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EXECUTIVE SUMMARY

Rural two-lane highways constitute the majority of the road system in the United States. Over
62 percent of the Texas Department of Transportation (TxDOT) centerline highway miles are
two-lane highways. No-passing zones, represented by solid lines marked in the centerline of the
roadway, forewarn drivers of the segments of two-lane highways that contain sight restrictions

and therefore should not be used to make passing maneuvers.

This report describes a method for automating the process for locating no-passing zones using
global positioning system (GPS) data. Researchers developed new analytical algorithms for
analyzing the availability of horizontal and vertical sight distances along the alignments of two-
lane highways. Also, a new analytical algorithm was developed to evaluate three-dimensional
passing sight distances for any arbitrary alignment of two-lane highways. The algorithms were
incorporated into a computer model that can use GPS data as the input and produce a method for
locating no-passing zones. The resulting automated system processes GPS coordinates and
converts them into easting and northing values, smoothes GPS data, and evaluates roadway
alignment for possible sight restrictions that indicate where no-passing zones should be located.
The automated system was tested on three highway segments using different GPS receivers, and
the results obtained were in agreement with the existing conditions. The verification shows that
the developed algorithm and computer program can be used to determine the available sight

distance and locate no-passing zones.
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CHAPTER I: INTRODUCTION

Two-lane, two-way highways are an important element of the transportation system, and they
make up a large percent of the total highway mileage. Over 62 percent of the 80,000 centerline
highway miles on the TXDOT system are rural two-lane highways (1).A unique feature of two-
lane highways is that in order to pass a slower-moving vehicle, a faster-moving vehicle must
cross into the oncoming lane (at locations where adequate sight distance exists and there are no
oncoming vehicles). Pavement markings (solid centerlines) and traffic signs are used to indicate
the location of no-passing zones where driving to the left of the centerline is prohibited. The no-
passing zones indicate locations where the sight distance is less than the minimum passing sight
distance. This research used GPS data and applied theoretical approaches to evaluate three-
dimensional (3D) sight distances in order to develop a method for automating the process for

locating no-passing zones.

PROBLEM STATEMENT

Identifying highway segments that do not have adequate passing sight distance can be a
challenging task because of the amount of the time necessary to locate the segments (no-passing
zones) and the hazards involved in working on the highway in the presence of moving traffic.
Various methods for measuring passing sight distance in the field and determining the location of
no-passing zones have been developed and used. Most of the methods used by highway agencies
require work crews to operate in the roadway to physically evaluate sight distances in the field.
As a result, there may be one or more weaknesses in the current methods due to the time
required, accuracy obtained, and/or related safety issues presented. Therefore, new methods that
efficiently locate no-passing zones, define the no-passing zones accurately, and do so safely are
needed. GPS has the potential to meet these needs; however, processes for gathering roadway
GPS data, smoothing GPS data, mathematically locating no-passing zones from GPS data, and
implementing the results in the field must be addressed. Researchers believed that a system
(prototype) enabling work crews to drive on two-lane roadways with GPS receivers to

automatically determine no-passing zones could be developed by focusing on these issues.



RESEARCH OBJECTIVES
The goal of the research was to develop a safe, reliable, fast, and accurate system that automates
the process for locating no-passing zones and is applicable to roadways with changes in both
horizontal and vertical alignment. To this end, the research entailed the following objectives:
e Identify the processes necessary to smooth GPS data and geometrically model the
roadway surface.
o Create algorithms for evaluating sight distances and locating no-passing zones from
modeled roadway surfaces due to horizontal and vertical sight obstructions.
e Develop a computer model, a software package, and a prototype model that can be used

by engineers in the field to establish the location of no-passing zones.

RESEARCH ORGANIZATION
This research developed a method for automating the process for locating no-passing zones by
developing a new theoretical approach to address the three-dimensional alignment concepts. The

following paragraphs describe the organization of this report.

Chapter I1: Background

Chapter Il presents the background for the research including information about passing sight
distance, no-passing zone, and GPS. The passing sight distance background includes the
definition of passing sight distance, the origin of the American Association of State Highway and
Transportation Officials (AASHTO) Green Book passing sight distance, and the origin of the
Manual on Uniform Traffic Control Devices (MUTCD) passing sight distance. The no-passing
zone background includes the definition of no-passing zone and a review of the current location
methods for no-passing zones. In the GPS section, different technology, the accuracy of GPS

data, and the application of GPS in highway engineering are reviewed.

Chapter I11: Theoretical Approach

Chapter 111 first presents a method for converting GPS data to be used in the model as well as a
method for smoothing the GPS data and geometric modeling of highways. Then, it outlines the
development of new algorithms for evaluating sight distances. The three main algorithms deal

with the vertical sight distance, horizontal sight distance, and three-dimensional sight distance.



Furthermore, two other new algorithms are presented that are used in the main algorithms: one
for converting the center of the travel lane to the roadway centerline, and the other one for
modeling the right and the left visual clear zone boundaries. Finally, the chapter discusses how
the algorithms can be incorporated into a computer model to locate no-passing zones on two-lane

highways.

Chapter 1V: Software Package Development
This chapter describes the procedure for coding the no-passing zone computer model and
creating the no-passing zone (NPZ) program. The interface of the computer program is

explained and illustrated in the chapter, as well.

Chapter V: Data Collection and Experimental Work

Data collection and experimental work of the research are presented in this chapter according to
three main steps: data collection site selection, field operation and data collection, and data post-
processing and reduction. Each step is explained in detail, and the process for preparing the

input files for the NPZ computer program is described.

Chapter VI: Results and Model Validation

This chapter summarizes the results of the no-passing zone model developed in the previous
chapters and compares the results to the existing pavement markings (no-passing zones) in the
field.

Chapter VII: Conclusions
Chapter VIl summarizes the research efforts and presents the conclusions for the conducted

research effort.






CHAPTER II: BACKGROUND

The criteria for locating no-passing zones are contained in the MUTCD. Location of a no-
passing zone for a new highway can be determined from a set of plans (graphical method), but
the location needs to be confirmed in the field due to potential differences between the plans and
the actual construction. Locating no-passing zones in the field typically involves surveying
activities or field measurements. In the field measurements, two vehicles or targets with specific
heights (such as a driver’s eye and an object) are used, connected by a rope (associated with the
appropriate passing sight distance) to check the available sight distance along the highway. Both
methods are time consuming, expensive, and subject to error, and they can significantly impact
other vehicles traveling on the roadway. Furthermore, these procedures place workers in the
presence of moving traffic. In addition to determining the location of no-passing zones for a new
highway, the location needs to be reestablished whenever the speed limit changes, when
obstacles are placed that block the sight distance in the vertical or horizontal plane, and
sometimes when the pavement is resurfaced. Therefore, there is a need to develop an automated
method of locating no-passing zones that is ready for implementation by transportation agencies.
Previous research efforts have addressed some aspects related to this need (2-8), but they either
consider only special cases or the approaches are not feasible or ready for implementation. This
research intended to develop a method for locating no-passing zones that is based on GPS and
considers both horizontal and vertical alignment perspectives of the roadway. Such an automated
system can save time and cost, avoid human errors, and be safer compared to the current
methods of field measurements. In the process of developing such a system, researchers found
several related topics that deserved review. This chapter presents pertinent background

information in areas related to this research effort.

PASSING SIGHT DISTANCE

Sight distance, the length of roadway visible to a driver, has been recognized as a key element in
highway geometric design. The AASHTO states that the designer should provide sufficient sight
distance for the drivers to control operation of their vehicles before striking unexpected objects

in the traveled way (9). Two-lane highways should also have sufficient sight distance to provide



opportunities for faster drivers to occupy the opposing traffic lane for passing other vehicles
without risk of a crash where gaps in opposing traffic permit. Two-lane rural highways should
generally provide such passing sight distance at frequent intervals and for substantial portions of
their length.

Two types of passing sight distance criteria for two-lane highways are used by highway
agencies: geometric design and marking criteria. Therefore, separate criteria are used in
designing the highways and in marking no-passing zones on the highways. The AASHTO Green
Book and MUTCD both cover the subject of passing sight distance. The contents of these

documents are briefly covered below.

AASHTO GREEN BOOK
The AASHTO publication “A Policy on Geometric Design of Highways and Streets” (9), also
known as the Green Book, presents a simple but conservative model for determining the passing
sight distance based on the results of field studies conducted between 1938 and 1958 (10). The
model incorporates three vehicles and is based on five assumptions:
1. The vehicle being passed (the overtaken vehicle) travels at a constant (uniform) speed.
2. The passing vehicle follows the slow vehicle into the passing section.
3. Upon entering the passing section, the passing driver requires a short period of time to
perceive that the opposing lane is clear and to begin accelerating.
4. The passing vehicle travels at an average speed that is 10 mph faster than the vehicle
being passed while occupying the left lane.
5. When the passing vehicle returns to its lane, there is an adequate clearance distance
between the vehicle and an oncoming vehicle in the other lane.

