95.00 21.00 
25 LTV 0 1.17 25.84 51.18 17.00 
26 LTV 1 0.86 35.73 39.73 16.77 
27 LTV 1 1.15 33.90 45.00 21.91 
28 LTV 1 1.91 39.97 49.82 27.43 
29 LTV 0 2.14 35.71 61.52 21.56 
30 LTV 1 1.64 25.55 44.35 23.00 
31 LTV 1 1.64 31.99 42.12 18.22 
32 LTV 1 3.09 30.31 35.83 26.40 
33 LTV 1 1.78 28.26 39.56 22.47 
34 LTV 1 2.55 33.63 48.61 27.47 
35 LTV 1 1.73 27.12 38.30 10.43 
36 LTV 0 2.19 35.50 73.95 6.98 
37 LTV 0 1.63 30.40 52.56 15.00 
38 LTV 1 1.22 30.00 41.24 11.07 
39 LTV 1 0.59 38.31 53.41 25.63 
40 LTV 0 2.21 24.39 67.02 15.04 
41 LTV 1 2.71 29.56 57.11 6.05 
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42 LTV 0 1.63 24.22 39.76 15.00 
43 LTV 1 2.45 34.98 25.42 5.24 
44 LTV 1 1.84 33.24 43.00 16.77 
45 LTV 0 2.64 25.45 85.00 8.61 

*0 means that there was no crash, 1 means that there was a crash. 
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