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Abstract

~ This research focuses on evaluating driver visual demand on three-dimensional (3D)
highway alignments consisting of combined horizontal and vertical alignments which is
an important part of highway design consistency research. Using a driving simulator, ten
hypothetical 2D and 3D alignments for two-lane rural highways were developed,
following the standard guidelines of the Transportation Association of Canada (TAC) and
the American Association of State Highway Transportatibn Officials (AASHTO). Fifteen
driver subjects drove in the simulator. The data relating to visual demand information
were processed and analyzed using Microsoft Excel and the SAS statistical software. The
results indicated that visual demand on 3D curves varies widely with the inverse of radius
of horizontal curvature and the inverse of K value of vertical curvature. Age played
another important role on visual demand. Models for evaluating visual demand on 3D
 highway alignments were developed for curves and tangehts. The models developed in
this study have been applied to horizontal and 3D alignments to carry out a design
consistency evaluation. In addition, GIS virtual realify technique was appliéd to presént
the visual demand results for a real highway on the 3D visualization model. 3D
visualization not only offers a better understanding of driver workload along the highway,

but also represents an important tool to effectively manage information.
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Chapter 1 INTRODUCTION

1.1 Background

As safety is the most important goal of transportation engineering, both for the
public and for highway professionals, researchers and designers are constantly trying to
develop and apply tools and techniques that improve road safety. Highway geometric
design is an important area of transportation engineering. Many geometric design policies
have been framed, revised and published by organizations such as the American
Association of State Highway and Transportation Officials (AASHTO 2001) and the
Transportation Association of Canada (TAC 1999). Highway safety is the primary goal of
these design guides.

Collision statistics show that about 90% of road collisions are caused by driver

~ error. Driving can be regarded as an information processing and decision making task

(Rockwell 1972). Ideally, driving should be error-free, but in reality, errors occur and
can lead to vehicle damage, injuries or fatalities (Senders et al. 1967). In Canada and the
United States, the concept of design consistency has been introduced to improve highway
design and to maximize safety. The concept of design consistency was initially employed
to evaluate speed consistency. The concept of driver mental workloed consistency is also
relevant because it has been found that a sudden change in visual demand is a significant
cause of driver error and can cause a collision (Lamm 1995).

Before a set of ideal design consistehcy standards can be established, driver mental
workload in all highway environments must be studied. There are five broad categories of

workload measurement techniques: (1) primary task measures, (2) secondary task

\



measures, (3) Ehysiological measures, (4) subjective measures, and (5) visual occlusion
measures (Hick;et al. 1979). The visual occlusion method for determining visual demand
is currently the main approach to worlddad measurement. Due to limitations in the
techniques, equipment, and presentation methods available, visual demand research to
date has investigated only two-dimensional (2D) highway alignments, either for simple
horizontal alignments (Senders 1967, Godthelp 1972, Shafer 1995, Moﬁrant 1997, and
Tsimhoni 1999) or fdr complex horizontal alignments (Easa and Ganguly 2004).

As a result, existing visual demand models may be limited in scope when applied
on rolling or mountainous terrain. One obvious limitétion of current 2D visual demand
models is that the models do not address the effect of vertical alignment that overlaps
with horizontal alignment. Since the early 1990s, Easa and his research team have found
more indicatioﬁs that suggested that the 3D nature of highway alignment design makes
" many issues highly complex and not suitable for study using traditional methods based on
2D separate horizontal and vertical alignments. Research issues for 3D highway
alignment studies include sight distance analysis, horizontal curve perception, and vehicle
stability (Easa et al. 2002, Hassan et al. 1998, Easa and Gauguly 2004).

This research was undertaken as partial fulfillment of a M.A.Sc. degree. The
objectives of this research were:

(1) To measure driver visual demand on 3D highway alignments‘ using the visual
occlusion méthod under a driving simulator environment.
(2) To evaluate the effect 6f vertical alignment overlapping with horizontal alignment.

(3) To examine the effect of individual differences such as a driver’s age and other

potentially important factors.
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(4) To develop visual demand models for curves and tangents on 3D highway
alignments.
(5) To develop an advanced virtual reality technique that presents complex visual

demand information collected along highway alignments.

1.2 Thesis Organization

The work for this thesis followed the steps shown in Figure 1:

Chapter 2 Literature Review: The literature review focused on an in-depth study
of relevant methods and analysis in the areas of highway design
consistency, driver workload and visual demand determination. A
detailed review. of the visual occlusion method is presented, including
relevant models, previous studies, visual occlusion apparatus, and
comparison and validati‘on of the driving environments. A review of 3D
highway alignment research is also presented, followed by the research

. challenge and hypothesis.

Chapter 3 Simulation Pilot Study: A Pilot Study was conducted to test the
hypothesis of this research. Nine 3D and one 2D highway alignments
were designed using TAC and AASHTO standards. The curves on the
alignments include 3D horizontal curves overlapping crest vertical
curves and overlapping sag vertical curves, and 2D horizontal curves.
Three drivers representing young, middle-aged and old drivers
participated in the scenarios. The visual occlusion method was used to
determine driver visual demand. The Pilot Study showed that the

experimentation procedure adopted for this research worked well.



Introduction

v
Literature Review

v
Simulation Pilot Study

A

Simulation Experiment

A 4

Analysis Results

y
Model Application and Visualization

-
Conclusions and Recommendations

Figure 1 Organization of the thesis

Chapter 4 Simulation Experiment: The simulation experiment is the core of this
research. This chapter explains the details of the experimental design,
including the apparatus, hardware integration, experimental design, and
process adopted.- Fifteen drivers were invited to participate in the
simulation experiment using the 2D and 3D alignments described in the
Chapter 3. |

Chapter 5 Analysis.Results: This chapter describes the procedures used to extract

and interpret the data from the simulation results and to develop the



visual demand models. Visual demand models for curves and tangents
are developed.

' Chapter 6 Model Application and Visualization: This chapter deals with the
application of this visual demand measurement and the models
developed in this research to compute the visual demand on 2D and 3D
alignments. A design consistency evaluation with respect to operating
speed and workload was carried out. Then, the 3D Analysis Package in
Geographic Information System (GIS) was used to develop 3D
visualization modeling to present the results of the visual demand
measurement. A real highway in the State of Georgia (U.S.A.) was
implemented using the driving simulator. The results were presented on
the highway network model.

Chapter 7 Conclusions and Recommendations: This chapter summarizes and
discusses the research findings, and presents recommendations for future

research.



Chapter 2 LITERATURE REVIEW

For many years, researchers have recoghized that there is a relationship between the
geometric features of a highway and its safety and efficiency. Important geometric
features include the horizontal and vertical alignment of the roadway, lane width, median,
shoulders, curbs, etc. As these features are visible to drivers and affect driving

performance, a consideration of human factors in highway design is essential.

2.1 Highway Design Consistency

Design consistency implies that the design of a road does not violate either the
expectation of the driver or the ability of the driver to guide and control the vehicle in a
safe manner (Glennon 1978). Maintaining roadway design consistency is important
because drivers are believed to make fewer errors at geometric features that conform with
their expectations than at features that violate their expectations (Post 1981). An
inconsistent design can be defined as “a geometric feature or combination of adjacent
features that have such unexpectedly high driver workload that motorists may be
surprised and possibly drive in an unsafe manner (Messer 1980).” Researchers have
found a strong relationship between design consistency and road safety. Highly
inconsistent design that produces a sudden change in roadway characteristics can lead to
human errors and subsequently to collisions (Lamm et al. 1995).

The TAC deSigtl guide has a revised chapter on Design Consistency by Easa
(2004). The chaptér introduces a number of procedures for the consistency evaluation and
divides design cdnsistency measures into two categories: system consistency and local

consistency. System consistency measures (among elements) include cross section



consistency, operating speed consistency, alignment geometry consistency, and driver
workload consistency. Local consistency measures (within individual elements) include
design-speed margin consistency and vehicle stability consistency. When designing a
highway, designers must ensure consistency at both the system and the local levels. Cross
section and operating speed consistency are the primary measures in any consistency
evaluation. Alignment geometry consistency and driver workload consistency are

important supplementary measures.

2.1.1 Cross Section Consistency

For a given classification of roadway under the same or similar terrain conditions,
cross section elements should Be. the same. A fter establishing the cross section dimension,
the lane widths, shoulder widths, and clear zones should all be consistent. The same
principle should be applied to other features of the cross section, such as marker posts
and roadside barriers. If a sudden change in the cross section is unavoidable (such as a
signalized intersection, a narrow two-lane robad, a narrow bridge) the designer should try
the best to mitigate the negative influence of the unexpected features or should redesign

the road to maintain design consistency.

2.1.2 Operating Speed Consistency

The concept of design speed has been the primary quantitative method for ensuring
éonsistency and safe operating speeds along rural highways. Speed inconsistencies are,
however, often observed. on highways (Krammes 1995). The concept of design speed
cannot completely co-ordinate individual geometric features on an alignment because the

tangent issue is not considered.



Leisch et al. (1977) started to use an operating speed profile to identify undesirably
large speed differences when evaluating geometﬁc design consistency. A brocedure was
suggested to estimate average running speed fbr passenger cars and trucks.

: Lamm et al. (1988) developed a linear regression model for the prediction of
operating speed. The model considers highway geometry and traffic volume, as follows
(r*=0.84):

V5=34.7-1.005 * DC +2.081 * LW + 0.174 * SW + 0.0004 * AADT (1)

- where
Vss = 85 percentile operating speed,
DC = degree of curve, |
LW = lane width,
SW = shoulder width,
 AADT = annual average daily traffic, and
1’ = coefficient of determination.

Choureiti et al. (1994) pointed out that curvature change rate (CCR), which is
defined as the absolute sum of the angular change per unit length of a highway section,
can be used to predict operating speed and to determine the speed inconsistency on a
horizontal alignment. Choureiti et al. then established linear regression relationships
between the 85th percentile operating speed and design parameters for different lane
widths.

Many factors influence operating speed, including pavement condition, radius'of
horizontal curvature, sight distance, length of the curve, superelevation rate and side

friction factor (Gibreel et al. 1999). Most previous research work has focused on



establishing the relationship between operating speed and 2D horizontal geometric
features. Hassan and Easa (2000) developed an operating speed model based on
observation of a specific highway in Ontario and validated their model by comparing the
6perating speed profile with the results of field measurements. Unlike the traditional 2D
method, the authprs analyzed sight distance using a 3D approach during both daytime and
nighttime. Tire friction and vehicle stability were also considered for model verification.

Easa (2003) recommended that the system consistency of existing or proposed
alignments should be evaluated using the operating speed method. In this method, it is
suggested that the speed difference between two coﬁsecutive elements should not be
more than 20 km/h. If the speed difference exceeds 20 km/h, the designer should make
adjustments to the design. Ideall)", the speed difference should be within 10 km/h.

To evaluate speed consistency for a proposed new road, it is necessary to predict
operating speeds. The new TAC Design Guide recommends a series of regression
equations for 2D and 3D highway conditions. Table 1 summarizes these regression
equations for various types of curves. The TAC Design Guide suggests that the 85"
percentile speed observed on long tangents of two-lane rural highWays ranges from 94 to
104 km/h. Therefore, a rounded value of 100km/h is a good estimate for the desired speed

(V;) on long tangents of two-lane rural highways. A long tangent is one that is long

enough for the driver to accelerate to a desired speed for some distance. It can be checked

by TL,:

TL, = X,,+ X,4 - | )
X, =(V2-V?)/2592a 3)
X,,= ({/f2 ~V2,)/2592d | @



where

X,, = length of road for acceleration from curve n speed to desired speed,

X,q4= length of road for deceleration from desired speed to curve n+1 speed,

V, = desired speed, and
V. and V,,, = 85" percentile speeds for curve n and n+1 (using equations in Table 1)
If TL,is less than 100 m, then it is a long tangent. The operating speed model has been

improved by considering the effect of sight line obstruction (Easa 2003).

Table 1 Equations for Estimating Operating Speed on Varies Types of Speed-Limiting

Curves (Fitzpatrick 1999)
Type Alignment Condition Equation (a)

1 | Horizontal curve on grade: -9% < G <-4% Vs =102.10 -3077.13/R

2 | Horizontal curve on grade: -4% < G < 0% Vs = 105.98 — 3709.90/R

3 | Horizontal curve on grade: 0% < G <4% Vs =104.82 - 3574.51/R

4 | Horizontal curve on grade: 4% <G < 9% Vs =96.91 -2752.19/R

5 | Horizontal curve combined with sag vertical Vg5 =105.32 - 3438.19/R
curve

6 | Horizontal curve combined with non limited sight (b)
distance crest vertical curve

7 | Horizontal curve combined with limited sight Vg5 =103.24 - 3576.51/R
distance crest vertical curve (i.e., K <43m/%) (c)

8 | Vertical crest curve with non limited sight Vg =105.08 - 149.69/K
distance (K > 43 m/%) on horizontal tangent

(@) Vg, = 85" percentile speed of passenger cars (km/hr), K = rate of vertical
curvature (m/%), R = radius of curvature (m), and G = grade (%).

(b) Use lowest speed of the speeds predicted from Type 1 or 2 (for downgrade) and
Type 3 or 4 (for upgrade).

(c) In addition, check the speeds predicted from Type 1 or 2 (for downgrade) and
Type 3 or 4 (for upgrade) and use the lowest speed. This will ensure that the speed
predicted along the combined curve crest vertical curve results in a higher speed.

10



2.1.3 Alignment Geometry Consistency

Georﬂetric alignment features can also be used to evaluate design consistency. If
the general character of alignment changes between road segments, collisions due to
inconsistencies may occur. Pignataro (1975) found that the total collision rate per million
vehicle miles on two-lane rural highways decreased as the pavement width: increased.
Based on this finding, some design consistency models with respect to geometric

elements were developed. For example, the model by Polus et al. (1987) is as follows:

L == (52)
1, +1;
l{min
Rp = R, (5b)
R R (5¢)
= c
P Rvd
where
L. = ratio between the length of the curves to the total length of the same section,

1. = length of the curved,
1, = length of the straight sections,
Ry = ratio of minimum (R ,;, ) to maximum radius (R ,,, ) of the existing or proposed

curves, and

R,= ratio of average radius (R ,,, ) to minimum radius required for design speed

(Ryp)

In Germany and England, alignment indices have been used to quantify the

general character of road alignment. There are three alignment indices: the average

11



radius, the ratio of an individual curve radius to the average radius, and the average rate

of vertical curvature. The details are as follows:

AR=>R;/n (6)
CRR; = R;/AR - (D)
AVC=[Y L, /|A;[Vm (8)

where

AR = average radius (m),

R, = radius of ith curve of the road section (m),

n = number of horizontal curves within section,

CRR; = ratio of radius of ith curve to the average radius for the road section,

AVC =-  average rate of vertical curvature (m/ % grade),

L, = length of the ith vertical curve on the road section (m),

|A;] = absolute value of the algebraic difference in grade for the ith vertical curve

on the road section, and
m = number of vertical curves within section.

2.1.4 Driver Workload Consistency

Driver workload theory assumes that there is a relationship between the effort
needed to perform a task and the roadway geometric consistency. Driver workload can be
ﬁsed to evaluate individual features and the interacting effects of combinations of
geometric features along the road. The designer should design the road to allow drivers to
experience a consistent workload and to predict the correct path using little information.

. If the workload of a driver increases or decreases too quickly, problems may arise.

b

12



2.2 Driver Workload

Workload has been defined as a measure of the ‘effort’ expended by a human
operator while performing a task, independent of the performance of the task itself
(Senders et al. 1970). Workload is composed of physical and mental components. As a
complex task, driving requires attention to be directed towards longitudinal control
(velocity and headway), lateral control (lane position and curve negotiation), navigation,
monitoring and operating the vehicle, predicting, recognizing, and reacting to hazards,
and often, but less importantly, attending to communications with passengers, mobile
phones, and the radio (Schlegel 1993). The driver workload also includes the mental
workload of the stress involved in information collection, information processing, and
decision-making. Driving can be regarded as a typical information processing and
decision making task (Rockwell 1972). As statistics show that about 90% of road
collisions are caused by driver error, the creation of a manageable mental workload is a
major objective of driver workload consistency measurement.

Driver workload can be divided into two types: direct workload and indirect
workload (Hicks et al. 1979). Information related to the driving task, such as navigation
and vehicle control, fall under direct workload. Information that is irrelevant to the
driving task fall under indirect workload. Human beings have limits on their information
processing capacity. A direct workload level higher than the upper limit results in a
driving dangerous situation. Messer (1980) found a strong relationship between crashes,
roadway-based geometric inconsistency, and driver workload. Then Krammes and
Glascock (1992) pointed out the same relationship between road -safety, geometric

inconsistency and driver workload. Researchers want to know “How much attention is
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r.equired?” and “How well will the operator be able to perform additional tasks (Knowles
1963)?” Thé research to date recognizes five broad categories of workload measurement
techniques: (1) primary task measuremént, (2) secondary task measurement, (3)
physiolqgical measurements, (4) subjective techniques, and (5) visual occlusion.

Prilhary Task Measurement: This technique of workload measurement is the
most obvious. It measures performance of specific aspects of the primary driving task..
Aspects include the ﬁmnber of steering wheel reversals, the variation of the angle of the
steering wheel, lateral variation and so on (McLean and Hoffmann 1975). Although there
are several advantages to using primary task measures, such as its non-intrusive nature
and the use of multivariate measures, “primary task performance still presents difficulties
that unique measures must be developed for each experimental situation examined. The
difficulty in generalizing to different tasks must be considered when choosing a method
' to evaluate mental workload (Hicks 1979).”

Secondary Task Measurement: Secondary tasking is a commonly used workload
. measurement tool, which requires a subject who is assigned a primary task to use any
spare mental capacity to attend to a secondary task (Wickens and Hollands 2000).
Secondary task performance while performing the primary task Ais compared with
secondary task performance alone. According to this theory, if a driver can successﬁilly
handle a secondary task, his or her primary task is producing little workload. In contrast,
if the driver’s primary task increases, his or her secondary task perfonnaﬁce will degrade.
Some secohdary tasks that are not similar to the driving task (such as conversation) can,
however, be insensitive to workload changes. In a simulated driving experiment

conducted by Wierwill, W.W. and Gutmann, J.C. (1978), the primary task scores were
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not significantly degraded by the secondary task when the primary task workload was
moderate (Wierwille and Gutmann 1978).

Physiological Measurements: When the primary task increases in difficulty,
certain ghanges occur in a driver’s physiology. These changes, which include heart rate,
heart rate variability, brain activity and eye activity, can be used as an index of workload.
Various physiological measures of mental workload have been introduced to record
physiological processes and to measure mental workload. Unfortunately, very few are
reliable enough to be employed for solely measuring driving workload because they are
intrusive and often discourage subject participation.

Subjective Techniques: This method uses rating scales to collect subjective
operator opinion and to derive driving workload (Cooper 1969). Excellent subjective
rating techniques include the Cooper-Harper Scale, the NASA Task Load Index (TLX),
and the Subjective Workload Assessment Technique (SWAT). All these scales are
employed to measure multidimensional mental workload. There are, however, some
obvious problems with the subjective approach. A primary problem is that the operator
may confuse mental and physical workload, so that the operator may overéstimate or
underestimate the various outputs when performing a task. Another problem- is that
subjective opinion ratings may be influenced by experience, erﬁotions or abilities.
Subjects need training in the experiment’s methods, but the training may affect the
scores, which means that adaptivity may produce scale rates too high or too low (Hick
1979).