The AASHTO minimum passing sight distance is the sum of four distances, as follows (Figure 1
gives a graphical explanation of these elements):
S=di+d+d3+ds 1)



The element d; (initial maneuver distance) is the distance traversed during perception and
reaction time and during initial acceleration to the point of encroachment on the left lane. It is
defined by the following equation:

d; =147t (V —m+aty/2) (2
where t; = time of initial maneuver (sec), V = average speed of passing vehicle (mph), m =

difference in speed of passed and passing vehicle (mph), and a = average acceleration (mph/sec).

Element d, (occupancy distance) is the distance traveled while the passing vehicle occupies the
left lane and is defined by the following equation:

d, =147V, ©)
where V = average speed of passing vehicle (mph), and t, = time passing vehicle occupies the

left lane (sec).

Element d3 (clearance distance) is the distance between the passing vehicle at the end of its
maneuver and the opposing vehicle. Based on the studies, the clearance distance is between
100 and 300 ft.

Element d,4 (encroachment distance) is the distance traversed by an approaching vehicle during a
passing maneuver. The encroachment distance is calculated by multiplying the speed of the
opposing vehicle (normally assumed to be the speed of the passing vehicle) by two-thirds of the
time the passing vehicle occupies the left lane:

ds=1.47V (2/3t) = 2/3 d; (4)
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Figure 1. Elements of passing sight distance for two-lane highways
(Exhibit 3-4, AASHTO Green Book)

Table 1 summarizes the results of field observations directed toward quantifying the various

aspects of the passing sight distance.

Table 1. Elements of safe passing sight distance for design of two-lane highways
(Exhibit 3-5, AASHTO Green Book)

Component of Passing
Maneuver

Speed Range (mph)
30-40 | 40-50 | 50-60 | 60-70

Average Passing Speed (mph)
34.9 438 | 526 | 62.0

Initial Maneuver
a=average acceleration
(mph/sec)

t;=time (sec)
d;=distance traveled (ft)

1.40 1.43 1.47 1.50

3.6 4.0 4.3 4.5
145 216 289 366

Occupation of Left Lane
to=time (sec)
dp=distance traveled (ft)

9.3 10.0 10.7 11.3
477 643 827 1030

Clearance Length
ds=distance traveled (ft)

100 180 250 300

Opposing Vehicle
ds=distance traveled (ft)

318 429 552 687

Total Distance, di+d>+d3+d,

1040 | 1468 | 1918 | 2383




The design lengths for passing sight distances for various speeds and the corresponding

individual values of d;, d,, d3, and d4 are shown in Figure 2.
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Figure 2. Total passing sight distance and its components—two-lane highways
(Exhibit 3-6, AASHTO Green Book)

AASHTO recommends minimum passing sight distances between 710 and 2680 ft for two-lane
highways for design speeds ranging from 20 to 80 mph (see Table 2). These values are based on

the driver’s eye height being 3.5 ft and the height of the object being 3.5 ft.



Table 2. Passing sight distance for design of two-lane highways
(Exhibit 3-7, AASHTO Green Book)

Desian Assumed Speeds (mph) Passing Slggt Distance
Speed (mph) Passed Passin Rounded
i i Vehicle Vehiclg Calculated for Design

20 18 28 706 710

25 22 32 897 900

30 26 36 1088 1090

35 30 40 1279 1280

40 34 44 1470 1470

45 37 47 1625 1625

50 41 51 132 1835

55 44 54 1984 1985

60 47 57 2133 2135

65 50 60 2281 2285

70 54 64 2479 2480

75 56 66 2578 2580

80 58 68 2677 2680

MANUAL ON UNIFORM TRAFFIC CONTROL DEVICES

The AASHTO passing sight distance values presented in Table 2 are used for design purposes
only. The MUTCD, developed by the Federal Highway Administration (11), lays out minimum
passing sight distance for placing no-passing zone pavement markings on completed highways.
The MUTCD criteria were first incorporated in the 1948 MUTCD, were identical to those
presented in the 1940 American Association of State Highway Officials (AASHO; now
AASHTO) policy on marking no-passing zones (12), and were used as warrants for no-passing
zones (10). The warrants are based on a compromise between delayed and flying passes. A
delayed pass is a maneuver in which the passing vehicle slows down before making a pass. A
flying pass is a maneuver in which the passing vehicle is not delayed by the slower, passed
vehicle. Table 3 presents the sight distances for flying and delayed passes and the minimum sight
distances suggested by the 1940 AASHO policy on marking no-passing zones (12).

10



Table 3. Sight distances for flying and delayed passes (12)
V, assumed design speed of the road (mph) 30 40 50 60 70

m, difference in speed between the assumed
design speed of the road and the assumed 10 12.5 15 20 25
speed of the overtaken vehicle (mph)

Vo, assumed speed of an opposing vehicle

comes into view just when the passing 25 325 40 47.5 55
maneuver is begun (mph)

Sight distances for flying passes (ft) 440 550 660 660 660
Sight distances for delayed passes (ft) 510 760 | 1090 | 1380 | 1780
Suggested minimum sight distances (ft) 500 600 800 | 1000 | 1200

In the table, V denotes the assumed design speed of the road and is defined as follows (12):
The assumed design speed is considered to be the maximum approximately uniform speed
which probably will be adopted by the faster group of drivers but not, necessarily, by a small
percentage of reckless ones.
The design speed of an existing road or section of road may be found by measuring the speed
of travel when the road is not congested, plotting a curve relating speeds to numbers or
percentages of vehicles and choosing a speed from the curve which is greater than the speed
used by almost all drivers. It may also be found by driving the road until a comfortable

maximum uniform speed is found.

Table 4 lists the MUTCD recommended minimum passing sight distances for various speeds.
Although the MUTCD adopted the same minimum passing sight distances as the 1940 AASHO
policy on marking no-passing zones, it defines the symbol Vas 85th-percentile/posted/statutory

speed rather than design speed (see Table 4).
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Table 4. Minimum passing sight distances for no-passing zone markings
(Table 3B-1, MUTCD)

85™ Percentile or Posted or Minimum

Statutory Speed Limit Passing Sight
(mph) Distance (ft)

25 450

30 500

35 550

40 600

45 700

50 800

55 900

60 1000

65 1100

70 1200

The MUTCD passing sight distance criteria are measured based on 3.5 ft height of driver eye and
3.5 ft height of object (the 3.5 ft height of object allows the driver to see the top of a typical
passenger car). In other words, it is assumed that the driver’s eyes are at a height of 3.5 ft from
the road surface and the opposing vehicle is 3.5 ft tall. The actual passing sight distance is the
length of roadway ahead over which the object would be visible. On a vertical curve, it is the
distance at which an object 3.5 ft above the pavement surface can be seen from a point 3.5 ft
above the pavement (see Figure 3). Similarly, on a horizontal curve, it is the distance measured
along the center line between two points 3.5 ft above the pavement on a line tangent to the
embankment or other obstruction that cuts off the view on the inside of the curve (see Figure 4).
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Figure 3. Passing sight distance at vertical curve (Figure 3B-4, MUTCD)
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Figure 4. Passing sight distance at horizontal curve (Figure 3B-4, MUTCD)
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As was explained, the minimum passing sight distances suggested by the AASHTO Green Book
and the MUTCD are based on different assumptions. The AASHTO criteria are not used in the
marking of no-passing zones. The MUTCD presents considerably shorter passing sight distance
values, derived for traffic-operating control needs and for marking standards. Figure 5 compares
the passing sight distance values resulting from the AASHTO Green Book and MUTCD.
Glennon (13) developed a passing sight distance model based on the kinematic relationships
among the passing, passed, and opposing vehicles. Harwood and Glennon (14) applied the
Glennon model and studied four scenarios: passenger car passing passenger car, passenger car
passing truck, truck passing passenger car, truck passing truck. They found a close agreement
between the MUTCD criteria for passing sight distance and the sight distance requirements for
passenger car passing another passenger car. In passing maneuvers involving trucks, the required
passing sight distance was greater than that recommended by the MUTCD but less than that
recommended by the AASHTO Green Book criteria.
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Figure 5. Comparison of minimum passing sight distance values for AASHTO Green Book
and MUTCD
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NO-PASSING ZONES
No-passing zones, represented by solid lines marked in the centerline of two-lane highways,
forewarn drivers of the segments of highway that contain sight restrictions and therefore should
not be used to make passing maneuvers. The 2009 MUTCD states the following in reference to
no-passing zone markings (11):
On two-way, two- or three-lane roadways where center line markings are installed, no-
passing zones shall be established at vertical and horizontal curves and other locations where
an engineering study indicates that passing must be prohibited because of inadequate sight
distances or other special conditions.
On roadways with center line markings, no-passing zone markings shall be used at horizontal
or vertical curves where the passing sight distance is less than the minimum shown in Table 4

for the 85th-percentile speed or the posted or statutory speed limit.