Visual Occlusion: This method measures how long a driver is prepared to continue

driving without being able to see where he or she is driving. A pair of visual occlusion
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helmet spectacles has been designed for this method  (Senders 1967). This .spectacles
block the driver’s vision unless he or she.presses a switch or pedal: the less frequently the
driver presses the switch or pedal, the lowef the driver’s need for vision information.
Since visual tasks such as tracking the lane, selecting the path or preventing conflicts are
some of the most important elements contributing to driver workload, and since the visual
occlusion method can accurately determine visual demand by a time-sharing technique,
' visual occlusion was the primary means of workload measurement (Tsimhoni and Green
1999). The visual occlusion method has its limitations. It may intrude on the driver’s
primary task performance and it may make the dri?ing task more difficult. These
limitations can be resolved by eliminating certain primary driving tasks such as speed

and/or brake control. The next section discusses the visual occlusion method in detail.

2.3 Visual Occlusion Method

2.3.1 Background

The visual occlusion method was first documented as a measure of workload by
Senders, Kristofferson, Levison, Dietrich and Ward (1967). Later, a dozen studies were
conducted using the method (summarized in Table 2). In Senders’ research, a Vision
Interruption Apparatus (VIA) was designed to determine the visual demand of drivers
(_Figure 2). In this experiment, it was found that drivers need additional glimpses when
driving on a complex roadway. Through using this equipment, the relationship between
the number of interruptions of vision and the complexity of the driving task was
identified. A mathematical model was calibrated to represént the moment-to-moment

uncertainty of driving, but the model did not establish a direct relationship between road
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curvature and visual demand value.

That VIA was evaluated by Farber and Gallagher (1972). In this experiment, six
drivers were invited to drive a vehicle on a slalom course. The speed was automatically
c;mtrolled at 30 or 45 mph. A face shield like that used in the Vision Interruption
Apparatus was used to block the driver’s normal vision. The driver could have a 0.5
second “look” when he or she pressed a foot switch (pedal). It was found that visual
occlusion provides a convenient measure of visual demand and did not affect other
measures of performance.

Hicks and Wierwille (1979) started to use a driving simulator with a visual
occlusion device to determine the differences among five workload measurement
techniques. This study showed thét driver subjects need time to become familiar with the
visual occlusion device or the normal driver workload will be increased by the extra
workload of learning to use that device.

The mechanical vision interruption apparatus was replaced by special spectacles
that make use of the characteristics of liquid crystals (Milgram and Horst 1984). The
normal state of the spectacles is non-transparent, but when the driver needs to track the
roadway and environment and presses a switch to generate an electronic pulse, the pulse
causes the glass in the spectacles to become transparent (Figure 3).4 The introduction of
the liquid crystals visual occlusion spectacles significantly improved the visual occlusion
technique.

Blaauw (1985) applied the new method to measure driver visual demand and the
workload of car driving in normal circumstances and on wet roads at night. The visual

occlusion analysis in this research established the importance of using delineation devices
\

17



Visual Occlusion Setup:

1. Laptop with ToTal Control
Software

2. Plato Vision Spectacle

‘3. Foot Control Switch

Figure 3 Driving Simulator at Ryerson University (Easa and Ganguly 2004)

on both sides of the traffic lane on straight and curved roads. Godthelp et al. (1984) used.
the method to develop vehicle control models. Godthelp (1988) used the same visual
demand measurement to study vehicle handling characteristics. Shafer et al. (1995) at the

Texas Transportation Institute (TTI) conducted visual demand experiments to reveal
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Table 2 Review of Objectives, Subjects and Results of Previous Research

Experiment Objectives, Subjects and Results

Senders Objective: To realize the relationship between amount of visual
et al. occlusion and driving speed, and various road parameters.
(1967) Subject: 5 young

Results: The relationship between driving speed and visual demand was
developed. A new method to measure driver workload was described.

Farber et al.

Objective: To evaluate the visual occlusion method, developed by

et al. (1984)

(1972) Senders.
Subject: 6 young men
Results: The method can be used for visual task difficulty to which
popular performance measures may be insensitive.
Blaauw and | Objective: To measure the workload of car driving as a supervisory task
Milgram Subject: 6 experienced drivers '
(1984) Results: Supervisory driver model was developed to evaluate road and
car design.
Godthelp

Objective: To develop vehicle control models by studying supervisory
behavior in driving. .

Subject: 6 young men

Results: New approaches to modeling vehicle control were described.

Shafer et al.
(1995)

Objective: Try to reveal the relationship between collision rates and
highway geometric design consistency.

Subject: Experiment 1: 7 young, 18 middle, 15 old (55+); Experiment 2:
5 young, 5 middle, 5 old (55+).

Results: Calibrated driver workload model, showed that collisions
increase as the required speed reduction from an approach tangent to a
horizontal curve increases.

Mourant
and Ge
(1997)

Objective: To establish baseline quantitative measures of attentional
demand respect to vehicle velocity, road curvature, and amount of on-
coming traffic by using driving simulator.

Subject: 8 young

Results: Several significant relationships between attentional demand
and vehicle velocity, road curvature and traffic demonstrated the
feasibility of using driving simulator to determine visual demand.

Fitzpatrick
et at. (1999)

Objective: to measure visual demand of driving considering 3 age driver
groups and different types of curves

Subject: 4 men and 4 women in each of three age groups (18-24, 35-54,
55+)

Results: Visual demand appeared to be highly sensitive to the variation
in road geometry and driver’s age.

Easa and
Ganguly
(2004)

| Object: To determine the effect of complex curves (simple, compound,

and reverse curves) on visual demand.

Subject: Young and middle

Result: The effect of compound, and reverse curves on visual demand
was significant.
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the relationship between collision rates and highway geometric design consistency. In

this study, the transparency of the visual occlusion goggles (spectacles) was controlled by

an onboard microcomputer, which was triggered by a foot switch that produced a 0.5s

opening status and. The equation for calculating a workload observation, or visual

demand , was introduced as follows:

. 0.5
WLi=

t, -t
where
WLi = workload over time interval i from t1 to t2,
2 = clock reading at current information request (s),
t = clock reading at previous information request (s), and
0.5 = time increment during which subject has vision (s).

A driver workload model was developed and given as follows:

WL =0.193 +0.016 * D

where
WL = average workload over the first half of curve, and
D = degree of curvature.

®

(10)

The model of Equation 10 shows that the degree of curvature is a significant factor

on workload or visual demand, and that driver workload or visual demand increased

linearly as the degree of curvature increased.

Three decades ago, researchers started using driving simulators to measure driver

visual demand (Hicks and Wierwille 1979). Early driving simulators were video-based.
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They were later replaced by virtual environment-driving simulators (Mourant and Ge
1997). Without the safety concerns of the real roadway environment, researchers could
test quantitative visual demand and establish the relationship between visual demand and
vehicle‘velocity and road curvature. They could also test many additional factors existing
on the real roadway, such as opposing traffic. |

Using a driving simulator in the University of Michigan Transportation Research
Institute (UMTRI), Tsimhoni and Green systemically examined the effects of roadway
curvature and the effects of age-related differences in performance (Tsimhoni 1999).
They also studied other aspects of a driver’s vision behavior, such as “when the driver’s
vision is intermittently occluded,” and “where does the driver look when the scene is
visible?” The study confirmed .that visual demand was higher on sharper curves and
lower on smoother curves, and revealed the linear relationship between the visual demand
for a curve and the inverse radius of curvature. By a stepwise regression process, the

model considering the effect of roadway curvature is:

VD=0.388+& - (11)
R
where
R = rédius of the curve in meters, and
VD = visual demand.

It was also shown that older subjects had a higher visual demand, but the effect of

age was not significant (p < 0.1). The regression model conéidering the effects of

roadway curvature and age is:

VD = 0.257 + %+ 0.003*age (12)
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where
VD = visual demand, and
age = thesubject’s age in years.

The researchers found that drivers preferred to watch the end of the road near the
horizon and sometimes looked to the left or right side of the road to note changes on the
curvature of the road (Tsimhoni and Green 1999). The study revéaled detailed
information about vision behavior when driving on a horizontal curve, from observing the
beginning of the curve, through entering the curve, to negotiating the curvature.

Tsimhoni and Green (2001) applied the visual occiusion technique to determine in-
vehicle tasks. In a simulator driving environment, 16 subjects were required to read
electronic maps displayed in the vehicle and to reach a destination marked on the maps.
Driving performance declined as visual demand increased. Like most other studies,
however, this study was limited to 2D simple curves.

Easa and Ganguly (2004) explicitly examined the effects of complex curves on the
driver’s visual demand. Unlike simple curves, complex curves are defined as
combinations of simple, compound, and reverse curves in a series. Eighteen hypothetical
alignments for two-lane rural highways were developed and nine subjects drove in the
simulator. The nominal variables were turning directions, characteristics of preceding
elements, and combinations of curve to curve, tangent to curve, or curve to tangent. The
authors found that the first arc of compound, reverse curves, deflection angle, and inverse
of radius significantly affected visual demand. Especially, visual demand varied with the
preceding elements. Visual demand models for curve and tangent were déveloped. The

following is an example of the curve model:
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Log (VDF) = — 0.7885 + 63.6379 RINVPE*CC + 67.0418 RINVPE*RC + 49.1648
. RINV -0.0901 LW (Curve) (13)

where

VDF = visual demand obtained on the whole length of the individual curve,

RINVPE = inverse of radius of curvature of the preceding curve (m™),

RINV = inverse of radius of current curve (m™), and

Lw = lane width of current curve (m).

The variable RINVPE was defined as a nominal character variable in the analysis. When
the preceding curve forms a cqmpound curve (CC) or a reverse curve (RC) with the
current curve, the value of CC or RC becomes 1, respectively; otherwise the value
remains 0. When the preceding element is a tangent, both CC and RC become 0.

Another example of the tangent model is:

Log (VDF) = — 1.00 — 0.0002 DELPE*LW + 46.5084 RINVPE*TDPEL + 36.5381

RINVPE*TDPER (Tangent) (14)

VDF = visual demand obtained on the whole length of the individual tangent,
DELPE = deflection angle of the preceding curve (degrees),

TDPEL = the preceding curve is turning to left before the current tangent,

—
)
o
v3]
~
It

the preceding curve is turning to right before the current tangent,
Lw = lane width of the tangent (m).
The variable RINVPE was defined as a nominal character variable. When the preceding

element is a curve and turning to the left before the current tangent (TDPEL) or the
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preceding element is a curve and turning to the right before the current tangent (TDPER),
the value of TDPEL or TDPER becomes 1.

The driving simﬁlator has become a popular tool for obtaining broad, accurate and
repeatable information based on a safe and stable driving environment, but an important
question remains: does the visual demand result from a simulator reflect the visual
demand of real roads?

To answer this question, Wooldridge et al. (2000) compared the results from
experiments conducted in three environments, a driving simulator, a test track and a
public road. The results indicated that althqugh there were differences in the baseline
demand level in these three environments, the effects of curve radius on visual demand
were almost the same. This suggests that the driving simulator and test track results are
suitable for determining changes in visual demand on real roads. The paper by
Wooldridge et al is discussed in detail in Section 2.3.3. However, all visual demand

studies to date have addressed only 2D alignments involving horizontal curves.

2.3.2 Development of Visual Occlusion Apparatus

The first visual occlusion apparatus was designed in the experiment by Senders, et
al. (1967). It was a mechanic’s helmet with a translucent screen. When the translucent
screen moved down over the driver’s eyes, no roadway of other details outside of the
screen could be seen. The movement of the translucent screen was remotely triggered by
a pneumatic cylinder and linkage fixed on the protective helmet. The trigger was
controlled by the driver’s left foot to permit the driver “to look™.

In an experiment conducted by Safford (1971), drivers used self-chosen eye closure

. instead of the visual occlusion apparatus. Visual demand was measured by recording the
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closing and opening of the driver’s eyes. Another visual occlusion method involves
integrating this function with the driving simulator. In an experiment conducted by Hicks
and Wierwille (1979), the video signal on the simulator screen was blank until subjects
requested vision information. This method is very similar to the visual occlusion device.

Making use of the characteristics of liquid crystals, Milgram and Horst (1984)
invented a type of visual occlusion spectacles to take the place of the mechanical visual
occlusion helmet, because unlike many other physical devices, the spectacles need no
time to change the state from non-transparent to transparent. In the normal state, the
spectacles are non-transparent so the driver cannot see anything. When the driver needs
visual information to drive, he or she must press a switch to control the state of the
spectacle lenses.

Later, Milgram and his associates developed software, called ToTaLcontrol, to
program the state of the spectacle lenses according to the user’s particular needs. Both
periodic and non-periodic series of control pulses can be generated by the software to
control the spectacle lenses so that they open and shut, as shown in Figure 4. The Ir}temal
mode in this software provides the user with a way to automatically control the spectacles
with the periodic pulses based on the pre-designed parameter. The External mode
provides the user with a way to trigger the spectacles to open for a fixed duration of time.
This type of visual occlusion spectacles has become the most popular tool for

determining driver’s workload in visual demand studies.

2.3.3 Comparison and Validation of Driving Environments

It is important to establish whether the experimental environment reflects the visual
demand of drivers on the real roadway. There are three popular driving environments in
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Figure 4 Definitions of Pulse Timing Parameters (Milgram et al. 1984)

visual demand experiments: on-road, test track and driving simulator.
On-road visual demand studies look like the best way to test driver visual demand
accurately and have been conducted by several researchers, including Senders et al.
(1967), Safford et al. (1971), Farber et al. (1972), Blaauw and Milgram (1984), and
Godthelp et al. (1984, 1988). The use of real roads imposes limitations. Researchers do
-not have complete choice in the curves available for testing and in the different radii and
deflection angles encountered. In addition, due to safety and traffic considerations, only
easy roads or unopened roads can be used and the number of driver subjects was always
very small (5 or 6 drivers). Some issues cannot be considered and studied at all. These
include opposing traffic, pedestrians and lane changes. Hence, on-road study can be used
to-evaluate the visual demand data obtained in the simulator study or test track study.
Test track is another choice for visual demand studies. An abandoned airport was
selected by Shafer et él. (1995) and Fitzpatrick et al. (1999) to be a test track in their
studies. In this driving environment, it is possible to select certain curves, an

improvement over testing on real roads. Unfortunately, it appears that test tracks differ
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considerably from the real driving environment on roadway. For example, some elements
of the real roadway have to be ignored such as traffic, pedestrians and intersections.

Hicks and Wierwille (1979) were the first to use driving simulator and visual
occlusion method to examine driver visual demand. Mourant and Ge (1997) used a
virtual environment-driving simulator in their visual demand experiment. Without the
safety concerns of traffic, numerous causal factors on visual demand could be considered
in driving simulator experiments. These factors include pedestrians, opposing traffic,
signals, signs, wild animals, and so on (Mourant et al. 1997, Tsimoni et al. 2001, and
Easa and Ganguly 2004).

Wooldridge et al. (2000) compared experimental results from a driving simulator in
University of Michigan Transpértation Research Institute (UMTRI), from a test track and
from a public road (Figure 5). Although there were certain differences in the absolute
 values obtained from the three environments, there were no difference in the slopes of the
three regression lines, and the curve radius showed the same effect on visual demand.
The results were considered reliable and repeatable. Following the study by Wooldridge
e; al., the results from simulators before 2000 have been used to evaluate changes in

visual demand of real roadways.

2.4 Three-Dimensional Highway Alignment Research

Transportation analysis was conducted in one or two dimensions condition for a
long time because the methods were simple and feasible. Although the 3D nature of
highway alignment design had been recognized since the 1960’s, unfortunately, due to

the limitation of techniques and methods, little work focused on 3D highway
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Figure 5 Comparison of Visual Demand Regression Equations

geometric issues, and 3D analysis was not considered feasible until the 1990s.

Easa (1991) developed models to determine the available sight distance for
compound vertical curves. Easa (1994) then pointed out the need for considering the 3D
sight distance in alignment design. At the same time, Smith and Lamm (1994) addressed
the 3D nature of highway alignment in designing highways. Mori et al. (1995) indicated
that alignment coordination may cause drivers to have an erroneous perception of
horizontal curvature which may be observed flatter or sharper than it actually is. Hassan
and Easa (2003) tested this perceptiop hypothesis in a comi)uter animation experiment.

Hassan and Easa (1997) found that 2D analysis of sight distance can underestimate
or overestimate the availal;le sight distance. Easa and Hassan (1998) described “red
zones”, another aspect of 3D coordination between horizontal and vertical alignments, By

determining the locations where a horizontal curve and a sag curve should not overlap.

3D visualization is another important area. Easa et al. (2002) described 3D visualization
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models and analytical models for 3D transportation analysis. Janikula and Garrick (2002)
developed a realistic and dynamic visual model consisting of short video clips of the
highway as a 3D visualization tool for the purpose of teaching highway design.

Easa and other researchers have pointed out that 3D issues are important and that
they include cross slope, sight distance, perception of radius, etc. Ignoring the 3D nature
of the highway alignment may adversely affect the safety and efficiency of highways. 3D
transportation models are expected to offer a more accurate representation of real
highway systems. 3D analyses have been conducted to solve 3D issues, including the
driver’s perception of 3D combined alignments, sight distance, planning and design,

visualization and vehicle stability (Easa et al. 2002).

2.5 Challenge and Hypothesis

Since Senders (1967) started to use visual occlusion technique to measure driver
visual demand, there hav¢ been more than a dozen studies using this method to study all
kinds of issu¢s, including the driver’s observation strategy, in-vehicle tasks, vehicle
control and handling, speed effects, age effects and highway geometric effects. Senders
(1967), Godthelp (1984), Shafer (1995), Mourant (1997), Tsimhoni (1999), and Easa and
Ganguly (2004) explicitly examined driver visual demand on curves. The significant
effect of inverse of radius and the considerable effect of age were noted in their studies.
The studies only focused, however, on 2D horizontal alignments.

When studying driver behavior, Tsimhoni and Green (1999) found that drivers
prefer to watch the end of the road near the horizon most of the time, and that drivers
watch the edges of curves when negotiating curvatures. Because vertical curves may

reshape the horizon and the edge lines of curves and the crest slopes may even block the
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driver’s vision, it is clear that visual demand on 3D combined horizontal and vertical
alignments might be different from that on 2D horizontal alignments. This research study
will examine the hypothesis that vertical alignment and driver age have a significant

effect on driver visual demand.
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Chapter 3 SIMULATION PILOT STUDY

3.1 Method

Three driver subjects representing young, middle-aged and - older drivers
respectiveiy were invited to participate in the pilot study. The methodology for the pilot
study is described below:

e  Design the geometry of the hypothetical 2D and 3D curves for the test

e  Develop ten hypothetical scenarios including all testing 2D and 3D curves in the
simulator.

e  Design the parameter in the _'soﬁware'controlling visual occlusion spectacles.

e  Run the simulator and collect visual demand data, running time, lateral position of
vehicle, and running distance.

e  Analyze the visual demand data and compare with past on-road test results for data
validation.

e  (Calibrate models relating to visual demand and compare with models developed by

other researchers.

Detailed aspects of the pilot study, including hardware integration, the occlusion
spectacles software set up, and the simulator language programming are introduced in

Chapter 4.

3.1.1 Road Design Variables

~ Because of the large number of road models required for a full factorial experiment
design, a reduced experiment had to be designed. The road design parameters studied in

this pilot study included a type of overlapping vertical curve (crest and sag), a horizontal
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curve radius (R), a total change in vertical grades (A), and the ratio of the curve’s length

to the absolute value of the change in vertical grades (K = L/A).

3.1.2 Test Alignments in Simulation Scenarios

Te;l test alignments were designed in ten simulation scenarios. Each test alighment
included four 3D curves or 2D curves. Each test alignments curve had a unique ID as
shown in Table 3. For example, s11 means refers to a sag curve with R equal to 600 m
and K equal to 80. In each combination, the curves were linked to each other by a 200 m

tangent. The curve combinations and sequences are shown in Table 4.

3.1.3 Process

Each of the three subjects was required to drive the ten alignments (each alignment
comprising four curves and three tangents). The visual occlusion spectacles and the foot
switch (pedal) were provided to the subjects. Depression of the foot switch allowed the
road scene to be viewed for 0.5 s. The visual occlusion spectacles were synchronized
with the simulator by recording the occlusion signal into the simulator via its horn cable.

In this way, the simulator automatically recorded the state of visual occlusion spectacles
into the data collection ﬁle.

Before formally running the ten hypothetical scenarios, the subjects were trained for
about 30 to 45 minutes in practice scenarios so that they could become familiar with the
equfpment and gain confidence in driving the simulator and using the visual occlusion

spectacles. When the subjects felt confident, the main experiment was started.

3.2 Data Extraction

During the simulation trial, the open and close states of the subject’s visual
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Table 3 Geometry of Horizontal and Vertical Curves Used in Pilot Study and Simulation

Experiment
Radius of Horizontal Curves (m)
K (m%) 600 | 400 | 300
(a) Horizontal Overlapping Sag Curves (3D Curves)

N 80 sll s12 s13
60 s21 s22 s23
40 s31 s32 s33

(b) Horizontal Overlapping Crest Curves (3D Curves)
- 80 cll cl2 cl3
- 60 c21 c22 c23
- 40 c31 c32 c33
(c) Flat Horizontal Curves (2D Curves)
NA | hi | h2 | h3

Other parameters: Operation speed: 80 km/hr, Deflection angle: 60 degree, Lane width:
3.6 m, Tangent length: 200 m

Table 4 Test Alignments for the Simulation

Alignments Cme-l Tangent Curve-2 Tangent Curve-3 Tangent Curve-4
1 Vertical-1 - Vertical-2 - Vertical-3 - Vertical-4
2 hl 200 m h2 200m h3 200 m h4
3 cl3 200 m s12 200m c21 200 m s33
4 s13 200m - cll 200m s22 200 m c33
5 c33 200 m s12 200m cl2 200 m s21
6 cl2 200 m s13 200m c33 200 m s21
7 s13 200 m c33 200m s32 200 m c21
8 s11 200 m c23 200m s33 200m | c32
9 s23 200 m c22 200m s21 200 m c22

10 c31 200 m s31 200m c32 200 m s23

occlusion spectacles were recorded in the simulator. The “0” means the open state and the
> means the close state. The recorded data were saved in a *.dat file format for each

‘alignment énd each subject. Data can be extracted with Microsoft Excel spreadsheet.
After opening this file in Excel spreadsheet, a filter function was used to segregate

the “0” data in the visual demand column (i.e. the horn information column). Because the
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data was recorded per 0.1 second and the duration time of the spectacles was 0.5 seconds,
the visual demand data shows up in a group of fives (“00000”). The visual demand was
then calculated by the equation:

0.5

VD = (15)
request tlast_request
where
VD = visual demand,
t request = clock reading at currént information request (s),
tist_requess — Clock reading at previous information request (s), and
0.5 = time increment during which subject had vision (s).

This calculation provides a measure of the percentage of time a driver is observing

the roadway at any point along the roadway.

3.3 Data Analysis and Validation

Visual demand values were re-calculated as the average value of all the
observations within the curve. The visual demahd data were saved in another Excel file
for analysis, as shown in Table 5. To validate the visual demand data obtained from this
pilot study, the value on 2D horizontal curves (hl, h2, h3) was compared with the result
of TTT’s field tests (Shafer et al.1995, Fitzpatrick et al. 1999), shown in Table 6.

Comparing these results with those of the 2D horizontal alignment shown in Table
5, showed that the visual demand estimates in this pilot study are quite closé to the TTI.
test results. As the resulfs reﬂ;act to different operating speeds (80km/h in this pilot study
.,andA72.v5_k,m/h in both field studies) and different deflection angles, it is reasonable to

believe that the results from this pilot study would be acceptable.

34



Table 5 Average Visual Demand for Single Curves

Curve Type | Curve ID K R 1/K 1/R VD
hl 600 0 0.002 0.337

2D h2 400 0 0.003 0.361

h3 300 0 0.003 0.390

s11 80 " 600 0.013 0.002 0.341

s12 80 400 0.013 0.003 0.370

. s13 80 300 0.013 0.003 0.400

3D alignments | 51 60 600 0.017 0.002 0.356
involving sag ™ 555 60 400 0.017 0.003 0.373
vertical curves ™3 60 300 0.017 0.003 0.391
s31 40 600 0.025 0.002 0.359

$32 40 400 0.025 0.003 0.362

s33 40 300 0.025 0.003 0.420

cll 80 600 0.013 0.002 0.357

cl2 80 400 0.013 0.003 0.384

. cl3 80 300 0.013 0.003 0.425

3D alignments [ 5 60 600 0.017 0.002 0.369
involving crest ™ 5> 60 400 0.017 0.003 0.392
vertical curves [~ /4 60 300 10.017 0.003 0.421
c31 40 600 0.025 0.002 0.373

c32 40 400 0.025 0.003 0.411

c33 40 300 0.025 0.003 0.426

* Operating speed = 80 km/hour
* Deflection angle = 60 degrees

Table 6 Average Visual Demand from the TTI Occlusion Field Study (Shafer 1995)

Degree of Radius of Deflection Angle (deg)
Curvature (deg) | Curvature (m) 20 45 90
3 582 0.241 0.270 ---
6 291 0.273 0.279 0.241
9 194 0.322 0.340 0.285
12 146 --—- 0.412 0.332
* Operating speed = 72.5 km/hour
Table 7 Average Visual Demand from the TTI Occlusion Field Study
(Fitzpatrick et al. 1999)
Degree of Radius of Deflection Angle (deg)
Curvature (deg) | Curvature (m) 20 45 90
Runl [ Run2 | Runl | Run2 | Runl:| Run2
6 290 0.367 | 0.368 | 0.377 |.0.370 | 0.354 | 0.353
9 145 0.431 | 0.424 | 0.455 | 0.449 | 0.461 | 0.461

* Operating speed = 72.5 km/hour
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3.4 Statistical Analysis and Comparison

Microsoft’s Excel Data Analysis Paékage was used to process the viéual demand
data obtained from the pilot study and to develop statistical relationships. All the
statistical analyses were conducted at the 0.05 significance level (o). The method used
assumes that the visual demand data are normally distributed, which has been verified by
Shafer (1995).

The P-value is the probability of erroneously rejecting the null hypothesis based on
the sample data. To reject this null hypothesis, the P-value must be less than 0.05. The
principle methods used to analyze visual demand on curves was regression and an'alysis
of variance. In most visual demand studies, the basic form of the regression equation for
driver visual demand was as follows:

VD=a+bX1+cX2+... | (16)
where
VD = average visual demand on the curve,
X1 =variable 1, and
X2 =variable 2.

Two factors (inverse of radius — 1/R and 1/K value) were included in the analysis of

variance for driver visual demand on 2D horizontal curves, 3D sag overlapping with
“horizontal curves, and 3D crest ovcrlépping with horizontal curves. In this pilot study,
radius of curvature had three levels (300 m, 400 m, and 600 m) and the K value also had
three levels (40, 60, and 80), |

’I‘hc;-ﬁrst step was the model for the visual demand for 2D horizontal alignment.

This model was based on the average visual demand of the three subjects, as follows: |

36



VD =0.283 +31.8/R _ (r*=0.99) am
where
R =radius of Curve, F = 337 > F Significance, and P-value for 1/R = 0.0346
\ This equation, although based upon a limited number of observations, represents the
expected visual demand on 2D horizontal curves and can be compared with similar
models developed in other studies. The analysis-of-variance showed that there were
significant differences among the visual demand values for R = 300, 400, and 600 m with
a P-value less than 0.05.

The intercept parameter of this equation is comparable with the model from the
field study by Fitzpatrick (1999), which is given by VD = 0.285 + 23.1/R (Run 1). The
coefficient of the inverse of I/R variable in this model is comparable with the model
developed by Tsimhoni and Green (1999), which is give by VD = 0.388 + 33.2/R

In the second step, the average visual demand values for 3D horizontal alignment
involving sag vertical curves and 2D horizontal alignments were analyzed, but
considering only 1/R as the variable:.

VD =0.294 + 31.15/R (r* =0.81)  (18)
where |
F > F Significance, and P-value for 1/R < 0.0001

The data range and slope of Equation 18 is similar to that of Equation 17, but its r?
{s lower than that for Equation 17. As there could have been other factors affecting visual
demand, 1/K was considered as another variable in the regression analysis. The equation

- for the average visual demand for 3D alignments, involving sag vertical curves and 2D

horizontal alignments is as follows:
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VD =0.292 + 0.704/K + 27.75/R (r*=0.86) (19)
where
P-value for 1/R <0.0061, and P-valu¢ for 1/K = ‘0.04
The visual ‘demand estimation in Equation 18 was improved slightly by including
the 1/K Qariable in Equation 19. This suggests that vertical curvature could be a
significant factor in visual demand on 3D alignments involving sag vertical ‘curves. The
2D horizontal alignment can be considered as a special case of the 3D curve, where 1/K
equals zero. The average visual demand values on 3D alignments involving crest vertical
curves and 2D horizontal alignments were Aalso analyzed, considering only 1/R as the
independent variable for the first step:
VD =0.302 + 33.8/R (r’=0.68)  (20)
where
P-value for 1/R < 0.001
Since the r* dropped down around 20 %, 1/K was also included in the next step
which was a regression analysis for 3D alignments involving crest vertical curves and 2D
horizontal alignments.
VD =0.280 + 1.660/K + 33.8/R (r’=097)" (21
where
P-value for 1/R < 0.0001, and P-value for 1/K < 0.0001
All the models developed in the pilot study are summarized in Table 8. The models
that consider 1/K and 1/R are clearly much better than the models that include only l/R
The r*> of both Equations 19 and 21 are higher than that of Equations 18 and 20,

especially for the 3D horizontal alignment overlapping with crest vertical curves. The
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Table 8 Models Developed in the Pilot Study

Feature Model r? P-value
2D horizontal alignments | VD = 0.283 + 31.8/R 0.99 | =0.0346 (1/R)
3D alignments involving VD =0.294 + 31.15/R 0.81 | <0.0001 (1/R)

VD =0.292 +0.704/K + 27.75/R | 0.86 | =0.04 (1/K)
<0.0001 (1/R)
3D alignments involving | VD =0.302 + 33.8/R 0.68 | <0.001 (1/R)
crest vertical curves | VD =0.280 + 1.660/K + 33.8/R | 0.97 | <0.0001 (1/K)
<0.0001 (1/R)

sag vertical curves

P-values for 1/K in Equations 19 and 21 are less than 0.04 and 0.0001respectively. Thus
the K or 1/K parameter has a significant effect on visual demand of 3D alignments
involving crest vertical curves and a considerable effect on 3D alignments involving sag

vertical curves.

3.5 Summary

The results of this pilot study show that the visual occlusion measurements
integrated with the environment of STISIM driving simulator are a reasonable method for
obtaining visual demand data accurately. The visual demand results were supported by
the field occlusion study. The model developed for the 2D alignments is comparable with
models from past visual demand studies conducted in similar 2D conditions. The results
also show that K or 1/K has a significant contribution in determining visual demand for
3D‘ alignments involving crest or sag vertical curves. In conclusion, the results of this

pilot study proved to be encouraging.
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Chapter 4 SIMULATION EXPERIMENT

4.1 Apparatus

4.1.1 Driving Simulator {

The driving simulator system using in this research is the product of over three
decades of research by Systems Technology, Inc. (STI) into creating laboratory ;asks
relevant to the psychomotor and cognitive demands of real world driving. The STISIM
Model 300 in the Hﬁman Factors Lab in the Department of Civil Engineering, Ryerson
University is an advanced version of simulators developed by STI. Operating under the -
Windows operating system, it can develop and simulate any hypothetical or real highway
geometric alignments, including horizontal and vertical curves, and 3D horizontal curves
overlapping with vertical curves. The highway design parameters include turning
direction, radius of horizontal curve, vertical curvature parameter, tangent, shoulder, and
lane width, and so on.

Extensive research on vehicle dynamics, driver control behavior, driver decision
making, divided attention behavior and response to traffic control devices has been
applied to the creation of control tasks and cognitive scenarios typical of real world
driving. Driving tasks and scenarios are easily specified with simple commands listed in
an event file. A simple scenario definition language (SDL) has been developed to
minimize the effort required to specify experimental alignment deéigns. The SDL The
also simplifies the specification of scenario attributes that relate to driver psychomotor,
divided attention and cognitive behavior, and permit the definition of road curvature. The

simulator uses software and commercially available PC compatible hardware.components
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Figure 6 Roadway Scene of STISIM Simulator

to produce visual scenes and auditory displays relevant to driving. An open module
option allows the user to create his/her own custom events and to integrate them directly

with the STISIM program through the SDL.

4.1.2 Data Definition of 3D Highway Alignments

In the STISIM driving simulator, a simulation scenario is designed using SDL,
which provides a simple tool for scenario programming. Horizontal curvature, vertical
curvature, road cross-section, traffic, and pedestrians are called “events” in SDL. Each
event is defined in a simple syntax:

Distance, event, parameter 1, parameter 2, ..., parameter n

All events occur as a function of distance from the start of the simulation and
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diﬁamt number of parameters are used to distinguish different events. It is possible to
activate any number of events at the same time in order to create complex ‘events. This
property was recently employed in the 3D ‘driver visual demand measurement for
designing the 3D horizontal alignment overlapping with vertical alignment. The key
method of designing a 3D alignment is to define overlapping horizontal and vertical
curves that have the same location and length. |

In SDL,‘ "VC" is .used to define a vertical curve event and the elevation of the
roadway centerline as a function of roadway distance. There are two types of vertical
alignments specified by SDL, a constant grade and a vertical curve. The vertical curve
event can generate the geometry of both the constant grade and the vertical curve (Figure
7). Grade is in the percent grade (m/m or fi/ft), and a negative value means a downgrade
road and a positive value means an upgrade road. To specify a vertical curve, two
parameters need to be used: the length of the vertical curve, and the rate of change of
grade in percent grade per meter or per foot (1/K or DelVC). This parameter causes the
grade to change linearly along the roadway. A constant grade will be obtained at the end
of a vertical curve and will continue until the next vertical curve event is reached.

In the simulator, the grade always starts from zero at the beginﬁing of the scenario
alignment. Therefore, for the first step, an initial vertical curve event must be designed to
generate a constant grade for the first hypothetical vertical curve, and to represent its start
grade. In addition, the position of the start point of each hypothetical vertical curve must
be decided‘by the user. Then the length of the vertical curve is computed based on the
length of the horizontal curve on the 3D alignment according to its design radius and

‘deﬂection angle. Finally, the rate of change of grade with the distance along the vertical
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Figure 7 The Geometry of Constant Grade and Vertical Curve

curve (1/K or DelVC) needs to be input to the simulator. For example, “1500, VC, 600,
.01” means that a vertical curve will start at the roadway distance of 1500 m; this vertical
curve will be 600 m long, and its K value equals 1 /0.01 = 100.

In SDL, “C” is used to define a horizontal curve with a constant radius in the
roadway display. A positive value of curvature will display the horizontal curve turning
to the right and a negative value will display the horizontal curve turning to the left. For
designing a successful horizontal curve, the users must follow two important rules:

e  The user must ensure that the previous curvature has been completely finished
before beginning to design a new curve. Otherwise, depending on ‘the way the
simulator generates the roadway display, the simulator will act unpredictably or fail
to run.

e  The user must not use curves that change the direction of the road by more than 90
degrees. Trying to displ.ay turns that are greater than 90 degrees will cause the road

to turn back on itself and the results will be unpredictable.
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Three important parameters are needed to define a horizontal curve: longitudinal
disté.nce, longitudinal length, and constant roadway curvature. Longitudinal distance is
used to define the start of the curve. The roadWay will be straight until the beginning of
the curve and then a constant radius‘will be followed. The longitudinal length is the
length of the curved section of roadway. In this study, the length of the horizontal curve
is identical to that of the vertical curve because both curves completely overlapped.

To design a 3D horizontal alignment overlapping with vertical curve, the user needs
to design a horizontal curve and a vertical curve, which have the same curve length and
distances of start points and end pbints (Figure 8). Fof a horizontal curve, the beginning
and end of the curve are defined by the point of curvature (PC) and the point of tangency
(PT). For a vertical curve, the corresponding points are defined by the point of vertical
curvature (PVC) and the point of vertical tangency (PVT). The details of the calculation

method are presented in Section 4.4.1.

PT
(End Point)

. PC
(Begin Point)

"

R=600m

(a) Horizontal Curve

lI?VC 13

. (Begin Point) (End Point)
(b) Vertical Curve

Figure 8 An Example of 3D Combined Alignment
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“V” is used to define a vehicle in the subject’s lane. The speed of the subject
vehicle can be specified as any given constant speed, or controlled by the subject using
the throttle and the brake pedal. In this study, the speed of the subject vehicle was set at

80 km/hour for measuring the visual demand at one specified speed.

4.1.3 STISIM Data Input Files

STISIM needs three input files to describe the configuration of the simulator and
the various elements of the events in a simulation run: GAINS, STISIM.COL and
EVENTS FILE. The GAINS file is the primary configuration ﬁl¢ in STISIM, which
allows numerous prbgram options and configurations to be specified. A highly important
step in this experiment is to adjust the units of the original configuration file from English
to Metric.

At the beginning of a simulation run, the GAINS file is}found first and read into the
memory. If the GAINS file cannot be found in STISIM or if a parameter is not matched
with the event file (for example, there are Metric units in the event file and English units
in the GAINS file), it will issue an error and stop the run. Trying to use a Metric event
file with an English configuration file will produce the wrong dimensions of lane,
shqulder, and vehicle.

STISIM.COL is the file that specifies the color of each element of the driving
display, and gives the user complete control over the display appearance. In the STISIM
simulator, the graphics card used for the simulation is a Texas Instruments Graphic
Architecture (TIGA) board. The EVENTS FILE, called the project file, contains all the
information that tells STISIM how and when to act. SDL is used to create the custom

“files. The user can create and name many event files. Wordpad, Notepad or any other
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ASCII text editor can be used to create an event file. This is clearly the main file for
developing the hypothetical alignment scenario.