The beginning of a no-passing zone is the point at which the sight distance first becomes less
than that specified in the MUTCD (Table 4). The end of the no-passing zone is the point at
which the sight distance becomes greater than the minimum specified in the MUTCD. Neither
the AASHTO Green Book nor the MUTCD addresses required minimum lengths for passing
zones or no-passing zones. However, the MUTCD indirectly sets a minimum passing zone
length of 400 ft by providing guidance that was first included in the 1961 edition (10) and is still
included in the current version of the manual (11): “Where the distance between successive no-

passing zones is less than 400 feet, no-passing zone markings should connect the zones.”

Some states have established standards for extending the measured no-passing zones. For
example, lowa recommends that no-passing zones begin 100 ft in advance of the point where
sight distance becomes less than that required, but it does not suggest any extension for the

ending points of no-passing zones (15, 16).
NO-PASSING ZONE LOCATION METHODS

There are various methods for measuring passing sight distance and determining no-passing

zones in the field (17-19). Some of the current methods are reviewed in the following sections.
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Towed-Target (Rope) Method

This method requires a vehicle towing a target on the end of a rope, chain, or cable. The length
of the rope/chain/cable is equal to the minimum passing sight distance and varies based on the
posted speed of the highway as suggested in the MUTCD (Table 4). When the target disappears,
the vehicle stops and the location of the target is marked on the pavement as the beginning of the
no-passing zone for the same direction of traffic. The location of the vehicle can be marked on
the pavement as the end of the no-passing zone for the opposing traffic. Then, the vehicle
resumes moving forward until the target reappears. The vehicle stops and the location of the
target is marked on the pavement as the end of the no-passing zone for the same direction of
traffic. The location of the vehicle would be the beginning of the no-passing zone for the

opposing traffic.

Distance Measuring Equipment Method

This method employs two vehicles with 3.5 ft driver’s eye height, equipped with calibrated
distance measuring instruments (DMI), two-way hand-held radios, and a target mounted on the
driver’s side of the rear of the lead vehicle in a way that the top of the target is at 3.5 ft. To set
the minimum sight distance interval, both vehicles should park side by side and zero out the
DMIs. Then, the lead vehicle moves forward to the minimum passing sight distance defined by
the MUTCD (Table 4) and zeros out its DMI again. Now, the vehicles are synchronized. Both
vehicles start moving forward with a constant distance (the minimum passing sight distance) and
speed. The separation distance of the two vehicles is established by communicating through the
radios and keeping identical readings on the DMIs. When the lead vehicle begins to get out of
sight, both vehicles stop at synchronized DMI readings. The trailing vehicle operator marks the
pavement to the right of the centerline with spray paint or yellow tape for the beginning of the
no-passing zone for the same direction of traffic. The lead vehicle marks to the left of the
centerline for the end of the no-passing zone for the opposing traffic. The two vehicles again
proceed forward with identical DMI readings until the target is visible to the trailing vehicle.
Both vehicles stop at synchronized DMI readings. The trailing vehicle marks the right of the
centerline for the end of the no-passing zone for the same direction of traffic. The lead vehicle
marks on the left of the centerline for the beginning of the no-passing zone for the opposing

traffic. Rangefinders help in determining if no-passing zones should be extended. For example,
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if there is a stop sign after the ending point of a no-passing zone, the crew member can find the
distance of the stop sign by targeting it using the rangefinder. If the distance is less than the

standard, the no-passing zone is extended.

One-Vehicle Method

This method requires just one vehicle equipped with a DMI and one person. The observer drives
slowly through the curve (for example, drives north, as shown in Figure 6). When he reaches the
point at which the vista opens, he stops the vehicle and places a mark on the right side of the
roadway. This point is the end of the no-passing zone in the direction of travel (point 1 in

Figure 6). Then, he sets the DMI to zero, travels the required passing sight distance, and stops to
place a mark on the left side of the road. This point is the beginning of the no-passing zone in
the opposite direction (point 2). By driving the opposite direction and following the same
procedure, points 3 and 4 are marked and the locations of the no-passing zones for the site are
determined. Figure 6 illustrates the method for a horizontal curve. The procedure for locating

no-passing zones due to vertical curves is the same.

Minimum passing sight distance

.
—

Minimum
passing
sight
distance

ML

Figure 6. Illustration of the one-vehicle method (19)

Two-Vehicle Method
The procedure is similar to the distance measuring equipment method except the separation

distance of the two vehicles is maintained using a rope, chain, or cable instead of DMIs. The
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length of the rope/chain/cable is equal to the minimum passing sight distance and varies based on
the posted speed of the highway as suggested in the MUTCD (Table 4).

Walking (Two-Person) Method, Hand Measuring Wheel Method

These methods are the same as the two-vehicle method except the work is done by two crew
members on foot. In the walking (two-person) method, the crew members use a rope, chain, or
cable. However, in the hand measuring wheel method, they use a measuring wheel to maintain

their separation distance.

Chalkline Method
This method requires the use of chalkline that is stretched between two crew members to keep
the desired distance apart (similar to the walking method).

New Jersey Cone Method

This method employs a two-member crew driving one vehicle on the highway. When an out-of-
sight area appears to be ahead, the vehicle stops and the crew members begin to place the traffic
cones at 100 ft intervals. The placement of the cones must be started before the area of the
reduced sight distance and continued along the segment with the length longer than the minimum
passing sight distance (Table 4). Then, the crews move along the segment and check the cones if
they are in sight.

Eyeball (Line of Sight) Method

This method requires a two-member crew, one vehicle, and a DMI. The procedure starts by
crew members driving on the roadway and estimating where the no-passing zone should begin
due to approaching sight distance restrictions. The vehicle stops at this point, and the crew
members zero out the DMI. Then, the vehicle resumes moving forward to the point where the
approaching vehicle would appear. A crew member reads the DMI at this point. The procedure
should be repeated several times until the best location for the no-passing zone is determined.
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Laser Rangefinder Method, Optical Rangefinder Method
These methods are similar to the eyeball method except a laser or optical rangefinder is used
instead of a DMI.

Remote-Control Vehicle Method

This method employs a two-member crew, one vehicle, and one remote-control vehicle. The
procedure begins from the estimated eyeball point (the estimated location where the no-passing
zone should begin due to approaching sight distance restrictions). The crew members send the
remote-control vehicle forward toward the approaching horizontal or vertical curve, stop the
vehicle just as it disappears from view, and measure the distance to the point using the
rangefinder. This procedure should be repeated several times until the best location for the no-

passing zone is determined.

Speed and Distance Method

The method is similar to the eyeball method, but instead of applying a DMI, the crew members
record both the average speed of a passing vehicle and the travel time of the vehicle from the
estimated eyeball point until it disappears. The distance traveled by the vehicle is determined by
speed multiplied by the time traveled. This procedure should be repeated several times until the

best location for the no-passing zone is determined.

Videolog Method, Photolog Method

The videolog and photolog methods use a specialized data collection vehicle equipped with a
camera. The vehicle travels on the highway while the camera records the video or image of the
actual highway scene at defined intervals. The videos or images are integrated with the
geographical references, and the sight distances are measured from videologs or photologs of the

highway.

The names of the two-vehicle, distance measuring equipment, rope, and towed-target methods
have been used in literature interchangeably. Brown and Hummer (18, 19) conducted a telephone
survey and asked engineers in 13 state departments of transportation (DOTSs) and also all 14
divisions of the North Carolina DOT about the methods they used/had used before. Table 5 lists
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the results of the survey. Furthermore, they compared some of the current methods at 20
horizontal curve sites and 20 hill sites. They evaluated the time required to perform each
method, equipment costs, training needs, and accuracy. Based on their study, they suggested that
highway agencies use the one-vehicle method.

Table 5. Survey results of no-passing zone location methods (19)

Method DOT
Cone Method New Jersey (used to)
Two-Person Walking Method North Carolina (used to)
lowa
One-Vehicle Method North Carolina (5 districts)

North Carolina (9 districts)
Pennsylvania
New Jersey
Texas
Michigan
California
Colorado
Kentucky (some districts)
Virginia
Wisconsin
Arizona
New York

Photolog Method Connecticut

Two-Vehicle Method

Videolog Method

Although there are several methods for identifying no-passing zones, each one has a setback
because of the time required, accuracy obtained, and related safety issues presented. Some of the
methods locate no-passing zones based on measuring passing sight distance along the chord of
the curve (not along the curve itself), so the results wouldn’t be accurate for locating no-passing
zones particularly on horizontal curves. Additionally, the current methods rely on judgment in
determining the beginning and ending of no-passing zones. However, by using GPS, crews may
be able to obtain the location of no-passing zones more quickly, accurately, and safely, and for a

relatively low cost.
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GLOBAL POSITIONING SYSTEM

GPS was initiated in 1973 to create a Defense Navigation Satellite System (DNSS). Later that
year, the DNSS program was named Navstar. In 1978, the first satellite in the system, Navstar 1,
was launched. Following the United States, Russia launched a system in 1982 called the Global
Navigation Satellite System (GLONASS).GPS provides continuous (24-hour) reliable location
information where there is an unobstructed line of sight to four or more GPS satellites. The
system provides spatial coordinate triplets of longitude, latitude, and altitude for every position
on Earth based on the observations made on electromagnetic signals transmitted from a satellite
constellation. Until May 1, 2000, the government intentionally degraded the position accuracy

of GPS signals for nonmilitary users, a practice known as selective availability.