Other program files for the STISIM prdgram include *.OVL files, *.BAT files,
*VOC files, *.EXE files, *. HLP files, *.FNT files, and *.PDE files. The *.OVL file
simulates and displays such elements as lateral objects, text, and signs. In the STISIM
program. *.BAT ﬁlés are general DOS batch files and help to execute tﬁe program.
*.VOC files produce sound effects during the simulation run. *.EXE files help run the
program, and so on. These files are designed for the various common functions required

for any simulation.

4.1.4 STISIM Data Output Files

When a run is finished, the program cfeates a data file containihg data acquired
during the simulation run. Eight general sections may appear in the file, including
| General information, BSAV/ESAV Block data, RMSB/RMSE Data blocks, Divided

attention data, DI/DO Digital I/O data, Time till collision, subject mistakes and PI Data
blocks. Each STISIM Data file will vary slightly depending on the individual scenario
that was run. The general information in this file includes the subject’s identiﬁcation
number, the time of day when the simulation run started, the date when the simulation
was run, and the name of the events or call project file that was used.
BSAV/ESAV Block data contains all of the data colleéted when using the
| BSAV/ESAV event options. The data are saved in the file in the order that the events
were called. Users can assign each block of data a unique name by a user defined block
name. Some additional information will automatically be included at the bottom of the

block before it begins to save a new block of data. For example, the number of off road
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accidents occurring when the subject steers the vehicle too far of the road is included in
those data.

RMSB/RMSE Data blocks contain the data collected during the RMS segments of
the simulation. The data include number of off road accidents, number of collisions,
correct responses, incorrect responses, average time of response, average lane position,
average steering wheel rating, average road heading error, average curvature error,
average curvature error, average throttle input, average throttle input, average
longitudinal acceleration and average longitudinal speed. The time till collision data
refers to how close the vehicle of the subject gets to other vehicles in the subject path.
STISIM saves the data when the time till cqllision flag is set. STISIM only gathers the
data for vehicles specified with the V event.

The subject mistakes block contains a listing of the mistakes the subject has
produced when he or she driving. There are two parts in this section. The first one
contains a cumulative total of all of the subject’s mistakes and responses. The second
section is comprised of a list of numbers of each individual mistakes, which include off
road accidents, collisions, pedestrians hit, exceeding the speed limit, speeding tickets,
traffic light tickets, stops at traffic lights, correct DA responses and incorrect DA

responses and finally the total run length.

4.1.5 Visual Occlusion Device

A pair of visual occlusion spectacles and the spectacles control box developed by
Translucent Technologies Inc. in Toronto, Ontario were used in this experiment. The
control box with a 9V battery has two switches to control the opening of the right and left

lens. The control box was connected by a laptop computer on which the ToTal Control
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software package was installed to control the visual occlusion spectacles.

The ToTalcontrol file has an extension *.gl. The *.gl file can be programmed to
control the opening time of the spectacles and the total period of each pulse. The signal
input to the ToTal Control software can be given in two forms, Internal Sync and
External Sync. When the Internal Sync mode is set with looping, the signal keeps
generating in an internal loop and the spectacles keep opening as per the givén time. This
mode was not suitabl.e for this experiment.

The External Sync mode was used in this experiment because it offers the user a
manual way to trigger the spectacles to open for a fixed duration time. In the normal
state, both lensés of the spectacles remain opaque to prevent the subject from watching
through the lens. When the laptop computer received a trigger pulse generated by the
subject, it generates a 0.5 s duration signal to open both lenses of the spectacles for 0.5
~ seconds. This process was saved in a *.gl file. In the input table of this file, the glimpse
time was set at 500 milliseconds (0.5 s) and the pulse width was 600 milliseconds. The
gap between two corresponding vision requests was at least 100 milliseconds. Hence in
any situation, the visual demand value is still less than 1.

To use the External Sync mode, an external pulse generator was needed to register
the signal by the software. It was connected to the léptop computer through the input
cable and acted as an input source to the ToTal Control software. Therefore, after an
external pulse from the pulse generator is triggeréd, it stimulated the *.gl file designed by
the ToTal Control software to generate a specific pulse with the 500 milliseconds (0.5 s)
duration and the 600 millisecpnds width, so that both lenses wére opened simultanequsly

for a period of 500 milliseconds and both were closed within another 100 milliseconds.
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4.1.6 Linking of Devices

In total, seven devices were used in this experiment: a driving simulator, visual
~ occlusion spectacles, the spectacles’ control box and control computer, a pulse generator,
a switch pedal and a splitter (Easa and Ganguly 2004). The switch pedal was fixed upon |
- the “shot” trigger button on the pulse generator. The pulse generator was linked with the
spectacles and the computer. The cable from the I/O interface of the spectacles laptop
computer was plugged into the splitter. One output cable from the splitter was connected
into the control box for the spectacles, and the other was linked with the signal cable of
“the horn (Figure 9).

The entire circuit was developed in such a way that, whenever the pedal was
pressed by the right foot of the éubject, the “one shot” switch on the pulse generator was
triggered. A short electronic pulse was then generated by the pulse generator. This short

| pulse stimulated the ToTal Control software in the laptop control to output a stable and
clean pulse with 500 milliseconds duration to open the visual occlusion spectacles and
then close them automatically. At the same time, the controlling pulse output from ToTal
Control software was recorded by the simulator via the cable of the horn of the simulator.
- On receiving the pulse generated by the ToTal Control software, the visual occlusion
spectacles provided a glimpse to the subject. The glimpse time was fixed at 500

‘milliseconds (0.5 s) and the whole width of this pulse was 600 milliseconds.

4.2 Methodology

A sample of 15 licensed drivers served as subjects. They were recruited through
advertisements and contacts in the local community. Most of the younger drivers were

recruited from the campus of Ryerson University. Most of the middle aged and older
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Figure 9 Linkage of Devices for Visual Demand Experiment

drivers came from the community. The drivers’ ages ranged from 20 to 70. The subjects
included 6 young drivers (< 30 years old), 4 middle-aged drivers (30-50), and 5 older
drivers (> 50 years old). o

As noted in Chapter 2, there is a significant linkage between collisions, roadway-
based geometric inconsistency and driver workload. There is a clear correlation between
workload and either driving performance or crashes. Since driving is primarily a visual
task and one cannot drive more than a few seconds without visual cues, it is likely that
vision occlusion measures should be highly correlated with workload.

The literature review of past visual demand studies showed that visual demand
(VD) is related to the radius of the horizontal curve, but no studies (from Senders (1967),
Godthelp (1984), Shafer (1995), and Mourant (1997), to Tsimhoni (1999), and Easa and

Ganguly (2004)). conside_red how the vertical alignment parameter would affect visual
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demand. To test the effect of vertical alignment parameters and other related parameters,

a series of scenarios was developed using the following approach:

Ten hypothetical alignment scenarios were developed for the daytime environment

. in the simulator. The scenarios included 2D alignments and 3D alignments. These

alignments represented two-lane rural highways that satisfy the AASHTO and TAC
guidelines.
The 2D alignment was constituted of four horizontal curves with preceding and

following tangents. These alignments reflect the visual demand in the 2D

environment.

Each 3D alignment was constituted of four different 3D curves combining the
horizontal curves with the‘ vertical curves, and with the preceding and following
tangents. These alignments reflect the visual demand on 3D alignments.

The vertical curve including either a crest curve or a sag curve was completely
overlapped with the horizontal curve (i.e the start point of vertical curve was the
same as that of horizontal curve and the end point of vertical curve was the same as
that of horizontal curve).

The visual demand data on 2D and 3D curves were used to dc_avelop modefs for 2D

alignment and 3D alignment.

4.3 Experimental Design

The experimental design followed the methodology outlined in Section 4.2. The

steps followed were similar to those in the experiments carried out by TTI and FHWA. A

flow chart showing the experiment design is shown in Figure 10.

The following points regarding the experimental design should be noted:
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All the alignments ‘were designed for two-lane rural highways and there were, no
intersections, pedestrians, (_)ther traffic, or other elements that add complexity to the
visual demand. |
The vehicle operation speed was designed to keep a constant value (80 km/hour).
Duriﬁg the experiment, the subject needed to use his or her right foot to press and
release the pedal for changing the visual occlusion spectacles. The constant
éperating speed made it easier for the subject to control the vehicle and to
manipulate the visual occlusion device.

The parameters of the 2D and 3D alignments in the experiment satisfy TAC and
AASHTO standards for the speed of 80 km/h. For example, the values of K for all
curves were kept greater than 36; the radii of curves were kept greater than 230 m;
the grades of curves were ikept lower than 8%.

In addition to the ten alignments tested in the experiment, several similar
alignments were designed for subjects to drive when becoming familiar with
running the simulator and manipulating the visual occlusion device.

Each subject started by runnit;g the driving simulator without the visual occlusion
device. After driving 20 to 30 minutes, depending on each individual’s driving
experience and adaptability, the subject could run the simulator well and the visual
occlusion spectacles and its switch pedal were introduced. As the switch is
controlled by the subject’s right foot, the subject could drive using both hands and
could concentrate entirely on guiding the vehicle. Details of the equipment’s
integration and circuit development are discussed in Section 4.1.6.

In general, subjects needed 20-to 35 minutes of practice. When the subject was able

52



Curve Combinations Design

A

Road Parameters Calculation

A

Scenarios Developed in STISIM Simulator Using SDL

A

Devices Linkage

A

Pulse Generator Triggered by Switch Pedal

A

ToTaL Software Trigger by Pulse Generator

A 4

Visual Occlusion Spectacles | Splitter
Activated by ToTaL Software |

A
Signal Input via Horn of
Simulator — Recording Visual
Demand Data

A
Output Data and Saved in *.dat file

A 4

All Data Opened with Excel and
Filtered on Vision Request Record

N

0.5

VD =

t

request tla:l _request

Y

VD Calculation

Figure 10 Flow Chart Showing Various Steps of the Experimentation and
Visual Demand Analysis

33



to control both the driving and the visual occlusion spectacles comfortably, the
formal test began.

e  Ifthe subject was ran off-road or ran into the opposite traffic lane in the formal test,
the scenario must was stopped and re-tested later.

e  After completing the experiment, the visual demand on each curve was evaluated
using the principles detailed in the methodology section. The visual demand
models of the eﬂ’ects. of the horizontal alignment and the vertical alignment were

then developed and analyzed.

4.3.1 Road Variables Calculation

The ten scenarios used in the experiment were the same as those in the pilot study,
(the curve combinations; sequences and parameters wefe described in Chapter 3). There
were several steps in qalculating the parameters for the geometry data of the 3D
horizontal curve overlapping with vertical curve:
Step 1: calculate the length of individual 3D curve (£he horizontal curve length = the
vertical curve length):

3.1416

Length = 180 * R * deflection angle (22)
_ 31416, R * 60 (def = 60 in this study)
180
Step 2: calculate A value for each 3D curve: A= —IIé— (23)

Step 3: calculate Start grade and End grade of each 3D curve, based on A value.
Step 4: calculate Start distance and End distance of each 3D curve.

~Step 5: check whether every grade is > - 8% and < 8%( the TAC and the AASHTO
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standard for 80km/h).
Step 6: Input parameters into the simulator.
‘Steps 1 to 4 can be performed using an Excel table, as shown in Table 8
In this table, the VLOOKUP function was used to search for the curve ID, to find the R
value and K value according to the curve ID, and then to return those values in the
same row from a column in the table. Then the road parameters, such as start distance,
end distance, length, start grade and end grade could be calculated automatically based on

equations in the Excel table.

4.3.2 Developing Hypothetical Scenarios in STISIM

The STISIM simulator can create laboratory tasks relevant to the psychomotor and
cogni/ti_\ie demands of real world driving. A combination of vehicle dynamics
characteristics and compensation for CGI (Computer Generated Imagery) transport
delays have been employed to create an appropriate stimulus-response relationship
between steering inputs and visual display motions.

In general, there are four basic components that make up the STISIM Drive
simulator: the graphics environment, the driver controls, the SDL that controls the
scenarios, and the STISIM Drive software that ties it all together. The work environment
includes the graphics card that generates the images, the display systetﬁ that displays the

Table 9 Spreadsheet for Calculating Road Parameters

Curve Def | Tangent | Start | End | Start End Curve
“id R | K| A | angle | length | Dist | Dist | grade | grade | length
s13 300 | 80 | 3.9 60 200 279 593 -1.96 ‘ 1.96 ‘ 314
cll | 600 | -80 [-7.9] 60 200 793 | 1421 | 196 | -5.89 628
s22 |400( 60 | 7.0 60 200 1621 | 2040 -5.89 1.09 | 419
c33 300 | 40 | -7.9 60 200 2240 | 2554 1.09 -6.76 314

55



images, and the models that are used so that images can be displayed. A separate graphics
package such as 3D Studio or NuGraph is required to build the models that are displayed
using the simulator. The STISIM simulator comes with a number of models that can be
used directly by the SDL.

To carry out a driving simulator experiment using the STISIM simulator, the
experimenter needs to input several files. The main one is the Event file, which contains
driving scenarios specified with simple commands listed in the Events file. A scenario
definition language (SDL) was developed to minimize the effort required to specify
experimental designs. The SDL permits the definition of road curvature, elevation,
intersections, signal timing, interactive traffic, etc, and also simplifies the specification of
scenario attributes that relate to driver psychomotor, divided attention and cognitive
behavior.

All of the events occur as a function of the distance from the start of the simulation
run and the different number of parameters associated with them. The most important
function available to researchers studying 3D highway geometric issues is the function
that allows users to create more than two events at the same location. This means that it
is possible to create a horizontal curve and a vertical curve in the same place. In this way,
a 3D horizontal overlapping with vertical curve can be generated using SDL. (The details
of defining an event were introduced in Section 4.1.2)

When the simulator was running, the SDL gathered simulation data in STISIM Data
files. The most useful form of data collection, evoked using BSAV/ESAV events, allows
the user to save data with a number of events parameters, including (Table 10):

A. Elapsed time since the beginning of the run (s).
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Vehicle’s longitudinal acceleration (m/s? or ft/ s?).
Driver’s longitudinal velocity (m/s or fi/s).

Driver’s lateral velocity (m/s or fi/s).

. Total longitudinal distance that the driver has traveled since the beginning of the run

(m or ft).

Driver’s lateral lane position with respect to the roadway dividing line, positive to the
right (m or ft).

Vehicle curvature that is determined based on the driver's steering and speed) (1/m or
1/f%).

Horn indicator, 0 if horn button is pressed. This indicator has been adjusted to record
the visual demand information (VDI): it is 0 if the visual occlusion spectacles are
opened and 1 if the visual occlusion spectacles are closed.

Other parameters based on the need of users

Those data were stored in a *.DAT file. A sample of a *.DAT file was given shown

in Table 10. The primary information saved in the file was the time when the foot pedal

was pressed. For example, in Table 10, the first ‘0’ occurred in the sixth row, in which A

= 0.6, which means that at 0.6 s, the foot pedal was pressed by the subject to trigger an

open state for the visual occlusion spectacles with 0.5 s time duration. As the simulator

recorded data every 0.1 s, there are five ‘0’s shown on the H column.

Another form of data collection, evoked using the RMSB/RMSE events, computes

the standard deviation of a range of variable in the steering and speed control tasks over a

specified distance. Using road parameters calculated by the method introduced in Section

4.3.1, ten hypothetical scenarios were designed by the SDL.
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Table 10 Sample of *. DAT File for Visual Demand Data Collection

“A B C D E F G H
0.1 0 22.22 0 1.85 1.83 0 1
0.2 0 22.22 0 4.07 1.83 0 1
0.3 0 22.22 0 6.3 1.83 0 1
0.4 0 22.22 0 8.52 1.83 0 1
0.5 0 22.22 0 10.74 1.83 0 1
0.6 0 22.22 0 12.96 1.83 0 0
0.7 0 22.22 0 15.18 1.83 0 0
0.8 0 22.22 0 17.41 1.83 0 0
0.9 0 22.22 0 19.63 1.83 0 0
1 0 22.22 0 21.85 1.83 0 0
1.1 0 2222 0 24.07 | 1.83 0 1
1.2 0 22.22 0 26.29 1.83 0 1

4.4 Experimental Process

The experiment was carried out once all of the prerequisites discussed were met. All
ten alignments were developed using the method discussed above. Details of these
alignments are given in Appendix A. Using the Scenario Development Language (SDL),
all the event files were developed in the simulator. The road scenario comprised 2D or
3D curves of given radius, the start point (PC or PVC), length, K value, and point of
tangency (PT or PVT). The rural two-lane highways for all the scenarios were developed
with varying lane widths. No intersections, pedestrians, other traffic or lateral
obstructions were included in any scenario. The operating speed of the thicle was kept
as 80 km/h or 22.22 m/s for all the scenarios.

Twelve subjects participated in this experiment and drove the ten 2D or 3D
alignments. Another three subjects attended the pilot study with the same scenarios. Each

participant went- through the simulation individually. Firstly, the subject was asked to
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drive on several practice 2D and 3D hypothetical alignments to get familiar with driving
in a driving simulator. The subject was asked to run those practice scenarios with the
‘random sequence agﬁin and again until the subject had gained enough confidence driving
in a simulator. |

When the subject was found to have enough confidence and driving performance,
the visual occlusion device was introduced and the subject was asked to drive the same
practice scenarios wearing and controlling the visual occlusion spectacles. Before starting
this practice, each subject was told how the visual occlusion spectacles worked. Each
subject was taught how to press the switch pedal to control opening the glasses when the
subject needed to watch the screen. The subject was asked to take as few glimpses as
necessary to remain in the driviﬁg lane. Once the subject was trained and felt comfortable
and confident enough to proceed, the formal experiment started.

Regarding data collection, all of the data were collected for each scenario of each
subject through the STISIM database. The ten alignments were named (from curve
combination 1 (combl) to curve combination 10 (comb 10)). The data were recorded in
the individual data file through the BSAV and ESAV code. All of the data were stored by
individual run and by individual subject.

The visual derﬁand information in the visual occlusion spectacles was recorded by
the STISIM simulator through the cable of the horn, and saved on the last column o/f the
ﬂata record file. If the; visual occlusion spectacles were closed (most of the time), 1 was
recorded and if they were opened, 0 was recorded in the data fecord file; As mentioned

| previously, the opening of the spectacles controlled by ToTal Control Software was kept

as 0.5 s, so that when the foot pedal was pressed, five consecutive zeros would be shown
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in the data file. The record data files were copied in separate folders with a name

representing each subject and each scenario.
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Chapter 5§ ANALYSIS RESULTS

5.1 Analysis Procedures

After performing all the scenarios, the output data for each subject driving each
alignment was recorded in individual *.dat files in the STISIM simulator. The data
extraction procedure was briefly described in the Pilot Study chapter. The detailed steps
are as follows:

° ﬁsed Notepad to open the *.dat file and deleted the additional description in the
beginning of the file.

e  Used Microsoft Excel to oopen the *.dat file. In Microsoft Excel, selected the
delimited option with separating tab and space.

e In the last data column, the visual demand information was saved in a binary
format, ‘0’ or ‘1°.

e In Microsoft Excel, the whole column of visual demand information (VDI) was
selected and then the filter function was used to collect all records with ‘0’ in the
visual demand information column.

e  Opened another worksheet in this Excel file, and pasted the filtered VDI data to it.
Since the opening tifne for the visual occlusion spectacles was kept as 0.5 s and the
data was collected at every 0.1 s, there were five consecutive ‘0’s for each opening
activity for visual occlusion spectacles.

e  The rows v;'ith visual demand values were filtered and carried onto another Excel
worksheet, which showed the time when the vision was needed, the traveling

distance, and other relevant data such as lateral position and acceleration.
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The rows with visual demand values were filtered and carried onto another Excel
worksheet, which showed the time when the vision was needed, the traveling
distance, and other relevant data such as lateral position.and acceleration.