GPS consists of three parts: the space segment, the control segment, and the user segment. The
space segment is composed of 24 satellites, each of which is circling the earth in a precisely
known orbit. Four additional satellites are held in reserve as spares. The space segment also
includes the boosters required to launch the satellites into orbit. The control segment is
composed of a master and alternate control, and a host of ground antennas and monitor stations.
The user segment is composed of users of the Standard Positioning Service. Each satellite
contains four precise atomic clocks operating on a level of 1 sec of error in 3 million years to
control the timing of the signals they transmit. The satellites are at known locations at all times
and transmit two L-band carrier signals (L1 and L2). A GPS receiver analyzes the coarse
acquisition (C/A) code broadcast over the carrier signals and measures the time the signal was
sent from the satellite and received by the receiver. The time is multiplied by the signal speed,
and a distance (range) is determined. Using ranging code from four satellites, the receiver can
calculate its own position in three-dimensional space. By logging position and time data, other
kinematic parameters such as velocity and acceleration can be derived. Most GPS receivers

output data in National Marine Electronics Association (NMEA)-0183 format. .

GPS can provide a wide range of accuracies. In general, the higher the accuracy required, the
higher the cost and the greater the complexity of using GPS. There are factors that can degrade
the GPS signal and thus affect the accuracy of GPS. The factors include ionosphere and

troposphere delays, signal multipath, receiver clock errors, orbital errors, number of satellites
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visible, and satellite geometry/shading. High-end GPS receivers, compared to autonomous
receivers, reduce GPS errors and provide more accurate and reliable readings by using a
differential signal broadcast from either known locations (reference stations) on Earth or other
sources (commercial or non-commercial satellite networks). A reference station tracks the GPS
satellites and has a true range to each satellite (the exact number of wavelengths between itself
and the satellite). This information, along with its known location, is sent to the receiver (see
Figure 7).High-end GPS devices are usually divided into four categories based on accuracy
levels: Wide Area Augmentation System (WAAS), sub-meter, decimeter, and centimeter. Many
vendors are highly optimistic about claimed accuracy, and most accuracies are based on pass-to-
pass accuracy and not repeatability (20).Repeatability is the ability to return to the exact same

location at any time.
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Figure 7. GPS signal correction

Differential Global Positioning System
The differential global positioning system (DGPS) is an extension of the GPS system and
requires a differential signal from either a free service, such as WAAS or the Coast Guard

beacon system, or a commercial service, such as OmniStar or John Deere’s StarFire.
WAAS is the United States’ implementation of satellite-based augmentation systems (SBASS).

SBAS:s are designed to dramatically improve GPS performance. Many nations are making plans

for SBAS service that appear under a variety of names (for example, Euro Geostationary
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Navigation Overlay Service (EGNOS) in Europe, Multi-functional Satellite Augmentation
System (MSAS) in Japan, GPS Aided GEO Augmented Navigation (GAGAN) in India). A
WAAS-capable receiver can provide a position accuracy of better than 10 ft 95 percent of the
time. WAAS consists of approximately 25 ground reference stations positioned across the United
States that monitor GPS satellite data. Two master stations, located on either coast, collect data
from the reference stations and create a GPS correction message. The corrected differential
message is then broadcast through one of two geostationary satellites, or satellites with a fixed
position over the equator. The information is compatible with the basic GPS signal structure,
which means any WAAS-enabled GPS receiver can read the signal. For some users in the U.S.,
the position of the satellites over the equator makes it difficult to receive the signals when trees
or mountains obstruct the view of the horizon. WAAS signal reception is ideal for open land and
marine applications. WAAS provides extended coverage both inland and offshore compared to
the land-based DGPS system (21).

The Coast Guard beacon system is a land-based augmentation system (LBAS) consisting of a
network of towers that receive GPS signals and transmit a corrected signal by beacon
transmitters. In order to get the corrected signal, users must have a differential beacon receiver

and beacon antenna in addition to their GPS receiver.

Unlike WAAS and the Coast Guard beacon system, commercial services need subscriptions, and
the cost of the subscription varies. OmniStar Virtual Base Station (VBS) costs $800 per year and
requires only a single channel receiver. OmniStar High Performance (HP) costs $2500 per year
and requires a dual-channel receiver. The StarFire | has a free signal for those who buy the
hardware. The StarFire Il costs $800 per year and requires a dual-channel receiver like OmniStar
HP (20).

Real Time Kinematic System

Real Time Kinematic (RTK) is not only the most accurate of all GPS systems but is the only
system that can achieve complete repeatability, allowing a user to return to the exact location,
indefinitely. RTK usually provides centimeter-level accuracy. The system utilizes two

receivers: a static ground base station and one or more roving receivers. The base station
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receives measurements from satellites and communicates with the roving receiver(s) through a
radio link. The roving receiver processes data in real time to produce an accurate position
relative to the base station. All of this produces measurements with an immediate accuracy to
within 1 to 2 inches. The total cost of a full RTK system with base station, receiver, data logger,
and software is usually around $40,000 (20). In addition to the high cost of the system, there are
some issues related to applying the RTK system. For example, there always needs to be line of
sight between the ground station of the RTK and the roving receiver, and the distance between
them should always be within 6 to 10 mi. The receiver must also simultaneously track five
satellites to become initialized and then continue to track four satellites to remain initialized.
Furthermore, RTK needs up to 30 min before it begins initialization (20). Table 6 compares
different GPS devices.

Table 6. Comparison of different GPS devices

Autonomous High-End GPS Devices
(Standalone)GPS WAAS Sub-meter Decimeter Centimeter
iy ;r']‘;ee < $100 $100-8500 $500-$2500 | $2500-$7500 | $15,000-$50,000
US Coast .
Source of Guard, Omsnt;srﬁrr:' P, RTK system
. OmniStar VBS, - (requires a base
Signal - WAAS . I(requires - o
Correction StarFire I, local dual-channel station within 6-
differential receiver) 10 mi)
services
Accuracy’ 10-100 ft 3-10 ft 1-3 ft 3-12 inches < 1-2 inches
lowest cost, low cost, good
small handheld accuracy, small
unit, no handheld unit, no best accuracy highest accurac
Advantage additional additional better accuracy | without using g - 2y,
. . repeatability
equipment or equipment or RTK
service fees service fees
required required

Accuracy is in horizontal position.
“Repeatability is the ability to return to the exact same location at any time.

GPS DATA ACCURACY

The relative accuracy of a GPS run is generally good, and the absolute accuracy can be achieved

through combining multiple GPS data sets collected over a period of time. Young and Miller

(22) showed that the spatial error from successive GPS data is highly correlated. Even though

the GPS error is widely published to be in the range of 1 to 5 m, the relative accuracy of
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sequential GPS data is much greater. If successive GPS data points use the same constellation of
satellites, the relative error between the two data points is minimal. Assuming absolute errors of
2 mand 5 m, respectively, for horizontal and vertical error, the relative error between successive
readings is easily sub-meter in both dimensions. The error correlation between successive GPS
data was estimated between the 0.99 and 0.999 level in the work performed by Young and
Miller. They showed that the absolute position error of their three-dimensional model was
reduced as a function of the number of observations. Figure 8 shows the hypothetical reduction
in the absolute position error of the three-dimensional model as a function of the number of
observations, assuming 2m and 5m random errors, respectively, for horizontal and vertical

positions.
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Figure 8. Hypothetical reduction in the absolute position error of the three-dimensional
model as a function of the number of observations (22)

Young and Miller believed that the high correlation of GPS data error provides in essence a high
quality estimate of heading in the horizontal plane and grade in the vertical plane. Additional
error reduction arises because successive estimates of slope are highly independent, unlike
position estimates. Figure 9 indicates that the relative shape of the roadway is consistently
captured in the GPS data, despite the differences in absolute elevation. Since the researchers did

not collect the GPS data in the field but used GPS data from previous roadway inventory, the
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figures suggest that possibly several different GPS receivers, each with a different bias, were

used to collect the elevation data.
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Figure 9. GPS elevation for a Kansas highway section, K-177 (22)

Based on the above discussion, to model the geometry of a roadway alignment, it is not
necessary to have the exact location (coordination) of each individual data point collected with a
GPS receiver. Rather, if the relative positions of the sequential GPS data are accurate, the

geometry of the roadway alignment can be determined.