Visual demand, in the form of VDF, was calculated by averaging the visual demand
values obtained on the whole length of the individual element (curve or tanéent).
Visual demand, in the form of VDH, was calculated by averaging the visual
demand values obtained on the first half of the full length of each element (curve or
tangent).

Visual demand, in the form of VD30, was calculated by averaging the visual
demand values on the first 30 meters of each element (curve or tangent) on the
alignment.

When this procedure was completed for all 150 data recording files, all of the visual
demand data for each c1;rve and tangent in all the scenarios and for each subject was
copied to a new Excel file.

Correlation matrices in SAS were used to calculate correction coefficients between
all pairs of variables. Instead of average visual demand value, the individual visual
demand value of each obseﬁation was analyzed to calibrate models to prevent data
from disturbing the vaﬁance.

Taking all the independent variables and the different probability distribution types
into consideration, a modeling process was carried out to develop a variefy of
models.

Different models were compared and one that produced the best result for all visual

demand values was selected.
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5.2 Calibrated Visual Demand Models

5.2.1 Curve Models

The primary objective of this research is to evaluate a driver’s visual demand. To
oversee‘the effect of 3D curves on visual demand, the variation of VD was plotted and
shown in Figure 11. It was observed that visual demand rises on the curves and tangents.
The average visual demand value on each curve was calculated, as shown in Table 11. It
was observed that the visual demand increases as the radius of the curve decreases, and
the K values decreases. The effect of the radius of the horizontal curve was noted in
i)revious studies. The effect of the K value on visual demand could be a potential causal
factor influencing the variation of visual demand.

- The method using average visual demand could, however, disturb the variance of
individual subjects, and visual demand varies considerably for each individual. Hence, an
in-depth study was carried out to establish the relationship between individual visual
demand, the radius of the horizontal curve, the K value of the vertical curve, and other
potential causal factors such as turning direction, the preceding grade (gl) and age. All
curves were categorized depending on their 3D properties.

The 3D horizontal overlapping with vertical curves, were categorized by the type of
the vertical curve as follows:

e  The crest curvature of the 3D horizontal overlapping with vertical curve was taken
as a nominal character variable C_type ©);
e  The sag curvature of the 3D horizontal overlapping with vertical curve was taken as

a nominal character variable C_type (S).
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Figure 11 Variability of Visual Demand on a Test Alignment

Table 11 Average Visual Demand on 3D Alignments with different R and K

z K 600 400 ‘ 300
80 0.354 0.373 0.394
60 035 = 0.371 0.399
40 0.356 0.382 0.409
Flat 0.327 0.358 0.387
-80 . - 0.351 0.373 0.402
-60 0.357 0.376 0.408
-40 0.362 0.39 0.416

The curve types of vertical curves shown in Figure 12 are: C_type (C) for crest vertical

PVC A Crest Curve (C_type=C, PVT

PVC A Sag Curve (C_type=S) PVT

Figure 12 Sketches Showing Characteristics of Vertical Curve Types .
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curve overlapping with horizontal curve, and C_type (S) for the sag vertical curve
‘overlapping' with horizontal curve. These curve types were considered in the SAS
_analysis as nominal character variables in SAS.

Depending on the horizontal alignment property, individual curves were also
categorized by the turning direction of the horizontal curve:
e  Direction (L) for a left-turning horizontal curve;

e  Direction (R) for a right-turning horizontal curve.

Several models were developed for VDF, VDH and VD30 for curves (see Appendix
i)). The best model is as follows:
VDF = 0.1668 + 28.6502 RINV + 1.2826 KINV*C_type(C) + 0.9592 KINV*C_type(S)
+0.0032 Age - (r'=080) (24)
VDH = 0.1685 + 37.2199 RINV + 1.0282 KINV*C_type(C) + 0.6457 KINV*C_type(S)
+0.0029 Age (r’=0.57)  (25)
Log (VD30) = - 1.5148 + 85.3096 RINV + 0.0084 Age (Pearson Chisq/DF = 0.01) (26)
where
VDF, VDH, VD30 = the visual demand for full, half and first 30 meters on curves,
RINV = inverse of radius of curvature, and
KINV = inverse of K (the absolute value is used for K on crest and sag vertical curves).
‘C_type (C) and C_type (S) = Nominal character variables, as described above. C_type
(C) takes a value of 1, and C_type (S) takes a value of 0 when this 3D curve includes a
crest vertical curve; C_type (C) takes a value of 0, and C_type (S) takes a value of 1
when this 3D curve includes a sag vertical curve; C_type (C) takgs a value of 0, and

C_type (S) takes a value of 0 when this is a 2D horizontal curve.
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All independent variables were tested with the null hypothesis Ho. The RINV,
KI&V *C_type, and Age were observed as the statistically significant variables for visual
demand in all the models developed. The models for 2D and 3D curves show that visual
demand is directly proportional to the product of the inverse of curve radius and the
inverse of fhe K value of the current element, and the age of subject. The variable RINV
(Inverse of radius) continues to play a significant role and has the greatest inﬂuence on
visual demand.

The inverse of K and Age, however, are also important. The VDF and VDH for 3D
curves were based on a normal distribution that produced the best fit for all models. The
VD30 for 3D curves was based on a log normal distribution, which is the best method to
calibrate VD30 models. The goodness of fit of the models of Equations 24 and 25 were
0.80 (r?) and 0.57 (1?) respéctiVely, indi’cating good fit. The goodness of fit of the model
of Equation 21 was 5.5341 (Chi-Square), indicating considerable fit. Table 12 shows the
statistical significance of the independent variables, all of which have reliability greater

than 99.99% for curves.

‘Table 12 Parameter Estimates on VDF of Curves

Variable C _type DF Std Error t Stat Pr>|t]|

Intercept | 1 0.0071 23.33 <0.0001

RNV 1 2.2900 12.51 <0.0001

KINV*C_type C 1 02176 5.89 <0.0001
H 0 - - »

S 1 0.2418 3.97 <0.0001

Age I 8321505 38.00 <0.0001
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5.2.2 Tangent Models

VD models on tangents were also developed. The characteristics of the preceding
curve, including the inverse of radii, turning directions, the inverse of the K values, and
the curve types were considered when calibrating the model. The models developed for

VDF, VDH, and VD30 of tangents are given in Appendix D. The best of the models are

as follows:

VDF = 0.2022 + 11.2527 PINVR + 0.0028 Age | (r*=0.35) (@7
VDH = 0.1940 + 19.9492 PINVR + 0.0029 Age (r*=0.35) (28)
VD30 =0.1837 + 19.8707 PINVR + 0.0036 Age (r*=0.35) (29)
where

VDF, VDH, and VD30 are the visual demand for full, half and first 30 metérs on tangent,
PINVR = Inverse of radius of c?urvature of the preceding curve, where radius is in meters.

In addition, the \;alues of observed VDF, VDH and VD30 are 0.3403, 0.3571 and
0.3790. Tables 13 shows the statistical significance of the independent variables
considered for evaluating VDF on tangents. As mentioned above, the age variable has a
reliability greater than 99.99%. PINVR is also a significant factor in visual demand on

tangents. There were, however, a number of variances in the tangent models.

The tangent models clearly showed that PINVR>(the inverse of radius of the
preceding curve) significantly affect the visual demand of the current tangent. The age
variable is another significant factor on visual demand. The r? values of the VDF tangent
- model, VDH tangent model and VD30 tangent model are 0.3465, 0.3476 and 0.3494,
respectively, indicating considerable fit. The influence of the characteristics of the

preceding or following vertical curvature was not found established.

67



Table 13 Parameter Estimates on VDF on Tangents

t Stat

Variable DF Estimate Std Error Pr>|t|

Intercept 1 0.2022 - 0.0161 12.52 <0.0001
Age 1 0.0028 0.0002 14.44 <0.0001

PINVR 1 11.2527 - 5.3048 2.12 0.0345

5.3 Discussion of Visual Demand on Curves

The variability of visual demand on 3D curves and tangents was established using
the model developed. Visual demand on 3D curves was found to be significantly related
to the vertical alignment characteristics. There were no new findings in tangent modeling,
and there were a large number of variances in the .tangent models. As a result, the
following discussion focuses mainly on the VDF model for 2D and 3D curves. For the
curve models, the radius of curvature ahd the K value of the 3D curve were varied to
understand the impact of the horizontal alignment and the vertical alignment. Motorists

aged from 18 to 71 were selected to test the effect of age on visual demand.

5.3.1 Effect of 3D Curvature

The primary objeétive of this research was accomplished with the development of
the models. A number of independent variables were investigated in the course of the
research. The vertical alignment characteristics, including the invefse of the K value of
fhe cr‘est curve and sag curve showed a statistically significant relationship with visua1
demand. The inverse of radius also showed a significant influence on the evaluation of
visual demand. Figures 13-15 show the variation of VD with respect to Inverse o‘f K

(KINV) of 2D and 3D curves. Figure 13 shows the variance of VD with respect to the
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Figure 13 Sensitivity of VDF with varying Inverse of K of the Vertical Curve
(Radius = 600m, Subject age = 60)
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Figure 14 Sensitivity of VDF with varying Inverse of K of the Vertical Curve
(Radius = 300 m, Subject age = 30)
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inverse of radius (RINV) of 2D and 3D curves. The visual demand values for either the
hoxliiontal alignment overlapping with crest vertical curve or the horizontal alignment
overlapping with sag vertical curve show a higher visual demand than the visual demand
for the ZD horizontal curve. The RINV variable, however, still shows the highest
influence on evaluation of visual demand. The KINV variable shows the second highest
influence on evaluation of visual demand. The type of the vertical curve inéluding crest
vertical curve, sag vertical curve or 2D horizontal curve was barely statistically
signiﬁcé.nt, but when crossed with KINV, it was statistically significant.

The signs of RINV (or 1/R) and KINV (or 1/K) ciearly show that visual demand is
directly proportional to these variables, and the coefficients show that RINV always has
the highest effect on all types of visual demand (Figure 16). KINV also has a significant
influence in all types of visual demand. It becomes clear that visual demand on 3D curves
is strongly inﬂﬁenced not only by.the inverse of the radius, but also by the inverse of K.
Although the influence of the inverse of R has the most significant effect on visual
demand, a new ﬁnding from this research is that the effect of the inverse of K always
makes the visual demand on the horizontal alignment overlapping with the crest vertical
curve (crest 3D curve) or the horizontal alignment overlapping with the sag vertical curve
(sag 3D curve) higher than the visual demand on the flat horizontal curve. Moreover, the
visual demand on the crest 3D curve is higher than that on the sag 3D curve with the
same, geometry parameters (R and absolute K).

-When driving on a foadway curve, drivers preferred to watch the end of the road
near the horizon. They sometimes looked to the left- or right side of the road to note

changes in the curvature of tﬁe road (Tsimhoni and Green 1999). Vertical curvature,
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Figure 15 Sensitivity of VDF with varying Inverse of K of the Vertical Curve
(Radius = 300m, Subject age = 60)
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either crest or sag, reshapes the 3D perception of the horizontal curvature, and makes it
api)ear either sharper (when combined with a crest curve) or flatter (when combined with
a sag curve) (Hassan and Easa 1998). These perceptions lead drivers to make slightly
erroneous decisions in vehicle control cémpared with usual their experience on the
regular 2D horizontal curves. As a result, drivers have to spend addition time and
attention re-adjusting the position of the vehicle while they negotiate the 3D alignment.
During this time, the driver’s vision may be blocked by the crest curve. This is the reason
that the visual demand on a crest 3D curve is higher than that on a sag 3D curve with the

same geometric parameters.

5.3.2 Effect of Age

The effect of age was found that to Be significant (P < 0.0001), using SAS. Figure
17 shows how older subjects had higher visual demand than younger subjects on both 2D
and 3D curves. Obviously, the mere presence of a curve was a strong loading factor for
older subjects. |

As people grow older, they suffer non-pathological changes in sensory efficiency
that is both gradual and insidious. People may not be aware of the extent to which their
eyesight is declining and the resulting failure to compensate may put them at risk as
drivers or pedestrians. When talking with other older drivers in this experiment, it was
found that the drivers in their 60s to 80s were not generally aware of the extent to which
their' visual acuity had declined, especially on complex and 3D élignments.

There could be two reasons for this. Firstly, the sensory losses of older drivers not
only put them at risk of failing to promptly perceive curves, other road users or

obstructions, but also greatly increase the time it takes them to decode information in the
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Figure 17 Sensitivity of VD with varying Age (Radius = 300m, K = 60)

visual field. Secondly, changes in visual function occur. There are two classes of change
in the ageing eye: the first, transmissiveness and accommodative power, begins to take
effect between the ages of 35 and 45. Distance vision, sensitivity to glare, binocular depth
perception and color sensitivity may deteriorate. The second type of change, which
begins between 55 and 65 years of age, concerns the retina and nervous systemv and may
affect the metabolism of the retina. These changes may affect the size of the visual field,

sensitivity to low light levels and sensitivity to flicker.

5.3.3 Comparison with On-road Test

In this research, the visual demand was evaluated under a driving simulator
environment. To utilize driver visual demand as a reliable source of information about a

roadway alignment, researchers and designers must know whether the information is
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roadway alignment, researchers and designers must know whether the information is
cor.nsistent and reliable. One method is to compare the results of this experiment with the
similar work conducted By TTI on local highways and test track (F itzpétrick et al. 1999).
The TTI on-road study was undertaken to evaluate the workload measures obtained
in a test .track. study, as shown in Table 14. A key difference between the on-road study
and this driving simulator study is that in the TTI study, only six drivers (cofnpared with
15) were tested. In addition, it was impossible to find real roadway curves that were
exactly comparable to those tested in this driving simulator experiment. When using the
model developed in this simulator experiment, subject age is equal to 30 years and curve
type is the flat horizontal curve (1/K = 0), which is a special case of 3D horizontal
overlapping with vertical curves. Figure 18 shows that the visual demand value (VD)
obtained in this research was similar to the result in the Test Track Study (Run 2). The
slope of the regression line of the simulator study data was similar to that of the TTI On-
Road Study (Run 2). VD reflects the absolute terms of visual demand of drivers, and the

Table 14 Comparison of this Study and Previous Studies

Study This Simulator TTI TTI
Experiment On-Road Test Test Track Study
Characteristics Rural highways Two local rural Three closed
» highways courses
Location Ryerson University TTI TTI
Sample 15 drivers 6 drivers 23 drivers
Independent 1/Radius, 1/K, Age, 1/Radius 1/Radius
Variables and so on
Dependent VDF VDF VDF
Variables :
Deflection Angle 60 deg 20, 45 deg * 20, 45, 90 deg *
Model Chapter 5.3 VDF (runl) = VDF (runl) =
0.173+43.013RINV 0.297+25.832RINV
VD(run2) = VD(run2) =
0.297+25.832RINV 0.285+23.133RINV "

* The previous research by TTI has found that deflection angle is not a significant factor.

74



-
r —&—This Simulator —=—TTl On-Road Run1 —&—TTI On-Road Run2 ] f
i —¥—TTIl Test Track Run 1 —¥—TTI Test Track Run2 5 '

0.40

0.38

036 |-

034 |-

0.32

0.30 +
0.28

Visual Demand

0.26 1~

0.24 L

0.22 =

 0.20

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 !
Inverse of Radius (for Flat Horizontal Curve) i

Figure 18 Comparison of Simulator Study and On-Road Study and Test Track

slope of regression line reflects the change trend of visual demand. This similarities
found in this comparison should increase confidence in the findings of this driving

simulator experiment.

5.3.4 Model Verification and Comparison

A comparative study was carried out to consider the goodness of fit of the models
developed. The 13% observed visual demand data based on two subjects (a 30 year old
driver and a 61 year old drivers) on all test alignments were selected to verify the newly
developed VDF model (Equation 24) estimated based on 13 subjgcts, and to compare the
model results with those predicted by the following FHWA VDF model (Fitzpatrick et
a1.1999):‘/

VDF =0.388 +34.663/R (30)
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In total, seventy-two VDF data observations on all tested curves were used for
veﬁﬁcation and comparison, including thirty-two 3D horizontal curves overlapping with
sag curves, thirty-two 3D horizontal curves .ovérlapping with crest curves, and eight 2D
horizonta] curves. A series of visual demand values for the individual elements of all
combinations was calculated using the model equation developed in this research. The
model is called New Model VD. Another series of visual demand values for éach element
was calculated using the FHWA model of Equation 30. The objective of this comparison
was to verify the effectiveness of applying the developed model in evaluating visual
demand on any highway alignment.

Firstly, the three types of VDF data on 2D horizontal curves were compared. The
comparison graph presented in Figure 19 illustrates the goodnt_ass of fit of the VD. The
information about observation elements is given in Table 15. The comparative study for
~ VDH and VD30 models shows similar results. In the graph of VDF on 2D horizontal
curves, the visual demand estimated by the new developed model showed a trend similar
to the observed visual demand. Its absolute values were much closer to the observed
value at each observation element, compared with the FHWA model data in each
location. From the verification study, it becomes evident that for. the 2D horizbntal
curves, the VDF calculated from the new model in this research succeeds in representing
the observed VDF data from the simulator experimentation. It also becomes evident that
the new model reflects much more accurate VDF values than the existing popular model.

' Secondly, the three types of VDF déta on 3D curves for young and middle aged;
drivers (30-year age) were compared (Figure 20) to illustrate the goodness of fit of the

visual demand on 3D curves. The information on observation elements was given in
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Table 16. The graph of VDF on 3D curves indicated that the new model VDF for young
and middle aged drivers showed a trend similar to that of the observed VD. Compared
with the FHWA model, its absolute values were also much closer to the observed value at
all 32 qbservation elements. From these results, it is evident that for the 3D curves for
young and middle aged drivers, the visual demand calculated from the new VDF model
represents the observed VDF data well. In addition, the new model predicts visual
demand more accurately than does the FHWA model.