GPS APPLICATION IN HIGHWAY ENGINEERING

GPS has been used extensively in research projects related to transportation engineering. In
highway engineering, some researchers have applied GPS technology to their studies. Awuah-
Baffour et al. (23) combined GPS technology with kinematic vehicle operations to collect
roadway alignment, grade, and cross-slope data simultaneously. Also, in another research effort,
Baffour investigated the use of a multi-antenna, single-receiver configuration of GPS to
determine roadway cross slope (24). Roh et al. (25) determined road alignments based on
collected GPS data using an RTK DGPS/GLONASS combination and compared their
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positioning accuracy to the values of the existing design drawings. Young and Miller (22)
developed methods to process over 11 million GPS data points collected by the Kansas

Department of Transportation, resulting in a geometric model of the state highway system.
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CHAPTER I11: THEORETICAL APPROACH

The goal of this research was to develop a method for automating the process for locating no-
passing zones by building upon the theoretical approaches and developing new analytical
algorithms to address the horizontal and vertical alignment concepts. This chapter first presents
a method for converting GPS data to be used in the developed algorithms along with a method
for smoothing the GPS data and geometric modeling of highways. Then, it outlines the
development of new algorithms for evaluating sight distances. The three main algorithms deal
with the vertical sight distance, horizontal sight distance, and three-dimensional sight distance.
Furthermore, developing the automated method for locating no-passing zones requires having the
geometric definition of the roadway alignments. The road obtained using GPS data is
represented as a curve (center of travel lane) rather than a surface. Two other new algorithms to
be used in the main algorithms are also presented in this chapter: one for converting the center of
the travel lane to the roadway centerline, and the other for modeling the right and the left visual
clear zone boundaries. Finally, the chapter explains how the developed algorithms can be

incorporated into a computer model to locate no-passing zones on two-lane highways.

GLOBAL POSITIONING SYSTEM DATA CONVERSION

Every position on Earth is uniquely defined by GPS data in the format of longitude 2, latitude o,
and altitude above or below sea level. Longitude and latitude are angles measured from the
earth’s center to a point on the earth’s surface (Figure 10). Latitude is the angular distance N or
S of the equator from the center of the earth (up to 90 degrees N/S). Longitude is the angular
distance E or W of a point on the earth, measured from the center of the earth (up to 360 degrees

E/W). The angles are measured in degrees or in grads.
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Figure 10. Definition of longitude and latitude of a position on Earth

The true shape of the earth is not spherical due to the existing mountains, valleys, oceans, and
other physical features on the earth. The topographic surface of the earth undulates, and it has
abrupt elevation changes (see Figure 11). Geoid is an imaginary surface of the earth, also known
as the surface of equal gravitational attraction, that coincides with the mean sea surface of the
earth. This surface is perpendicular to the direction of gravity force and is shown in red in
Figure 11. Ellipsoid, shown by the dashed line in the figure, is a mathematical surface that
generally approximates the geoid.

Topographic Surface

Geoid (Mean Sea Surface)

Figure 11. Topographic surface, geoid, and ellipsoid
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There are many defined ellipsoids that approximate the earth. For instance, the Clarke ellipsoid
of 1866 was used for the North American Datum of 1927 in the United States. Currently, the
Geodetic Reference System (GRS80) and the World Geodetic System of 1984 (WGS84) are
commonly used. Semiaxis a, semiaxis b, and flattening f are the three defining parameters, but
only two of them are used to define sizes and shapes of each ellipsoid. The relationship between

the three parameters is:
fz1- 2 (5)

a

For the Clarke 1866 ellipsoid, the defining parameters are semiaxes a and b. For the GRS80 and
WGS84 ellipsoids, the defining parameters are semiaxis a and flattening f. Table 7 lists the

parameters for these three ellipsoids (26).

Table 7. Defining ellipsoidal parameters (26)

Ellipsoid Semiaxis a (m) Semiaxis b (m) Flatenning f
Clarke, 1866 6,378,206.4* 6,356,583.8* 1/294.978698214
GRS80 6,378,137.0* 6,356,752.3 1/298.257222101*
WGS84 6,378,137.0* 6,356,752.3 1/298.257223563*

*Defining parameters for the ellipsoids.

Once the GPS raw data are collected in the format of longitudes, latitudes, and altitudes, a
suitable map projection should be selected to transform the terrestrial coordinates on the curved
surface of the earth to a planar Cartesian coordinate system. In other words, the longitudes and
latitudes (4 and @) must be converted into easting and northing coordinates (x and y, where x
corresponds to the east-west dimension and y to the north-south). A map projection is a
mathematical algorithm to transform locations defined on the curved surface of the earth into
locations defined on the flat surface of a map. The conversion of the curved surface to the planar
surface is always accompanied by some type of distortion, due to the spheroidal/ellipsoidal
figure of the earth. However, map projections can preserve one or several characteristics of the
surface at the cost of distorting other features. Therefore, selection of the most suitable map

projection technique is an important task in this research.
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The Texas Legislature has legislatively defined some geographic information standards,

including specifying the North American Datum of 1983 (NAD83) and two map projections

(Lambert Conformal and Albers Equal Area) for statewide use (27). The properties that are

unique for the Texas Conformal projection and required for the conversion process in this

research are presented in Table 8.

Table 8. Properties of Texas Conformal projection

Properties Description/Value
Mapping System Name Texas Centric Mapping System/Lambert Conformal
Abbreviation (TCMS/LC)
Projection Lambert Conformal Conic
Latitude Grid Origin (4o) 18° N
Longitude Grid Origin (o) 100° W
Northern Standard Parallel (¢ n) 35° N
Southern Standard Parallel (4 s) 27.5° N
False Easting (Eo) 1,500,000 m
False Northing (Np) 5,000,000 m
Datum NADS83
Unit Meter

The datum recommended by the Texas Administrative Code is NAD83. A datum is a set of

reference points on the earth’s surface against which position measurements are made, along

with an associated model of the shape of the earth (reference ellipsoid) to define a geographic

coordinate system. NAD83 uses the GRS80 ellipsoid. The GRS80 was originally adopted as

one of the standard measurements of the earth’s shape and size by the International Union of
Geodesy and Geophysics (IUGG) in 1979.

Zone Constants in Lambert Conformal Conic

Four sets of parameters define a zone in the Lambert Conformal Conic map projection (24). The

sets of parameters are:

1
2
3.
4

. The defining ellipsoidal parameters a (semiaxis) and f (flattening).

Latitude grid origin (¢o) and longitude grid origin (4o).
Northern latitude parallel (¢ ) and southern latitude parallel (¢ s).
False easting (Eo) and north easting (Np).
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The map projection uses the following common functions:

W(p) = /1 - 2sin’ ¢ (6)

M(g) = o 7)
i) = () (b ®

In Equation (6), e is the first eccentricity of the ellipse as defined by the following equation:

e= \/sz = /2f- f? (9)

where a and b are semiaxes and f is flattening of the ellipsoid.

The first eccentricity of the GRS80 ellipsoid is calculated as:

_ 2 1 1 2 _
&= \/Zf'f _\/2 (Svzsramnor?) ~ (oszsmmmon) = 0.081819191

The defining zone constants for a Lambert Conformal Conic map projection are:

wy = W(gg) (10)
wy = W(dy) (11)
my = M(gy) (12)
my = M(4y) (13)
to = T(4,) (14)
t = T(gg) (15)
= T(gy) (16)
n=sin ¢ = % (17)
F=—x (18)
Rb =aF ton (19)
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Figure 12. Lambert Conformal Conic projection (26)

From Figure 12, the following equations can be constructed for calculating the easting and

northing coordinates of point P (Cartesian coordinates of point P):

Ep=Rsiny + E, (20)
Np=Ry- Rcosy+ N, (21)
where:

y= (ho- A ) (22)
R=aFt" (23)
t="T(¢p) (24)

Therefore, the equations for converting the GPS longitude and latitude values into easting and

northing values are written in the form:

cos gg (2 5)

m1:—
f 2 gin2
1 - e*sin” gg

Ccos gy (2 6)

mzz—
2 w2
,l-e sin” ¢y

f = (1 - sin¢s)0'5 (1 + esin ¢S>O.Se (27)

1+ singg 1 - esingg
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= (l-sin¢N)o'5 (I-Fesin(;ﬁN)O'Se (28)

I+singy 1-esingy

_ In(m;)—In(my)

N - (29)
. 0.5n . 0.5en
_ my 1 - sing, 1 +esing,
Ry=a (ntl”) (1 + sin¢0> (l - esinqﬁO) (30)
. 0.5n . 0.5en

o m 1 - singp 1 +esingp
R=a (n tl”) (1 + sin¢P> (1 - esin¢P> (31)
Ep=Rsin[(lg-Ap)n]+E, (32)
Np =Ry~ Rcos [(1g- Ap)n]+ N, (33)

¢p and Ap are terrestrial coordinates of point P that represent latitude and longitude in degree, and
Ep and Np are Cartesian coordinates of point P (easting and northing values of the point) in
meters. For inclusion in the algorithms developed in this research, all the GPS points had to be
converted into northing and easting values in English units. Therefore, an algorithm was created
to perform the conversion. The input of the algorithm was longitude, latitude, and altitude of

GPS data points, and the output included easting, northing, and elevation of each point (x, y, and

2).

GEOMETRIC MODELING OF HIGHWAY

Developing the automated method for locating no-passing zones using GPS data requires having
the geometric definition of the roadway alignments. Roadway profiles, especially long
segments, are unique in that they consist of multiple combinations of tangents and parabolic
curves. Furthermore, roadway surfaces are continuous, and the change in grade over a few feet is
usually small. However, the accuracy of GPS data, especially when collected from a moving
vehicle, can vary drastically due to the satellite positions, and smooth profiles cannot be taken
directly from a single GPS data collection run. Furthermore, multiple data collection runs have
unnecessary repetitions in data, and they may not necessarily provide the accurate data.
Therefore, it is necessary to smooth the GPS data points to obtain the best curve representing the
geometry of two-lane highways. In mathematics, curve fitting models are generally used for

different purposes, such as parameter estimation, functional representation, data smoothing, or
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data reduction. The objective of this research was to perform a curve fitting process on the set of

data points for the purposes of data smoothing.

Various mathematical curve fitting and data smoothing techniques have been used in previous
studies to define the best presentation of roadways based on the observation data points.

Since it is not possible in highway engineering to define a global function to fit the roadway data
profile, researchers have suggested using parametric curves defined with piecewise polynomials
such as spline curves to obtain the geometric definition of highways (28-32).

The word spline is adapted from the shipbuilding industry, where it describes the thin, flexible
strips of woods used by draftsmen and shipbuilders to thread between the metal weights. A
spline curve is a sequence of curve segments that are connected (piecewise parametric
polynomials) and form a single continuous curve. Splines are defined mathematically by two or
more control points. Control points are data points that affect the shape of the curve. The curve
may pass near or through some of the control points. The control points that lie on the curve are
called knots. Basic spline (B-spline) is a spline function that has minimal support with respect to
a given degree, smoothness, and domain partition. B-spline does not interpolate the control

points (i.e., the curve does not pass through the control points).

In this research, a cubic B-spline curve was chosen as the three-dimensional representation of
highway alignments. Suppose the total number of control points is n (n defines the total number
of collected GPS data points along the highway):

P1, P2, P3, P4,..., Py

Control Points

Smoothed Curve

Figure 13. Cubic B-spline curve
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Points P; and P;, are calculated as:

Xj
Pi= (yi>
Z;

and

Xi+1
Pii= | Yin
Zi+1

The smoothed curve between points P; and Pj.; (see Figure 13) can be calculated with a moving
window of four points at a time (2 < i <n-2):
I[-l 3 3 l]l X1 Yi1 Zia
_lr3n 3 -6 3 off% Yi &
= 171 I
[x®. y(), 2] = ¢ [Fr° 1] 3 o0 3 oll Y e
L a4 1 ollxin Vi %

(34)

where t is a parameter greater than or equal to 0 and less than or equal to 1. The x, y, and z
values of each point located on the curve between P; and Pj+1 can be generated through changing

the value of t from 0 to 1.

The number of the generated points (belonging to the smoothed curve) would be more than the
number of the original points, depending on the values selected for the parameter t. If the
parameter t varies by o, the number of the generated points is (n — 3)/a, where n is the number of

the original points.

An algorithm was developed, by applying the cubic B-spline method, to smooth the data that had
been previously converted. The input of the algorithm was the Cartesian coordinates (X, y, and z)
of data points, and the output included the smoothed curve in the form of points (Cartesian
coordinates). For the algorithm, o was selected to be 0.05 (i.e., t varied by 0.05). Therefore,

20 points were generated for each moving window, resulting in the total number of the points
being equal to:

n-3

0.05

where n is the number of the original points.
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MODELING OF ROADWAY CENTERLINE

According to the MUTCD, the passing sight distance on a horizontal curve is the distance
measured along the centerline between two points on a line tangent to the embankment or other
obstruction that cuts off the view on the inside of the curve (see Figure 4). The smoothed data,
originally collected by using a GPS receiver, do not correspond with the roadway centerline
since the vehicle that collects the data travels in one direction of the roadway and does not go
over the centerline. Assuming the vehicle follows a path centered in its lane and the GPS
antenna is mounted in the center of the vehicle, the geometric definition of the roadway
represents the center of the travel lane. Therefore, it is necessary to convert this line (center of
the lane) to a line that represents the centerline of the road (the marked centerline, not the
geometric center of the pavement). The basic concept is to offset the consecutive points that
represent the center of the lane to the left by one-half the lane width. While simple in concept,
the mathematical formulation that will work in all situations is slightly complicated and is

described below.

Assuming that G; €{G3, G, Gs ...} are the smoothed data points collected originally with a GPS
receiver, they represent the center of the travel lane. The objective is to define the geometry of
the roadway centerline. Let’s consider Gj and Gj.1 as two successive GPS data points defined in

an x-y system of Cartesian coordinates, where:

XG;
Gi= (yG)
and
G = GGM)
Gis1
Consider C; as the projection of the point located on the roadway centerline on the x-y plane and
corresponding to G; (see Figure 14). Relative positions of Gi.; and C; from point G; can be

expressed by vectors G;G;.; and G;C;, respectively. The dot (inner) product of two vectors is a

scalar quantity equal to the product of the magnitudes of the two vectors times the cosine of the

angle between them. The dot product is defined for the two vectors G;G;.; and G;C;by:

(GiGis1 » GiCi) = ||GiGit ||| GiCi]| cos © (35)
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where the notation (. , .) denotes the dot product; [|G;G;.; || and [|G;C;|| denote the lengths

(norms) of the vectors G;G;,; and G;C;; and 6 is the angle between the vectors.

Figure 14. Modeling of the roadway centerline

Gi and Gi,; are spaced close to each other so that G;G;;; and G;C; are perpendicular (orthogonal)

and the angle between the vectors is 90 degrees:

(GiGir1 , GiCi) = ||GiGi1 ||| GiCi || cos 90° (36)

Since the cosine of 90 is zero:

(GiGj+1 ,GiC)) =0 (37)

In Cartesian coordinates, the dot product is numerically equal to the sum of the products of the
vector components. If the vectors are expressed in terms of unit vectors 7 and ; along the x and y

directions, the dot product of the vectors can be expressed in the following form (assuming that

G;G;,; and G;C;are in the x-y plane):
(GiGit1 , GiCy) = (xg,,, — X6)(X—xg.) + 6., — Ye)Y = ¥6) (38)

where X and Y represent the coordinates of C; and:
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GGt = (X6, —Xg) I + s, — YGi)j (39)

GCr = (X —x6) 1+ (Y —yg)J] (40)

It can be inferred from Equation (36) that:
(X6, = X)X = x6) + (75, = ¥ )(Y —¥5) =0 (41)

Equation (40) contains six parameters: X, xg,, Xg.,» Y, Y., and Y6, Since two of these
parameters (i.e., X and Y are unknown, another equation should be constructed in order to solve
for unknown parameters. The GPS data points represent the center of the travel lane. Therefore:

|G:Ci|| = 0.5 Wy (42)

||GiCi]| denotes the length of the vector G;C;, and Wy denotes the width of the travel lane, which
is a user-defined parameter (assuming the highway is homogeneous in the lane geometry along
its length). According to the Pythagorean Theorem, length of the vector u = (uy, U,) is given by

IGl= (u,? + ), so that:

IGCill = (X = xg)*+(Y = y5)) (43)

Substituting for ||G;C;|| from Equation (42) in Equation (41), the following relationship is
obtained:

(X = x6)*+ (Y = yg))* =05W, (44)

Since Equation (40) is a linear equation, the simultaneous set of Equations (40) and (43) can be

easily solved by method of substitution. First, Equation (40) is solved for X in terms of Y:
X = x5+ [(Vg, = Yo )Y = Y6 (6., = x6)] (45)

Then, it is substituted for X in Equation (43) and Y is solved. There are two possible solutions
forY:

Y =y £ {0.25W0 % (xq,,, — x6)*/ [0, = Vg, ) *+ (Rayy = X6 1 (46)
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To find their corresponding X values, the values for Y are substituted into Equation (44) and X is

solved.

For the special case where xg_,, = Xg,, the value of the denominator in Equation (44) is zero. In

such a case, X and Y are determined from the following equations:

X =y, +05WL (47)
and
Y =Yg, (48)

As was discussed previously, by solving the two variables X and Y within simultaneous sets of
equations, two sets of possible solutions can be found. One of the solutions represents the
coordinates of C;, while the other represents E;, the projection of the point corresponding to the
edge of the travel lane on the x-y plane (see Figure 14).

The next step is to determine exactly which of the two solutions corresponds to C;. In
mathematics, the cross (vector) product is a binary operation on two vectors in three-dimensional
space. It results in a vector that is perpendicular to both of the vectors being multiplied and
normal to the plane containing them. Given two vectors, u = (u;, u,, u3) and v = (v, v,,v3), in

Cartesian coordinates, the cross product in the form of a determinant is:

~ ~ ~

A X
[W,V]=[u; u, us| =(uv3—u3vy)i —(upvy —u3vy)j+(uvy —upvy) k (49)
Vi Vo V3

where the notation [., .] denotes the cross product.
The direction of [u, V] is given by the right-hand rule: if the fingers of the right hand curl in the

direction of rotation (through an angle less than 180 degrees) from u to v, then the thumb points

in the direction of [u, V] (see Figure 15).
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Figure 15. Cross product of two vectors in respect to a right-handed coordinate system

Let’s assume the first set of X and Y corresponds to C;. Since G;G;.; and G;C; are in the same x-
y plane, the resulting vector of [GiGiH , GiCi] should point purely in the z-direction and lie along
the positive z-axis (based on the cross product definition; Figure 15):

~ A

l J k
[GiGi+1 > Gici] = %G T X6 Vg, T Yg 0
X —Xg, Y-y O
= (%6, = %)Y = ¥6) ~ 0, = Y6 )X —x6)) k
=ak (50)
where % is the unit vector in the direction of the z-axis and:
0= (xg,, = %)Y = ¥6) ~ 0., = Y6 )X = Xq.) (51)

Trying the first set of X and Y (X3 and Y}) in a, if o> 0, then the vector [GiGiH , GiC;| lies
along the positive z-axis and the assumption is correct (i.e., X; and Yy correspond to C;).