The three types of VDF data on 3D curves for the older driver were compared and
the comparison graph is shown in Figure 21 to illustrate the goodness of fit of the VD on
3D curves. The information on observation elements was given in Table 17. The graph of

VDF on 3D curves for older driver indicated that the new model VDF also showed a

! Observed VD B New Model VD OFHWA Model VET,
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Figure 19 Comparative Study on Goodness of Fit (2D Horizontal Curves)
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Table 15 Information of Individual Observation Elements (Horizontal Curves)

Observation Subject Age
Number Comb ID |CurveID| Curve type R K
1 2 h3 2D Horizontal | 300 | NA 30
2 2 h2 2D Horizontal | 400 | NA 30
3 2 hl 2D Horizontal | 600 | NA 30
4 2 hl 2D Horizontal | 600 | NA 30
5 2 h3 2D Horizontal | 300 | NA 61
6 2 h2 2D Horizontal | 400 | NA 61
7 2 hl 2D Horizontal | 600 | NA 61
8 2 hi 2D Horizontal | 600 NA 61
B Observed VD B New Model VD OFHWA Model VD
0.60
0.50
L 0.40
b
©
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Figure 20 Comparative Study on Goodness of Fit (Sag and Crest Curves,
Subject age =30)

78




Table 16 Information of Individual Observation Elements (Subject Age = 30)

Observation ID |Comb Num| Curves ID Curve type R K
b 3 cl3 Horizontal + Crest 300 80
2 3 c21 Horizontal + Crest 600 60
3 3 s33 Horizontal + Sag 300 40
4 3 s12 Horizontal + Sag 400 80
5 4 c33 Horizontal + Crest 300 40
6 4 cll Horizontal + Crest 600 80
7 4 s13 Horizontal + Sag 300 80
8 4 22 Horizontal + Sag 400 60
9 5 c33 Horizontal + Crest 300 40
10 5 cl2 Horizontal + Crest 400 80
11 5 s12 Horizontal + Sag 400 80
12 5 21 Horizontal + Sag 600 60
13 6 c33 Horizontal + Crest 300 40
14 6 cl2 Horizontal + Crest 400 80
15 6 s13 Horizontal + Sag 300 80
16 6 s21 Horizontal + Sag 600 60
17 7 c33 Horizontal + Crest 300 40
18 7 c21 Horizontal + Crest 600 60
19 7 s13 Horizontal + Sag 300 80
20 7 §32 Horizontal + Sag 400 40
21 8 23 Horizontal + Crest | 300 | 60
22 8 c32 Horizontal + Crest 400 40
23 8 $33 Horizontal + Sag 300 40
24 8 511 Horizontal + Sag 600 80
25 9 c22 Horizontal + Crest 400 60
26 9 c22 Horizontal + Crest 400 60
27 9 §23 Horizontal + Sag 300 60
28 9 $21 Horizontal + Sag 600 60
29 10 c32 Horizontal + Crest 400 40
30 10 c31 “Horizontal + Crest 600 40
31 10 $23 Horizontal + Sag 300 60
32 10 s31 Horizontal + Sag 600 40
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trend similar to that of the observed VD. Its visual demand values were also closer to the
observed value at 19 observation elements (59.4% of all elements) than were the FHWA
model results. Thus, for 3D curves, the visual demand calculated from the new model_
represents the observed VD data from the simulator experimentation well, and this model
is better than the FHWA model. The FHWA mo;iel developed using an old model
simulator may overestimate visual demand values than the result from the on-road test.
On the other hand, the effect of age takes a positive influence on visual demand. So in
Figure 21, the result of FHWA model appears improved for the old driver.

A comparison for a specific curves combination (Alignment 7) was given in Figure
22 and the values on the x-axis are the start distances of 3D curves along this alignment.
This combination includes two 3D horizontal + sag curves (s13 and s32) and two 3D

horizontal + crest curves (c33 and c21). Table 18 shows the design parameters of the

VDF [@Observed VD ®New Model VD OFHWA Model VD |
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Figure 21 Comparative Study on Goodness of Fit (Sag and Crest CurVes,
- Subject age =61)
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Table 17 Information of Individual Observation Elements (Subject Age= 61)

Observation ID [Comb Num| Curves ID Curve type R K
1 3 cl3 Horizontal + Crest 300 80
2 3 c21 Horizontal + Crest 600 60
3 3 s33 Horizontal + Sag 300 40
4 3 s12 Horizontal + Sag 400 80
5 4 c33 Horizontal + Crest 300 40
6 4 cll Horizontal + Crest 600 80
7 4 s13 Horizontal + Sag 300 80
8 4 22 Horizontal + Sag 400 60
9 5 ¢33 Horizontal + Crest 300 40
10 5 cl2 Horizontal + Crest 400 80
11 5 s12 Horizontal + Sag 400 80
12 5 s21 Horizontal + Sag 600 60 -
13 6 c33 Horizontal + Crest 300 40
14 6 cl2 Horizontal + Crest 400 80
15 6 s13 Horizontal + Sag 300 80
16 6 s21 Horizontal + Sag 600 60
17 7 c33 Horizontal + Crest 300 40
18 7 c21 Horizontal + Crest 600 60
19 7 s13 Horizontal + Sag 300 80

20 7 32 Horizontal + Sag 400 40
21 8 c23 Horizontal + Crest 300 60
22 8 c32 Horizontal + Crest 400 40
23 8 $33 Horizontal + Sag 300 40
24 8 sl1 Horizontal + Sag 600 80
25 9 c22 Horizontal + Crest 400 60
26 9 c22 Horizontal + Crest 400 60
27 9 23 Horizontal + Sag 300 60
28 9 s21 Horizontal + Sag 600 60
29 10 c32 Horizontal + Crest 400 40
30 10 c31 Horizontal + Crest 600 40
31 10 23 Horizontal + Sag 300 60
32 10 s31 Horizontal + Sag 600 40
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curves on this alignment. The FHWA model clearly overestimated the visual demand
valge on each 3D curve. The FHWA model predicted the same visual demand value for
s13 at 278.54 meters and c33 at 792.7 meters because both have the same radius, but the
observed VD at ¢33 is actually higher than that at s13 because of different K values (80
and 40) and curve types (sag and crest). This trend was matched well by the newly
developed model. The model developed in this simulation study appéars to be much
better than the FHWA simulation model.

According to the resulfs of the comparative study, it becomes evident that vertical
curvature including either sag curve or crest curve has a significant impact on evaluating
visual demand oﬁ 3D curves. Age also has a significant impact on evaluating visual
demand on either 2D horizontal curves or 3D curves. The primary and main objectives of
this research work have been successfully accomplished. The model developed in this
study for measuring visual demand appears to be an effective start in evaluating VD with
respect to 3D highway geometric parameters. On the other hand, the studies of visual
demand related to performance measures did not produce an écceptable result that could
be applied to compute an upper and lower limit as thresholds of visual demand for VD
evaluation. For this reason, more work is needed to continue driver visual demand

evaluation in this area.

Table 18 Test Alignment 7

Curve Start End
Num | Curveid | R (m) K Length (m) | Distance (m) Distance (m)
1 s13 300 80 314.16 278.54 592.7
2 c33 300 40 314.16 792.7 1106.86
3 s32 400 40 418.88 1306.86 1725.74
4 c21 600 60 628.32 1925.74 2554.06
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Figure 22 Comparative Study for a specific Curves Combination (Test Alignment 7)

5.4 Discussion of Visual Demand on Tangents

Due to the considerable variability existing among subjects, the regressiori models
of VDF, VDH and VD30 on tangents explain only a limited part of the variability (r* =
0.3465, 0.3476, and 0.3494, respectively). Nevertheless, the regression model describes
the linear relationship between visual demand and two significant factors: preceding
curvature and subject age (see Eqﬁations 27-29). This study did not find that grade had a
aniﬁcant impact on visual demand on tangents. One possible reason is that the subjects

do not experience real world forces of gravity while driving on a tangent in the simulator.
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5.4.1 Effect of 3D Curvature

The impact of 3D curvature on the visual demand of tangents has become clear
from the results of this research. The variabﬂity of visual demand on tangents was
established using the model developed. Figure 23 shows the variation of visual demand
with respect to PINVR (inverse of radius of preceding curve). It was observed that the
PINVR variable individually causes a significant impact on the evaluation and that it has
a high correlation with the observed visual demand values. The rate of change of visual
demand due to the influence of PINVR is higher for VD30 and VDH, and lower for VDF.
The rate of change of visual demand for VD30 is the same as that for VDH because the
PINVR variable causes a similar impact on VD30 and VDH of tangent and causes a

lower impact on VDF.

| ——VDF vs PINR ——VDH vs PINVR —&—VD30 vs PINVR |
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Figure 23 Sensitivity of VD on Tangents with varying Preceding Curve Radius
(Subject age = 30s)
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5.4.2 Effect of Age

The Age variable had a great impact on the evaluation of visual demand on
tangents. The models developed in this study also reflect the impact of f(he age variable
and PINVR. Figure 24 shows the sensitivity of VDF, VDH and VD30 with varying
subject age. It clearly indicates that the drivers older than 70 years of age have twice the
visual demand on tangents of young drivers. The graph also indicates that VD 30 remains
higher than other visual demand values (VDF and VDH). The slope of the VD30 line is
much sharper than the others, which indicates that a little variation in the age of the

subject has much more influence on VD30 than on VDF and VDH.
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Figure 24 Sensitivity of VD with varying Subject Age (Radius = 600 m)
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Chapter 6 MODEL APPLICATION AND VISUALIZATION

The driving simulation method and the model developed for visual demand on 3D
curves all together offer great promise for evaluating visual demand on 3D alignments of
real roadways. The applicability of the newiy develop model was verified by applying the
model to evaluate visual demand in different combinations of 2D and 3D élements. In
addition, a method for presenting visual demand data using Geographic Infoﬁnation

Systems (GIS) is presented.

6.1 Description of Test Alignments

Two hypothetical alignments were established: (1) an alignment with five 2D
horizpntal curves with different radii; and (2) an alignment with ten 3D curves with
different radii and K values. The 2D horizontal alignment was composed of five
horizontal curves with thé radii of 300 m, 400 m and 600 m. See Figure 25 for a the plan

of this 2D horizontal alignment. The design parameters of this 2D alignment are shown in

Table 19.

Table 19 Detailed Geometric Information for 2D Test Alignment

Element Feature R (m) K Def Angle Length (m) Start End

No. (degree) Distance (m) | Distance (m)

1 h3 300 NA 60 314.2 200 514.2
2 Tangent 200 514.2 714.2
3 hl 600 NA 60 628.3 714.2 1342.5
4 Tangent 200 1342.5 1542.5
5 h2 400 NA 60 418.9 1542.5 1961.4
6 Tangent 200 1961.4 2161.4
7 - h3 300 NA 60 314.2 2161.4 2475.6
8 Tangent 200 2475.6 2675.6
9 hl 600 NA 60 628.3 2675.6 3303.9
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The 3D alignment consisted of ten 3D curves with different R-values and K-values.
Table 20 shows the design parameters of the 3D alignment. The tangents between each
curve are equal to 200 meters. Figure 26 shows the plan view of the 3D alignment. The

operating speed is 80 km/h.

h3
R300

-—Ieoo|——

R600
hi

h3
R300

200
<

Figure 25 Sketches showing Plan View of 2D Test Alignment

Figure 26 Sketches showing Plan View of 3D Test Alignment
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Table 20 Detailed Geometric Information for 3D Test Alignment

Curve Start End
Element Length Disfance Distance (Start Grade| End Grade
No. Feature | R K (m) (m) (m) (%) (%)
80
1 ot 600| (Crest) | 628.3 357.1 985.4 3.927 -3.927
2 Tangent 200 985.4 1185.4 -3.927 -3.927
80
s12 |400| (Sag) 418.9 1185.4 1604.3 -3.927 1.309
Tangent 200 1604.3 1804.3 1.309 1.309
60
c23 |300| (Crest) | 314.2 1804.3 2118.4 1.309 -3.927
Tangent 200 21184 2318.4 3927 | -3.927
40
s32 |400| (Sag) 418.9 2318.4 2737.3 -3.927 6.545
Tangent 200 2737.3 2937.4 6.545 6.545
40
9 c33 |300| (Crest) | 314.2 2937.4 32515 6.545 -1.309
10 Tangent 200 | 32515 34515 -1.309 -1.309
80 ,
11 s11 |600| (Sag) 628.3 3451.5 4079.8 -1.309 6.545
12 Tangent 200 4079.8 4279.8 6.545 6.545
80 _
13 c12 [400( (Crest) | 418.9 4279.8 4698.7 6.545 1.309
14 Tangent 200 4698.7 4898.7 1.309 1.309
80
15 s13 |300| (Sag) 314.2 4898.7 5212.8 1.309 5.236
16 Tangent 200 5212.8 5412.8 5.236 5.236
. 60
17 c21 |600| (Crest) | 628.3 5412.8 6041.2 5.236 -5.236
18 Tangent 200 6041.2 6241.2 -5.236 -5.236
40
19 . s33 |300( (Sag) 314.2 6241.2 6555.3 -5.236 2.618

* The absolute value was used for K in the visual demand calculation.
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6.2 Results

The consistency evaluation results based on the visual demand estimated by the
models developed for 3D alignments were compared with the results obtained from the
operating speed consistency method presented in Chapter 2. The purpose of the
comparison was to determine whether the two methods produce comparable trends in

design consistency.

6.2.1 Results for 2D Horizontal Alignment

The operating speeds on individual horizontal curves of this 2D test alignment were
estimated using the 85™ percentile speed equations in Section 2.1.2. The desired speed on
tangents is equal to 100 km/h according to the recommendation by TAC. After checking

TL, by using Equations 2-4 in Section 2.1.2, all were found to be long tangents, so the

operating speed is 100 km/h. The operating speed on horizontal curves was calculated
using the Type 3 equation in Table 1 (Section 2.1.2).

The visual demand (VDF) for the 2D horizontal test alignment was estimated using
the model developed in this study, assuming a middle-aged driver (30 years old) driving
on a two-lane rural highway. The operating speéds and differences, and the visual
démand values are shown in Table 21. |

~ As the maximum difference in operating speeds between the tangent and the curve
was 7.1 km/h, which is just within the acceptable limit of 10 km/h, the proposed
alignmeht was considered to be acceptable in terms of operating speed. After obtaining
an acceptable critical threshold for visual demand, the VD consistency can also be

evaluated by quantifying its difference.
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Table 21 Operating Speed and Visual Demand for 2D Test Alignment

Operating Speed Visual Demand
(km/h)
Element | Feature | R (m) Length Chainage
No. (m) (m) Ves | Vasl- _
V85 2 VDF Difference
(km/h) x 100
1 h3 300 314.2 200 92.9 - 0.358
2 Tangent 200 514.2 100 7.1 0.324 34
3 hl 600 628.3 714.2 98.9 1.1 0.311 1.3
4 Tangent ‘ 200 13425 100 1.1 0.305 0.6
5 h2 400 418.9 1542.5 95.9 4.1 0.334 29
6 Tangent 200 19614 100 4.1 0.314 2
7 h3 300 314.2 21614 92.9 7.1 0.358 4.4
8 Tangent 200 2475.6 100 7.1 0.324 34
9 hl 600 628.3 2675.6 98.9 1.1 0.311 1.3

6.2.2 Result for 3D Alignments

The 3D test alignment was also analyzed using the methods based on speed
consistency and the visual demand estimate. The radii, K values, grades, start distances
and lengths of curves were computed and complied with TAC and AASHTO. Thé
operating speeds on horizontal curves combined with vertical curves were calculated
using the equations in Table 1 in Section 2.1.2. The operating speed on each tangent was
100km/h. |

A driver aged 30 was assumed to drive on the alignment. The results are shown in
Table 22. These results show that in the overall alignment, the curve of ¢33 needs the
highest visual demand because it has th¢ sharpest radius and the smallest K value.
Between cui've c23 starting from the distance of 1804.3 meters and its following tangent,
there is a speed difference of 12.3 km/h, which is outside the standard for good

. consistency. The design is considered to be fair rather than good and should be improved.
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Table 22 Operating Speed and Visual Demand for 3D Test Alignment

T?g?&f: d Oper?lt(lrr:lg;h?peed Visual Demand
Feature R [ K Iit:]r;/& Ch?'i:)age calcuc;;ting V.. 1-
(m) operating v 8 '
speed 85 Vs 2 VDF |Difference
(kmv/h) (kn/h) x 100
cti-
600 | 80| 628.3 | 357.1 Type 6 92.3 -
upgrade 0.327
c11-downgrade | 600 | 80 | 628.3 | 671.3 Type 6 97 4.7
Tangent 200 985.4 |Longtangentt 100 3 0.305 22
s12 400 |80 | 4189 | 11854 Type 5 96.7 3.3 0.346 4.1
Tangent 200 1604.3 [Long tangentf 100 3.3 0.314 3.2
c23- 300 | 60| 314.2 | 1804.3 Type 6 87.7 12.3
upgrade 0.380 | 65
do:::r;de 300 | 60 | 314.2 | 1961.4 Type 6 91.8 4.1
Tangent 200 2118.4 |Longtangentl 100 8.2 0.324 5.6
s32 400 | 40 | 418.9 | 2318.4 Type 5 96.7 3.3 0.358 3.5
Tangent 200 | 2737.3 |Longtangent 100 3.3 0.314 4.4
c33 300 | 40| 314.2 | 29374 | Type7 91.3 8.7 0.39 7.6
Tangent 200 3251.5 |Longtangent 100 8.7 0.324 6.7
s11 600 | 80| 628.3 | 3451.5 Type 5 99.6 04 0.323 0.12
Tangent 200 | 4079.8 |Longtangent 100 0.4 0.305 1.8
c12- 400 | 80| 418.9 | 4279.8 Type 6 90 10
upgrade 035 | 46
€12- 1400 |80| 418.9 | 4480.3 | Types | 944 | 44
downgrade :
Tangent 200 | 4698.7 |Longtangent 100 5.6 0.314 3.6
s13 300 {80 | 314.2 | 4898.7 Type 5 93.9 6.1 0.37 5.6
Tangent 200 5212.8 |Longtangentt 100 6.1 0.324 4.7
c21- 600 |60 | 628.3 | 5412.8 | Type6 92.3 7.7 |
uegrade 0332 | 08
©21- 1600 |60 628.3 | 5727 | Types 97 47
downgrade
Tangent -| 200 6041.2 |Long tangenﬁ 100 3 0.305 2.7
s33 300 40| 314.2 | 6241.2 | Type5 93.9 6.1 0.382 7.7
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6.3 Discussion

For the 2D horizontal alignment, the results in Table 21 show that visual demand
increases as the radius of the curvature decreases, and that visual demand increases
linearly with the inverse of radius. In this case, the maximum visual demand requirement
exists on the curve with the 300 m radius. Table 21 shows that operating speed increases
from the curve to the following tangent, and decreases from the preceding tangent to the
curve. In contrast, visual demand decreases from the curve to the following tangent, and
increases from the preceding tangent to the curve. Obviously, the single and independent
value of either operating speed or visual demand for individual element is not a good
measure for evaluating the design quality of the highway.

Based on the design consistency concept, the differences in operating speed and VD
were generated and compared, as shown in Figures 27 and 28. The two profiles, one for
operating speed and the other for visual demand, are quite similar and well matched with
each other. Although the threshold values for visual demand were not previously
established, the new finding using the visual demand consistency evaluation can be
supported by the speed consistency evaluation, and a similar result could be acquired.
The findings show that visual demand measurement has very good potential as a design
consistency rating measure if visual demand threshold values indicating limits are
developed.

The results of the 3D alignment show that visual demand increases as the radius of

the horizontal curvature becomes smaller and as the K value of the vertical curvature
becomes smaller. With the same radius and K value, the visual demand for the horizontal

overlapping with crest curve is higher than that for the horizontal overlapping with sag
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Figure 27 Difference of Speed Profile for 2D Test Alignment
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Figure 28 Difference of Visual Demand Profile for 2D Test Alignment
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curve. Since several previous driver workload studies have indicated that high drivgr

workload results in an increased potential for accidents, the most dangerous location is on

curve c33 at 2937.4 meters. This curve, has the smallest radius and K value and the
largest difference in visual demand value.

Although the analysis for operating speed shows the opposite result from the
analysis for visual demand, the consistency analysis with respect to the difference of
value including speed and visual demand shows a similar trend in both profiles (Figures
29 and 30). For this point, the analysis for 3D test alignment clearly shows the same
result as that obtained from the 2D test alignment analysis. A strong relationship between
speed consistency and visual demand consistency could be established. A well-defined
limit with respect to the acceptaBle variation of visual demand could then be produced for
evaluating an acceptable design by using the visual demand determination method.

The driver workload models developed in this study produce more sensitive results
than those produced by other models, because the models developed include more
geometric features such as the vertical curvature.

The following important points arise from the above discussion:

. The visual demand method and model developed in this study highlight the 3D
nature of highway alignments. These 3D issues were not addressed in earlier
models used to evaluate design consistency.

e  The speed difference and the visual demand difference are useful for evaluating

design coﬁsistency, and both profiles match very well.
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In conclusion, the workload consistency results could be supported by comparing
the‘ difference in operating speeds and the difference in visual demand values. In the same
way, the critical threshold for visual demand consistency could be established by
comparing the changing trend in the difference of operating speeds with that of visual

demand.

6.4 GIS Visualization

A limited number of techniques have been developed and épplied to present
highway alignments and relevant information such as vehicle speed, driver visual demand
and vehicle operati(;n stability. The most popular technique is a graphical presentation to
show the 2D plan or vertical profile of a road, but this approach fails to present the 3D
nature of location-based visual demand information. New techniques have been
developed to present 3D highway alignments and related location-based information,

such as driver visual demand and vehicle speed.

6.4.1 Background

Geographic Information Systems (GIS) is a computer system capéble of
assembling, storing, manipulating, and displaying geographically referenced information,
i.e., data identified according to their locations (USGS 1997). Today, GIS has become an
important field of information technology (IT) infrastructure, and has been broadly
applied in many areas §uch as transportation, environment, military, agriculture and
energy.

The object of visual data analysis is to use graphics to assist in data exploration and

" the development of ideas in scientific investigation (Unwin et al. 1994). The emphasis of
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visualization is on the exploratory analysis of information by means of symbolic-to-
geometric transformation, interactive data manipulation and display, graphical rendering,
and so on (Jiang énd Li 2001). The objective of visualization is to produce visual images
that can effectively utilize the ability of the human visual system to identify spatial
patterns and processes in spatial problem solving and decision making (Robertson 1988).
Human factors research has shown that 50 percent of the brain's neurons are involved in
vision, and it is believed that 3D displays stimulate more neurons and involve a larger
portion of the brain in the problem solving process (Albert and Yeung 2002). Thus a 3D
spatial model suggests much more information than the 2D chart or graphic we are

familiar with.

6.4.2 Visualization of 3D Highway Alignments

Compared with the CAD 3D tephnique, one of the main benefits of GIS 3D
visualization is that it provides a simple, fast and accurate method to build the models of
3D highway alignments and relevant information such as visual demand. Using Adding
Route Events (ESRI 1999), Extruding, and 3D analysis, the location information and
especially the elevation and grade value controlled by the K value on vertical alignments,
can be accurately presented in the GIS 3D system.

To introduce 3D visualization technology applied in a driver workload study, a
PolylineM Shape file of a six-mile two-lane rural highway in the State of Georgia
(U.S.A.) was obtained to present the visual demand information on the 3D highway
network‘model; The GIS PolylineM Shape file of this highway was opened on a 2D View
window. As the two-and-half dimensional spatial modeling system, GIS is unable to

create the 3D line model directly. Fortunately, based on the Measured Polyline type, the
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Adding Route Events function can be applied to create a series of 2D location points
aloﬁg this. highway. If the density of the points is high enough, it will appear as a 3D

spatial line, as shown in Figure 31.

6.4.3 Visdalizaﬁon of Driver Visual Demand

The visual demand data output from the driving simulator has been recorded based
on the distance along the highway alignments, as shown in Table 23. The visual demand
data with the distance information can be posted in ArcView-GIS 2D view by using the
Adding Route Events function to create a series of location 2D points along the highway
alignment. Then, the 2D points can be extruded to be the 3D columns, the heights of

which represent the value of visual demand (Figure 32).
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Figure 31 3D Visualization Model of Highway Alignment
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Table 23 Visual Demand Information along the Highway Alignment

Time (s) Distance (m) VD
0.6 12.96 0.1832
3.3 72.95 0.185185
5.9 130.72 0.192308
8.7 192.94 0.178571
11.3 250.71 0.192308
12.7 281.84 0.357143
14.3 317.69 0.3125

16 355.75 0.294118
17.9 398.25 0.263158
19 422.81 0.454545
20.5 456.32 0.333333
22.2 494.34 0.294118
23.9 532.4 0.294118

Figure 32 3D Visualization Model of Visual Demand on Highway Alignment
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Using GIS 3D modeling, the variation in visual demand can be posted on the
hfghwéy network to examine the effects of the curve, curve combinations, tangents,
intersections and othef environmental elements contributing to visual demand. As shown
in Figure 32, the dark sections of highway are curves on which the visual demand values
are obviouély higher than the visual demand values on tangents.

Another benefit of GIS 3D modeling is the improved management of visual demand
information. It helps visualize, manipulate, analyze and present visual demand
information or other information that is tied to a spatial location on 3D highway
alignments, and gives one a better understanding of the 3D highway alignment and its
relevant information. It links information about where things are with information about
what things are like. A GIS can link data sets such as visual demand information and
speed information fogether by common linear locations along the highway alignment. By
creating a shared database one department can benefit from the work of another, data can
be collected once and used many times.

| Therefore, GIS and 3D visualization techniques can be applied to develop an
advanced visual demand information management system, which includes the complete
visual demand information and speed information database. The 2D mapping system and
3D visualization models are integrated to provide evaluation of visual demand

consistency and operating speed consistency.
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Chapter 7 CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

The conventional methods for evaluating driver visual demand and workload can
deal with only 2D horizontal alignments. The purpose of this research was to examine the
effects of 3D alignments (combinéd horizontal and vertical alignments) on driver visual
demand. The experimental design and evaluation procedure used were developed in this
research. The simulation results have clearly shown that 3D alignments have a significant
effect on visual demand. As Easa et al. (2002) have suggested, 3D highway alignment
issues must be addressed using 3D modeling.

This research has shown that the effects of radius of horizontal curve and the K
parameter of vertical curves on visual demand are statistically significant. The visual
demand for the 3D alignments Awas} linearly related to the inverse of K and the inverse of
R. The results showed that the preceding grade of the 3D curve did not have a significant

effect on visual demand. The following findings are highlighted:

e Current models of visual d.emand on 2D curves are not applicable to_evaluate
visual demand on 3D curves. Vertical curves (crest or sag) had a positive
influence on visual demand. Visual demand linearly increases as the inverses of
K or R increases, as expected. Meanwhile, the model developed in this study
can be used for evaluating visual demand for 2D horizontal alignments, which
can be considered a special case of 3D alignments with 1/K = 0. The visual
dmnaﬁd resulting from this simulator experiment was very close to that of an

on-road test and test track study reported in the literature. The driving simulator
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can be used to obtain objective measurements of driver visual demand on 3D
highway alignments.

The simulation results showed that age has a significant effect on visual
demand. A driver older than 65 experiences 35 - 40% more workload on 3D |
alignments than a young driver does.

In tangent models, the inverse of the preceding radius and age are two
significant factors. The significant effect of the inverse of the preceding radius
has been reported for complex horizontal alignments (Easa and Ganguly 2004).
The app]ication results showed that the workload consistency method can be
supported by the operating speed consistency method. Therefore, driver visual
demand has very good potential as a design consistency rating measure. The
visual occlusion method is sensitive to changes in road geometry and is a
promising measure of measuring driver workload.

The GIS virtual reality technique should be applied to visualize the location-
based visual demand information on the 3D highway network, for the purpose
of data query, consistency evaluation, road safety analysis, and decision-

making.

7.2 Recommendations

The following recommendations are made based on this research:

The visual demand models on 3D alignments have been developed for an

operating speed of 80 km/h. Previous studies have indicated that the variation of

. operating speed has an immense impact on visual demand. Therefore, future

research should evaluate the effect of operating speed on visual demand for 3D
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alignments by conducting similar experiments with different speeds.

Lane width has played a significant role in modeling visual demand on 2D
horizontal curves, so it is expected to have a similar effect on visual demand on
3D alignment. The visual demand model developed in this study is based on an
environment of two-lane rural highway with a 3.6 m land width. Hence, visual
demand models, incorporating various highway types, land width and shoulders
width, should be developed.

These research findings are a start at evaluating the effect of 3D highway
alignments when considered alone as a geometric parameter, without traffic
flow, pedestrians, intersections, signs and pavement markings. These factors are
expected to affect visual demand. Thus a visual demand study for 3D highway
alignments that include the preceding factors should be conducted.

Features of the driving simulator in this study were set up to imitate the driving
environment during daytime. Previous research has found that driver
performance in daytime is different from that at nighttime. For this reason, an
experiment couid be conducted to evaluate visual demand on 3D alignments for

driving at nighttime.
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Appendix A

CHARACTERISTICS OF TESTED ALIGNMENTS
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Table 24 Detail Geometric Information on Test Alignment — 1

Def Curve Start End Start End
ElementID | R(m) [ K | Angle | Length | Distance | Distance | Grade | Grade
. (degree) (m) (m) (m) (%0) (%)
Vertical |\ | 40| NA | 2356 | 317.8 | 5534 | 2945 |-2.945
Curve 1
Vertical |1 40 | NA | 2356 | 5534 | 7891 | -2.945 | 2.945
Curve 2
Vertical | | g0 | NA | 3142 | 7891 | 11032 | 2.945 |-0.982
Curve 3 :
Vertical | | 60 | NA | 3142 | 11032 | 14174 | -0982 | 426
Curve 4

* As a reference group, test alignment has not tangent connecting two curves

/\/\/

Vertical
Curve 1

Vertical
Curve 2

Vertical
Curve 3

Vertical
Curve 4

Figure 33 Sketches showing Vertical Profile of Test Alignment — 1
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Table 25 Detail Geometric Ihformation on Test Alignment — 2

Def Element Start End Start End

Element R (m) K Angle Length Distance Distance | Grade | Grade
ID (degree) (m) (m) (m) (%) | (%)
Curve-hl 600 - 60 628.3 200 828.3 0 0
Tangent-1 - - - 200 828.3 1028.3 0 0
Curve-h2 400 - 60 418.9 1028.3 1447.2 0 0
Tangent-2 - - - 200 1447.2 1647.2 0 0
Curve-h3 300 - 60 314.2 1647.2 1961.4 0 0
Tangent-3 - - - 200 1961.4 2161.4 0 0
Curve-hl 600 - 60 628.3 2161.4 2789.9 0 0

Figure 34 Sketches showing Horizontal Curves of Test Alignment — 2

112




Table 26 Detail Geometric Information on Test Alignment — 3

’ Def Element Start End Start End
Element R K Angle | Length | Distance | Distance Grade Grade
1D (m) (degree) | (m) (m) (m) (%) (%)
Curve-c13 | 300 | -80 60 314.2 278.5 592.7 1.964 | -1.964
Tangent-1 - - - 200 592.7 792.7 -1.964 | -1.964
Curve-s12 | 400 | 80 60 418.9 792.7 1211.6 | -1.964 | 3.273
Tangent-2 - - - 200 1211.6 1411.6 | 3.273 | 3.273
Curve-c21 | 600 | -60 60 628.3 | 1411.6 | 2039.9 | 3.273 -7.2
Tangent-3 - - - 200 2039.9 2239.9 -7.2 -7.2
Curve-s33 | 300 | 40 60 314.2 | 2239.9 2554.1 -7.2 0.655

Horizontal Turning Direction: c¢13 --- Left

s12 - Right
c21 - Left
s33 - Right

/\/\/

cl3 s13 c21 s33

Figure 35 Sketches showing Vertical Profile of Test Alignment — 3
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Table 27 Detail Geometric Information on Test Alignment — 4

: Def | Element Start End Start End
Element R K Angle | Length | Distance Distance Grade Grade
ID (m) | (degree) | (m) (m) (m) (%) (%)
Curve-s13 | 300 | 80 60 314.1 278.5 592.7 | -1.964 | 1.964
Tangent-1 - - - 200 592.7 792.7 1.964 | 1.964
Curve-cll | 600 |-80 60 628.3 792.7 1421 1.964 | -5.891
Tangent-2 - - - 200 1421 1621 -5.891 | -5.891
Curve-s22 | 400 | 60 60 418.9 1621 2039.9 | -5.891 | 1.091
Tangent-3 - - - 200 2039.9 | 2239.9 | 1.091 | 1.091
Curve-c33 | 300 | -40 60 314.2 | 22399 | 2554.1 1.091 | -6.763
Horizontal Turning Direction: s13 --- Right
cll --- Left
s22 --- Right
c33 --- Left
s13 cll s22 c33

Figure 36 Sketches showing Vertical Profile of Test Alignment — 4
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Table 28 Detail Geometric Information on Test Alignment — 5

Def Element Start End Start End
Element R K Angle Length | Distance Distance Grade Grade
ID (m) (degree) | (m) (m) (m) (%) (%)
Curve-c33 | 300 |-40| 60 314.2 | 357.1 671.2 3.927 | -3.927
Tangent-1 - - - 200 671.2 871.2 | -3.927 | -3.927
Curve-s12 | 400 | 80 60 418.9 871.2 1290.1 | -3.927 | 1.309
Tangent-2 - - - 200 1290.1 1490.1 1.309 | 1.309
Curve-c12 | 400 |-80 60 418.9 | 1490.1 1909 1.309 | -3.927
Tangent-3 - - - 200 1909 2109 -3.927 | -3.927
Curve-s21 | 600 | 60 60 628.3 2109 2737.3 | -3.927 | 6.545

Horizontal Turning Direction: ¢33 --- Left

s12 --- Left
cl12 --- Right
s21 --- Right

c33 s12 cl2 s21

Figure 37 Sketches showing Vertical Profile of Test Alignment — 5
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Table 29 Detail Geometric Information on Test A]ignment -6

Def Element Start End Start End
Element R K Angle Length | Distance Distance Grade Grade
ID (m) _(degree) | (m) (m) (m) (%) (%)
Curve-c12 | 400 | -80 60 418.9 | 304.72 723.6 2.618 | -2.618
Tangent-1 - - - 200 723.6 923.6 | -2.618 | -2.618"
Curve-s13 | 300 | 80 60 314.2 923.6 1237.8 | -2.618 | 1.309
Tangent-2 - - - 200 1237.8 1437.8 1.309 1.309
Curve-c33 | 300 |-40| 60 314.2 | 1437.8 1751.9 | 1.309 | -6.545
Tangent-3 - - - 200 1751.9 1951.9 | -6.545 | -6.545
Curve-s21 | 600 | 60 60 628.3 | 1951.9 | 2580.2 | -6.545 | 3.927

Horizontal Turning Direction: c12 --- Left

s13 --- Right
c33 --- Left
s21 --- Right

/\/\/

cl2 s13 c33 s21

Figure 38 Sketches showing Vertical Profile of Test Alignment — 6
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Table 30 Detail Geometric Information on Test Alignment — 7

Def Element Start End Start End
Element R K Angle Length | Distance Distance Grade Grade
ID (m) (degree) | (m) (m) (m) (%) (%)
Curve-s13 | 300 | 80 60 314.2 278.5 592.7 | -1.964 | 1.964
Tangent-1 - - - 200 592.7 792.7 1.964 | 1.964
Curve-c33 | 300 | -40 60 314.2 792.7 1106.9 | 1.964 | -5.891
Tangent-2 - - - 200 1106.9 1306.9 | -5.891 | -5.891
Curve-s32 | 400 | 40 60 418.9 | 1306.9 1725.7 | -5.891 | 4.582
Tangent-3 - - - 200 1725.7 1925.7 | 4.582 | 4.582
Curve-c21 | 600 | -60 60 628.3 1925.7 | 2554.1 | 4.582 | -5.891
Horizontal Turning Direction: s13 --- Right
¢33 --- Left
s32 --- Right
c21 --- Left
s13 c33 s32 c21

Figure 39 Sketches showing Vertical Profile of Test Alignment — 7
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Table 31 Detail Geometric Information on Test Alignment — 8

Def Element Start End Start End

Element R K Angle Length | Distance Distance Grade Grade
ID (m) (degree) | (m) (m) (m) (%) (%)
Curve-s11 | 600 | 80 60 628.3 357.1 985.4 | -3.927 | 3.927
Tangent-1 - - - 200 985.4 11854 | 3.927 | 3.927
Curve-c23 | 300 | -60 60 3142 | 11854 1499.6 | 3.927 | -1.309
Tangent-2 - - - 200 1499.6 | 1699.6 | -1.309 | -1.309
Curve-s33 | 300 | 40 60 3142 | 1699.6 | 2013.7 | -1.309 | 6.545
Tangent-3 - - - 200 2013.7 2213.7 6.545 | 6.545
Curve-c32 | 400 | -40 60 418.9 2213.7 2632.6 6.545 | -3.927

Horizontal Turning Direction: s11 --- Left

c23 --- Right
s33 --- Left
c32 --- Right

\/\/\

sl1 c23 s33 - c32

Figure 40 Sketches showing Vertical Profile of Test Alignment — 8
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Table 32 Detail Geometric Information on Test Alignment — 9

Def Element Start End Start End
Element R K Angle | Length | Distance Distance Grade Grade

ID (m) (degree) | (m) (m) (m) (%0) (*0)
Curve-s23 | 300 | 60 60 314.2 304.7 618.9 | -2.618 | 2.618
Tangent-1 - - - 200 618.9 818.9 2.618 | 2.618
Curve-c22 | 400 | -60 60 418.9 818.9 1237.8 2.618 | -4.363
Tangent-2 - - - 200 1237.8 1437.8 | -4.636 | -4.363
Curve-s21 | 600 | 60 60 628.3 | 1437.8 | 2066.1 | -4.363 | 6.109
Tangent-3 - - - 200 2066.1 2266.1 | 6.109 | 6.109
Curve-c22 | 400 | -60 60 418.9 | 2266.1 2685 6.109 | -0.873

Horizontal Turning Direction: s23 --- Right

c22 --- Right
s21 --- Left
c22 --- Left

\/\/\

s23 c22 s21 : c22

Figure 41 Sketches showing Vertical Profile of Test Alignment — 9
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Table 33 Detail Geometric Information on Test Alignment — 10

Def Element Start End Start End
Element R K Angle | Length | Distance | Distance Grade Grade
ID (m) (degree) | (m) (m) (m) (%) (%)
Curve-c31 | 600 | -40 60 628.3 514.2 1142.5 | 7.854 | -7.854
Tangent-1 - - - 200 1142.5 1324.5 | -7.854 | -7.854
Curve-s31 | 600 | 40 60 628.3 1324.5 1970.8 | -7.854 | 7.854
Tangent-2 - - - 200 1970.8 2170.8 | 7.854 | 7.854
Curve-c32 | 400 | -40 60 418.9 | 2170.8 2589.7 | 7.854 | -2.618
Tangent-3 - - - 200 2589.7 2789.7 | -2.618 | -2.618
Curve-s23 | 300 | 60 60 314.2 | 2789.7 | 3103.8 | -2.618 | 2.618
Horizontal Turning Direction : ¢31 --- Left
s31 --- Left -
c32 --- Right
s23 --- Right
c31 s31 c32 s23

Figure 42 Sketches showing Vertical Profile of Test Alignment — 10
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Appendix B

DETAILS OF THE DRIVING SIMULATOR
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Figure 44 Visual Occlusion Spectacles, ToTal Control Computer, Pulse Generator
and Black Control Box
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Figure 46 Switch Pedal and Pulse Generator
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Appendix C

FORMS FOR PILOT STUDY AND EXPERIMENT
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Experimental Explanatory Statement

Project Tile: Evaluation of Driver Visual Demand on_ Three-Dimensional

Rural Highway Alignments

My name is Wen Long He and I am studying for my M.A.Sc. (Transportation Program,
Civil Engineering) at Ryerson University. I am conducting this research project under the
supervision of Dr. Said Easa, Chair of Civil Engineering Depaﬂnient at the Ryerson

University in Toronto.