Otherwise, they correspond to E;, while X, and Y correspond to C;.

Similar methods are applied to determine the remaining {C;} from {G;}. For example, by using
G and G, and applying a similar method, the coordinates of C; (the x-y projection of the point
located on the roadway centerline corresponding to G;) can be determined. Algorithm 1

summarizes the proposed procedure.
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The result of the process is a series of points that represent the centerline of the roadway. The
centerline definition then serves as the starting point for each of the next two steps: defining the

visual clear zone and defining the sight line for the passing sight distance.

Algorithm 1. Modeling of roadway centerline

Input G = {Gl(XG11 yGI)’ GZ(Xva sz)’ e GN(XGN’ yGN)}
Input W
1
repeat
if XGH]: XGithen
Y= yGi

Y1 =y, +{0.28W0° (xq,, — x6)°/ Vg, = ¥, )+ (Rayy = X6)TF*
Y2 =y - {0.25W0* (xg,., = %6)* (g, =Yg )* + (Kaiy = X6 T
X1 = X6+ Vg, = Yo, (Y1 = Y6 ) (Xa, = Xa,)]
X2 = x6+ [V, =Yg, )(Y2 = 6 (X, — XG)]

end if
o= (%6, = X6)(Y1 = ¥5) = (0., = Y6 )01 — Xa,)
if o >0 then
XC,- = Xl
yCi =Y
else
XCi = Xz
yCi =Y
end if
il—i+1
untili=N
return

{C={Culxc;» ¥¢,) Calxcyn ¥e,)s oo Cnalxe, yCN—I)}}

MODELING OF VISUAL CLEAR ZONE BOUNDARIES

In horizontal curves, a no-passing zone should be provided if the sight line intersects the outer
edge of the visual clear zones on either side of the roadway. The sight line is defined as a line
that begins on the centerline corresponding to a point where a vehicle is located and ends at the
point located on the centerline where the length of the centerline between two points is equal to
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the passing sight distance defined by the MUTCD. As defined for this effort, visual clear zones
are corridors of unobstructed vision immediately adjacent to both sides of two-lane highways
(including shoulders, if they exist, and areas beyond the shoulders), permitting vehicle drivers to
see approaching vehicles. There can be no sight distance obstructions in the area between the
centerline and the visual clear zone boundaries on each side of the road. Only a few methods
have been developed to determine the appropriate clear zone for the purpose of providing
adequate sight distance (33-35). Those methods involve the approximation of the required
boundary of the clear zone based on the horizontal sight distance considerations. However, the
method being presented in this research is appropriate for constructing the minimum boundary of
the visual clear zone in order to calculate the available horizontal sight distance. The difference
in determining required versus available sight distance is important when developing a model
that will calculate the location of no-passing zones. For this research, it was assumed that the
visual clear zones had uniform lateral clearance along the alignment, and the visual clear zone
boundaries were offset from the roadway centerline by a fixed specific distance. For cases where
the width of the visual clear zone changes, the user can divide the roadway into distinct segments
for analysis. This section of the research describes a method for defining the geometry of visual

clear zone boundaries of the roadway.

The approach is similar to that used to define the centerline except that the visual clear zone
boundaries must be defined on both the right and left side of the roadway. {C;} involves the x-y
projections of the points located on the centerline of the roadway, as generated in the previous
section. Let’s consider C; and Ci.; as the x-y projections of two successive points on the
roadway centerline, and R; as the x-y projection of the point located on the right clear zone
boundary corresponding to C; (see Figure 16). The dot product can be defined for the two

vectors of C;C;,; and C;R; by the following (C;C;;; and C;R; are in the same plane):

(CiCit » CR) = (xcy,, = X)X = %) + (e, = Ye )Y = ¥) (52)
where X'and Y' represent the coordinates of R; and:

CiCiut = (xcy,, = %) T+ (v, =¥ )J (53)
CRi = (X' = xc) I+ (Y = y)] (54)
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Figure 16.Modeling of the visual clear zone boundaries

Since C; and C;4; are close to each other, the vectors are perpendicular (orthogonal):
(%c, = X)X = x¢) + (e, =¥ )Y = ¥e) =0 (55)

Equation (55) contains six parameters xc,, Xc,,,, X', Y., Ve, and Y'. Since two of these

parameters (i.e., X' and Y") are unknown, another equation should be constructed in order to
solve for unknown parameters. Point C; represents the x-y projection of the centerline of the

roadway:

[ICR|| = WL+ Wyez (56)

|ICiR;|| denotes the length of the vector C;R;, and W and Wycz denote the width of the travel
lane and the width of the visual clear zone on each side of the roadway, respectively (user-

defined parameters, assuming the highway is homogeneous in the lane geometry along its
length). According to the Pythagorean Theorem, [|CRi]|=((X' — x¢,)*+H(Y' — y. ))°>.
Therefore:

(X' = xc ) HY' — yCi)Z)o.sz WL+ Wycz (57)
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Since Equation (55) is a linear equation, the simultaneous set of Equation (55) and (57) can be

easily solved by method of substitution. First, Equation (55) is solved for X in terms of Y:
X = xc+ (06— Yo, )Y = Ye (e, — x¢)] (58)

Then, it is substituted for X' in Equation (57) and Y' is solved. There are two possible solutions
for Y"
Y' =y {We+ Wye)’ (xc,,, = %)/ [ve, = ¥e, )2+ (ke = %) T (59)

To find their corresponding X' values, the values for Y' are substituted into Equation (58) and X'

is solved.

For the special case where xc,, = Xc,, the value of the denominator in Equation (58) is zero. In

such a case, X' and Y' are determined from the following equations:

X'=yex WL+ Wyez) (60)
and
Y'=ye (61)

As was discussed previously, solving the simultaneous set of linear and quadratic equations in
two variables, X' and Y', gives two pairs of solutions. The solutions should correspond to the
points R; and L; (the x-y projections of the points corresponding to C;, located on the outer edges

of the right and left visual clear zones). Let’s assume the first pair of solutions corresponds to R;.

Since C;R; and C;C;,, are in the same x-y plane, the resulting vector of [CiRi , CiCiH] should
point purely in the z-direction and lie along the positive z-axis (based on the cross product

definition; Figure 15):

e} e

l J
[CR;,CCiri]=| X~ X Y —vq
Xc - yCi

)

i XG Yoy,
= (X' =xc)e,, = ¥e) = (Y =y ) (e, —xc)) k
=Bk (62)

where k is the unit vector in the direction of the z-axis and:
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B=(X = %), —Ye) ~ (V' = ¥o) ey, — %) (63)

Trying the first pair of solutions (X'1 and Y'1) in B, if B > 0, the vector [C;R; , C;C, ] lies along
the positive z-axis and the assumption is correct (i.e., X'; and Y'; correspond to R;). Otherwise,

the set of X'1 and Y'; corresponds to L;, while X', and Y', correspond to R;.

Similar methods are applied to determine the remaining {R;} and {L;} from {C;}. For example,
by using C; and C, and applying a similar method, R; and L; (the x-y projections of the points
corresponding to C,, located on the outer edges of the right and left visual clear zones) can be
determined. Algorithm 2 represents the modeling of visual clear zone boundaries.

The procedure described above is for the case when the widths of the visual clear zones on the
right and the left sides of the road are equal. When the widths of the right and the left visual
clear zones are not equal, Equation (57) will be in the form of:

(X' = x¢, ' HY' - yCi)Z)O.S: WL+ Wevez (64)

where Wgvcz denotes the width of the visual clear zone on the right side of the roadway.