The aim of this research project is to investigate Consistency of existing or proposed
highway design with respect to driver’s visual demand and or mental workload. The
findings of this research project will be highly important for the future of highway design
- and road safety in Canada and North America as well. The results will be used for my

thesis and may be published in professional publications as well.

I am seeking people who have held a driving license for at least three years. Those people
will drive a high-tech driving simulator in a safe and comfortable indoor environment.
The procedure will take approximately one and half-hour of your time, and will be
undertaken at the Human Factors laboratory in the Department of Civil Engineering at

Ryerson University. For your time, you will be paid $10 per hour.

The anonymity of your participation is assured by our procedure, in which your name and
any other personal information will not be associated with your simulator data that -is

collected. In addition, participation in this research is entirely voluntary, and if you agree
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to participate, you may withdraw your consent at any time by indicating this to the

experimenter.

If you have any queries, please contact Wen Long He. If you have any complaint
concerning the manner in which this research is conducted, please feel free to contact Dr.

S Easa, my supervisor.

Dr. Said Easa, Chair, Civil Engineering Department,
Ryerson University,
350 Victory Street, Toronto, ON, M5B 2K3

Tele: 416-979-5000 ext 6451
Thank you
Wen Long He

Tele: 416-979-5000 ext 6463

E-mail: w2he@ryerson.ca
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Information Form

Name: Gender:

Age: Driving Experience (Years):

Average Driving hours per week:

Phone Number:

E-mail:

Do you have any interest in participating this simulation experiment?
O Yes 0 No O Discussion

What time are you available?

O April O May O June O July
Monday Tuesday Wednesday | Thursday Friday Saturday Sunday
0 Morning 0 Morning 0O Mormning O Morning 0 Morning O Morning 0 Morning
0 Afternoon | O Afternoon |0 Afternoon | O Afternoon | O Afternoon | O Afternoon | O Afternoon
0 Evening 0 Evening O Evening O Evening 0 Evening O Evening 0 Evening
Wen Long He

Tele: 416-979-5000 ext 6463

E-mail: w2he@ryerson.ca
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Appendix D

SUMMARY OUTPUT AND RESULTS
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Table 34 Model developed on Average VD during Pilot Study (for 2D horizontal curves, only considering 1/R) .

SUMMARY OUTPUT

Regression Statistics

Multiple R 0. 998519965
R Square 0.99704212
Adjusted R Square 0. 99408424

Standard Error

0. 002041241

Observations - 3
ANOVA

df SS MS F Significance F
Regression 1 0. 0014045 0. 001405 337. 08 0. 034640545
Residual 1 4. 16667E-06) 4. 17E-06
Total 2 0. 001408667

Coefficients |Standard Error t Staf P-value Lower 95% Upper 95%

Intercept 0. 282833333 0. 004487637 63. 025 0.01010022 0. 225812739 0. 339853928
Inverse of Radius 31.8 1. 732050808 18. 35974 0. 03464054 9. 79230211 53. 80769789

Visual Demand = 0.283 + 31.8/R
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only considering 1/R)

- Table 35 Model developed on Average VD during Pilot Study (for 2D curves, and 3D horizontal overlapping sag curves,

SUMMARY OUTPUT

Regression Statisti

CS

Multiple R

0. 9022073

R Square

0. 813978012

Adjusted R Square

0. 795375814

Standard Error

0.011099351

Observations 12
ANOVA

df SS MS F Significance F
Regression 1 0. 005390681 0. 005391 43.75709 5. 96555E-05
Residual 10 0. 001231956 0.000123
Total 11 0. 006622637, '

Coefficients |Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.293722222]  0.012200875 24. 07387 3.48E-10f  0.266536974] 0. 320907471
Inverse of Radius 31.15  4.709055992 6.614914 5.97E-05  20.65756757| 41. 64243243

Visual Demand = 0.294 + 31.15/R
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- Table 36 Model developed on Average VD during Pilot Study (for 2D horizontal curves, and 3D horizontal overlapping
' sag curves, considering 1/R and 1/K)

SUMMARY OUTPUT

Regression Statist

ics

Multiple R

0. 925645143

R Square

0. 856818931

Ad justed R Square

0. 825000916

Standard Error

0. 009404445

Observations 12
ANOVA

df SS MS F Significance F
Regression 2 0. 004763348 0. 002382 26. 92874 0. 000159032
Residual 9 0. 000795992 8. 84E-05
Total 11 0. 00555934

Coefficients |Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0. 292121296 0.011112024 26. 28876 8. 05E-10 0. 266984133 0. 31725846
Inverse of K 0. 704888889 0. 300942242 2. 342273 0. 043857 0. 024109721 1. 385668057
Inverse of Radius 27. 75 3. 98996813 6. 954943 6. 65E-05 18. 72405814 36. 77594186

Visual Demand = 0.292 + 0.704/K + 27.75/R
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Table 37 Model developed on Average VD during Pilot Study (for 2D curves, and 3D horizontal overlapping crest curves,

considering 1/R)

SUMMARY OUTPUT

Regression Statistics

ultiple R

0. 824482944

R Square

0. 679772124

Adjusted R Square

0. 647749337

Standard Error

0. 017297722

Observations 12
ANOVA

df SS MS F Significance F
Regression 1 0. 006351584 0. 006352 21. 22776 0. 00096914
Residual 10 0. 002992112 0. 000299
Total 11 0. 009343696

Coefficients [Standard Error |t Stat P-value Lower 95% Upper 95%

Intercept 0. 302447917  0.019014386) 15. 90627 1.99E-08  0.260081218 0. 344814616
Inverse of Radius 33.8125  7.338802057 4. 60736] 0. 000969 17. 46062718 50. 16437282

Visual Demand = 0.302 + 33.8/R
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Table 38 Model developed on Average VD during Pilot Study (for 2D curves, and 3D horizontal overlapping crest curves,

considering 1/R and 1/K)

SUMMARY OUTPUT

|

Regression Statistics

Multiple R 0. 98369309
R Square 0. 96765209
Ad justed R Square 0. 96046367,
Standard Error 0. 0057951
Observations 12
ANOVA

df SS MS F Significance F
Regression 2 0.009041447  0.004520724 134.6126 1. 96928E-07
Residual 9 0.000302249] 3. 35832E-05
Total 11 0. 009343696

Coefficients|Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.27997356  0.006847329]  40. 88799809 1.56E-11]  0.264483819 0. 29546331
Inverse of K 1. 65964444 0. 185443308  8.949605469 8.94E-06  1.240142217, 2.07914667
Inverse of Radius 33.8125  2.458654138  13. 75244264 2.39E-07  28. 25063369 39. 3743663

Visual Demand =(.28 + 1.66/K + 33.8/R
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Table 39 Model developed on Individual VD during

Pilot Study (for horizontal overlapping sag curves, considering Age,

1/K and 1/R)

SUMMARY OUTPUT

f,
Regression Statistics
Multiple R 0. 875339412
R Square 0. 766219086
Adjusted R Square | 0.744302126
Standard Error 0. 042848235
Observations 36
ANOVA

df SS MS F Significance F

Regression 3 0. 192557199 0. 064186 34. 96009771 3. 2468E-10
Residual 32 0. 058751079 0. 001836}
Total 35 0. 251308278

Coefficients | Standard Error t Stat P-value Lower 95% Upper 95%
Intercept 0. 10833594 0. 034473638 3. 142574 0. 003597287 0. 038115498 0. 178556382
Age 0. 004935502 0. 000503019 9.811762 3.60162E-11 0. 003910887 0. 005960117
Inverse of K 0. 721066667 0. 791630074 0. 910863 0.36917816 -0. 891429661 2. 333562995
Inverse of R 29. 275 10. 49563113 2. 789256 0. 008824099, 7.896117097 - 50. 65638829

Visual Demand = 0.108 + 0.00494 Age + 0.721/K + 29.3/R
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Table 40 Model developed on Individual VD during Pilot Study (for horizontal overlapping crest curves, considering Age,

1/K and 1/R)
SUMMARY OUTPUT
|

Regression Statistics
Multiple R 0.901135949
R Square 0. 812045998
Ad justed R Square) 0. 79442531
Standard Error 0. 038453961
Observations 36
ANOVA

df SS MS F Significance F
Regression 3 0. 204437795 0. 068146 46. 08481 1. 01632E-11
Residual 32 0. 047318627 0.001479
Total 35 0. 251756422

Coefficients | Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0. 100371696 0. 030938215 3. 244263 0. 002757 0. 037352668 0. 163390725
Age 0. 004942151 0. 000451432 10. 94772 2. 36E-12 0.004022615 0. 005861688
Inverse of K 1. 668533333 0. 710444947, 2. 348575 0. 025187 0. 221405558 3. 115661109
Inverse of R 33. 8125 9. 419258239 3. 58972 0.001092 .= 14.62611507, 52. 99888493

Visual Demand = 0.1 + 0.00494 Age + 1.669/K + 33.8/R
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Table 41 Correlation Coefficient Analysis Result for Curve Models

¥] RINV KINV gl Age VD : RINV KINV gl Age VD

Univeriate Statistics

...............................................................................................................................................................................................

....................... H i dieen 5514 Dev Xinimum :  Meximum
540 0. 0026 0. 0007 0.0017 0. 0033
540 0. 0162 0. 0075 0 0. 0250
540 i =0.1379 4.1538 —-7.8540 7.8540
540 : 38. 7333 17. 8471 19. 0000 71. 0000
540 | 0.3788 0. 0694 0. 2306 0. 5853
RINV 540 ; 0. 0026 0. 0007 0.0017 0. 0033
KINV 540 i 0. 0162 0. 0075 0 0. 0250
gl 540 =0. 1575 4.1538 —-7.8540 7.8540
Age 540 i 38. 7333 17. 8471 19. 0000 71. 0000
VD 540 0.3788 0. 0694 0. 2506 0. 5853
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_ Table 42 Model developed on VDF for 2D & 3D Curves during Experimentation

,’_’_l Parameter Information
Parameter Variable C_trpe
1 i Intercept
2 : RINV
3 i KINVXC_type i C
4 H
5 5
b iAge
» ¥odel Equation
Obs_ VD = 0.1668 + 28.6502 RINV + 1.2826 P_3 + 0.9592 P_5
+ 0.0032 Age
» Summary of Fit
Xeen of Response 0.3783 ; R-Square 0. 7965
Root MSE 0. 0323 ; Adj R-Sq 0. 7946
¥ Analysis of Variance
Source DF Sum of Squares | Hean Square i F Stat Pr > F
M Xodel 4 1.7409 0.4352 417. 77 <. 0001
Errar 427 0.4448 0. 0010
C Total 431 2. 1857
¥ Trpe III Tests ‘
Source IF Sum of Squares ;| Xean Square F Stat Pr > F
RINV 1 0.1631 0. 1631 156. 52 <. 0001
KINVXC_type 2 0.0363 0. 0182 17.42 <. 0001
Age 1 1.5043 1.5043 1443, 96 <. 0001
Y Parameter Estimates
Variable C_type DF Estimate Std Error t Stat Pr >|t]| Tolerance Var Inflation
Intercept 1. 0000 0.1668 0. 0071 23. 3265 <. 0001 . 0
RINV 1. 0000 28.6502 2. 2900 .12, 5109 <. 0001 0. 9631 1.0383
KINV*C_type : C 1. 0000 1.2826 0.2176 5. 8948 <. 0001 0.4892 2. 0441
H 0 0 . . . . .
S 1. 0000 0. 9592 0. 2418 3. 9663 <. 0001 0.4942 2.0235
Age 1. 0000 0.0032 i 8. 32074E-05 37.9995 <. 0001 1. 0000 1. 0000

RINV: Inverse of Radius, KINV: Inverse of K, gl: Preceding grade
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Table 43 Model developed on VDH for 2D & 3D Curves during Experimentation

‘»] Nominal Variable Information
Level C_type
1iC
2iXK
3i8
K| Parameter Informetion
Parameter Variable C_type
1 i Intercept
2 iRINV
3 i KINV*C_type i C
4 H
5 ]
6 Age
fﬂ Model Equation
(VDK = 0.1685 + 37.2199 RINV + 1.0282 P 3 + 0.6457 P_5
+ 0.0029 Age
i3 Summary of Fit
Xean of Response 0. 3905 ; R-Square 0. 5699
Roat MSE 0.0515 ; Adj R-Sq 0. 5667
_ﬂ Analysis of Variance
Source by Sum of Squares : Mean Square | F Stat Pr > F
Model 4 1.8771 0.4693 177. 24 <. 0001
Errar 535§ 1.4165 0.0026
C Total 539 3.2936
(3] Trpe 111 Tests
Source DF :Sum of Squares ; Nean Square P Stat Pr>F
RINV ‘ 1 0. 3440 0. 3440 129.92 <. 0001
KINVXC_type 2 0. 0303 0. 0152 5.73 0. 0035
Age 1 1.4511 1.4511 548. 07 <. 0001
¥ Parameter Estimates S
Variable C_trpe Dl' Estimate Std Error t Stat Pr >|t| | Tolerance : Var Inflation
Intercept 1 0.1685 0.0103 16. 30 <. 0001 . 0
RIRV 1 37,2199 3. 2654 11.40 <. 0001 0. 9631 1. 0383
KIRV*C_type g 1 1.0282 0.3103 3.3 0. 0010 0.4892 2. 0441
0 0 . . . . .
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Table 44 Model developed on VD30 for 2D & 3D Curves during Experimentation

® yp3o =  RINV  pge
Response Distribution: Hormeal
Link Function: Log

1K Model Equation

Lee ( VD30 = - 1.5148 + 85.3096 RINV + 0.0084 Age
ag Summary of Fit

Nean of Response 0. 3867 : Deviance 5. 5341 { Pearson ChiSq 5.5341
SCALE (MLE) 0.1049 : Devience / DF 0.0111 ; Pearson ChiSq / DF 0.0111
i Analysis of Deviance

Source IF Devience : Deviance / DF

Model 2 2. 0097 1. 0049

Error 500 5.5341 0.0111

C Total 502 7.5438

¥ Type III (Rald) Tests

Source DF ChiSq Pr > ChiSq

RINV 1 23.4783 <. o001

Age 1 162. 5985 <. 0001

i® , Parameter Estimates

Variable oF Estimuie Std Error ChiSg Pr > ChiSqg

Intercept 1 -1.5148 0. 0567 712.9921 <. 0001

RINV 1 BS. 3096 17.6062 23.47183 <. 0001

AEge 1 0. 0084 0. 0007 162. 5985 <. 0001
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Table 45 Model developed on VDF for Tangents during Experimentation

ﬁﬂ tengent_ VO = PIHVR Age
Response Distribution: Normal
Link Functian: Identity
jf[ Model Equation
tengent_ VD = 0.2022 + 11,2527 PINVR + 0. 0028 Age
iE Summary of Fit
Mean of Response 0. 3403 | R-Square 0. 3465
Root MSE 0.0698 : Adji R-Sq 0. 3433
ik Analysis of Veriance
Source DF Sum of Squares i Mean Square F Stet Pr > F
Model 2 1.0380 0. 5190 106. 58 <. 0001
Error 402 1.9577 0. 0049
C Totel 404 2.9958
i¥ Type III Tests
Source DF Sum of Squares : Xean Square F Stet Pr >F
PINVR : 1 0.0219 0. 0219 4.50 0. 0345
Age 1 - 1.0161 1. 0161 208.65 £. 0001
¥ Paremeter Estimates
Varieble DF Estimete { Std Errar t Stat Pr >|t| | Tolerance : Var Infletion
Intercept | 0. 2022 0. 0161 12.52 <. 0001 . 0
PINVR 1 11, 2527 5. 3048 2.12 0. 0345 1. 0000 1. 0000
Age 1 0. 0028 0.0002 14.44 £. 0001 1..0000 1.0000
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Table 46 Model developed on VDH for Tangents during Experimentation

™ yniooT =  PINVR  Age
Response Distribution: Normal
Link Function: Identity

%] Model Equation

vD100T = 0.1940 + 19.9492 PINVR + 0.0029 Age

H Summery of Fit

Mean of Response 0. 3571 { R-Square 0. 3476

Root MSE 0.0725 i Adj R-Sq 0.3443

K Analysis of Varience

Source IF Sum of Squares : Hean Square F Steat Pr > F

Model 2 1.1251 0. 5626 i07r.08 <. 0001

Error 402 2.1120 0. 0053

C Toteal 404 3.2372
ﬁﬂ Type III Tests

Source DF Sum of Squares : Meen Square F Stat Pr > F

PINVR i 0. 0689 0. 0689 13.11 0. 0003

AEe i 1.0563 1.0563 201. 05 <. 0001
iK Parameter Estimates

Veriaeble DF Estimete | Std Error t Stat Pr >|t| | Tolerence : Var Inflation
Intercept i 0.1940 0. 0168 ' 11. 57 <. 0001 . 0
PINVR i 19, 9492 5. 5099 3.62 D. 0003 1.0000 1.0000
AEe i 0. 0023 0. D002 14.18 <. 0001 1.0000 1.0000
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Table 47 Model developed on VD30 for Tangents during Experimentation

#| tvp = PINVR  Age
Response Distribution: HNHormal
Link Function: Identity

Ea Model Equation
tvo = 0.1837 + 19.8707 PINVR + 0.0036 Age
gﬂ Summery of Fit
Mean of Response 0.3790 : R-Squere 0. 3494
Root MSE 0.0910 : Adj R-Sq 0. 3457
ﬁﬂ ~ Analysis of Variance
Source DF Sum of Squares { Meen Square | F Stat Pr > F
¥odel 2 1.5629 0.7814 94, 27 <. 0001
Error 351 2. 9096 g. 0083
C Total 353 4.4725
i 3 Type III Tests
Source 1) Sum of Squares i Xeen Square F Stat Pr >F
PINVR 1 0. 0583 0. 0583 7.03 0. 0084
Age 1 1.5151 1.5151 182.78 <. 0001
gﬂ Parameter Estimates
Variable DOF Estimate Std Error t Stat Pr >|t| { Tolerance : Var Infletion
Intercept 1 0.1837 0. 0232 7.94 <. 0001 . 0
PINVR 1 19. 8707 7.4953 2.B65 0. 0084 0. 9997 1. 0003
Age 1 0. 0036 0. 0003 13.52 <. 0001 0. 9997 1.0003