By solving the two variables X' and Y' within a simultaneous set of Equations (55) and (64), two

pairs of solutions can be found:
X = x¢* (g, = Yo, YO = ¥ ke, — xc)] (65)

Y' =y {(WL+ Wrvez)® (xc,,, — X¢,)°/ [(ye — YCH])2 +(xc,, — xc.) T}*° (66)

For the special case where xc, = x¢,, X' and Y" are determined from the following equations:

X' = ycii (WL + Wvaz) (67)
and
Y'=ye (68)

Only the point corresponding to R; would be acceptable since Equation (64) was constructed
based on point R;. Trying both pairs of solutions in B, the pair (X' and Y"') that makes B positive

corresponds to R;, and the other pair is rejected.
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Algorithm 2. Modeling of visual clear zone boundaries
Input C = {Cl(XC1’ ycj); CZ(XC21 yCz)a seey CN(XCN! YCN)}
Input W
Input Wycz
i1
repeat
|f XCi+1: XCithen
Y’l = yCi
Y’z = yCi
X1 =y + (WitWyez)
X’ = Ye, ~ (WL+Wycz)
else
» 21705
Yi=ye+ {WL+Wyez) (xc,, — xc.)*/ (e, — yCm)Z +(Xc,,, — X)) 1}
Y, = Yo, ~ {(WL+Wacz)? (xc., — Xci)z/ [(YCi - YCM)Z +(Xc,, — Xci)z]}o'5
X1 =xe* [, = Yo, )1 = ¥ l(xey, — %)
X2 =xe+ [, = Ve, )V 2 = Yo Mlsc,, = %)l

end if
B= (1= %)V, = o) — (V1= yo)(Xe, — Xc)
if #>0 then
Xg, = X1
yRi =Y
X, =X
yLi =Y
else
Xg, = X7
le. =Y’
X, =X"1
yLi =Y
end if
i—i+1
untili=N
return

{R= {Rl(XRl, le), RZ(XRZa YRZ)a oo RN-l(XRN_]’ yRN_,)}’
L= {Ll(XL,, yL1)1 |_2(XL2, yLz)’ ceey LN—l(XLN_[a YLN_I)}}

In order to find the coordinates of L;, all the previous equations are rewritten with respect to L,
the point located on the left clear zone boundary. For example, Equation (64) is rewritten as:

(X' = X H(Y' = y)) "= Wit Wivez (69)
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Two pairs of solutions are found when solving the two variables X' and Y' within a simultaneous
set of Equations (55) and (69):

X' =xe+ [, = Yo, Y = ¥ )k, = %)) (70)

Y' =y {(WL+ Wivez) (xc,,, — xc,)’/ [(ye, — ycm)z + (xc,,, — X)) 130 (711)

For the special case where xc, = x¢,, X' and Y" are determined from the following equations:

X' =yt (WL + Wivez) (72)
and
Y'=ye (73)

In this case, since Equation (69) was constructed based on point L;, only the pair corresponding
to L; would be acceptable. Trying both pairs of solutions in B, the pair (X' and Y') that makes 3

negative corresponds to L;, and the other pair is rejected.

At the completion of this step, the result is a definition of two boundary lines on each side of the
roadway. The area between these two lines does not contain any sight distance obstructions.
The visual clear zone boundaries serve as the threshold criteria that the sight line is compared to

in the horizontal sight distance algorithm.

VERTICAL SIGHT DISTANCE ALGORITHM
According to the MUTCD (13), “The passing sight distance on a vertical curve is the distance at
which an object 3.5 feet above the pavement surface can be seen from a point 3.5 feet above the

pavement” (see Figure 3).

In vertical curves, there is not adequate sight distance anytime the pavement surface restricts the
sight line. The sight line is defined as a line that begins 3.5 ft above the pavement surface
corresponding to a point where a vehicle is located and ends at the point located 3.5 ft above the
pavement surface where the object is located. Previous research efforts have been conducted and

passing sight distance algorithms have been developed in such a way that examines the
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intersection of the sight line that originated from the points located 3.5 ft above the roadway
centerline and the pavement surface (6, 8).An iterative process is used in the algorithm to

measure the availability of vertical passing sight distances.

In order to evaluate the available passing sight distance between an observation point and a
target point, not only the visibility of the target point but all the points located between the two
points must be checked. The procedure is required to examine probable hidden dips (in vertical
curves) or blind spots (in horizontal curves). Otherwise, it is possible for vehicles positioned in
between the study vehicles, in observation and target points, to become lost in depressions or
blind spots, even though the vehicles in observation and target points are spaced the minimum

passing sight distance apart and the drivers may see each other (see Figure 17).

Figure 17. Lost vehicle in (a) a vertical curve, and (b) a horizontal curve

To evaluate the available vertical passing sight distance between points O; and Ts, located along
a straight segment of a roadway, iterative locations downstream of O; are tested (see Figure 18).
A target point, referred to as T;, is selected at a defined distance from the observation point. The
interval between point O; and point T;; is tested for sight distance restriction. If a sight
restriction is not found, then T; .1 is tested for sight restrictions. Assuming no sight restrictions

are found in each successive interval from O; to the increasing points Tj, the process is repeated
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until a distance equal to the minimum required passing sight distance as set by the MUTCD
(Table 4) is reached (point Ts).

— Direction of Travel

- \ ’
Station(s) Profile "N IT

View T TT==-- # 8

Figure 18. Passing sight distance evaluation for observation point O;along a vertical
alignment

In general terms, the determination of the theoretical sight line that is calculated for each interval
from point O; to the points farther down is as follows. First, 3.5 ft is added to the roadway
elevations at point O; and point Tj.1:

20= 20,7 3.5 (74)
S s 3.5 (75)

The line between these two points that are 3.5 ft above the pavement surface is the theoretical
sight line. Next, the equation of the line between these two points is written as follows, where
stationing is the independent variable and elevation is the dependent variable. Knowing the two
points O’; and T’j+1 on the line, the slope of the line can be calculated as:

2047 2Ty

m= — (76)

S04~ STy,
where sq. and s, represent the station values of points O’; and T’j+1, respectively.

The stationing values are determined for points along a straight segment of a roadway by

calculating the incremental distances between two consecutive points via the following equation:
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A= (1 = %)+ — ¥, (77)

The general form of the equation of a straight line is:
z=ms+b (78)

where m is the slope of the line and b is the z-intercept.

The two points O’; and T’j+1 are on the line. Therefore, by substituting the slope and one of the
points in Equation (77), the z-intercept can be found:

z=ms+b
20, 7 71y,
2= (o )So;tDb
Soy = STy
T 2T+
b:ZO‘i_( SO_STJ )s SOy (79)

After calculating the slope and the z-intercept, the equation of the line can be determined:

20y 7 71y, 20 T 2Ty
2= (2 ) 5420, — (" ) 5o
S0y — STy Soy T Sty
Zovi — Z7 "
z=(———)6 —s0,) * 20,
SO ST_|+1
(zg+3.5) —(zp +3.5)
z=(— I )s —so.) + (z. +3.5)
So; STy, l O
20;™ 2Ty,
zz(SO_—S”)(s —s0) + (25, +3.5) (80)

I+

After determining the equation of the line, the points (midpoints) can be identified between point
O; and the ending station of the theoretical sight line (there will be only one point, T;, for the case
of the sight line between points O; and Tj+1). Elevations of the points (located on the sight line)
corresponding to each of the midpoints can be found (by substituting the station value of the
midpoints in the equation of the line) and compared to the corresponding roadway elevations at
those midpoints (i.e., the elevations of the midpoints themselves). There are no sight restrictions
in a given iteration if the sight line elevations are greater than the roadway profile. However, if

at any station a roadway pavement elevation is greater than its corresponding sight line elevation,

52



there is not adequate passing sight distance. If this occurs, the loop of checking O;and farther

points is broken. The vertical sight distance evaluation procedure is described in Algorithm 3.

Algorithm 3. Vertical sight distance evaluation between O;and Ts

Input i

Input s

Initiate {Oi(x0., Zo,), T,j(ij, ZT],), Ti+1(XT_;+1’ Z7 )5 s Ts(x7,, z7,)}

Generate {O;(xo, 2o,+3.5), Ti(Xr,, z7,+3.5), Ty (X7, 27, #3.5), ... Ty(Xq,, 27,+3.5)}

Flag problem « false
je—i+1
repeat
Connect O; to T;
k«—]j
repeat
if Zoé.r][+1 > Zr, then
k—k+1
else
Flag_problem « true
Break
end if
until Ty =Tjm
if Flag_problem = true
Break
else
je—itl
until j>s
if j > s then

return “There is adequate vertical sight distance between O; and Ts.”
else

return “There is NOT adequate vertical sight distance between O;and Ts.”
end if

HORIZONTAL SIGHT DISTANCE ALGORITHM

To evaluate the available horizontal sight distance between two points, the sight line must be
checked to determine whether it stays within the limits of the visual clear zones (in other words,
the sight line should not cross the visual clear zone boundaries). The sight distance algorithm
should examine the intersection of the sight line that originated from the points located on the
roadway centerline and the visual clear zone boundaries. The intersection should be examined

for the visual clear zone boundaries on both sides of the roadway in order to consider any
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probable changes in alignment (left curve or right curve) in that specific segment. An iterative
process will be used in the algorithm to measure the availability of passing sight distances in

horizontal alignments.

In order to evaluate the available horizontal sight distance between points C; and Cs, located
along an arbitrary segment of the roadway alignment, the following cross product operations can
be used:

P ~

I J k
[CiCs , CiRj] = | Xc, ~ X¢ yCS - yci 0
XRj — X¢; ij — Y 0

1

= ((XCS - XCi)(ij - yCi) - (YCS - yCi)(XRj - XCi)) ];
=vk j=itos (81)
and

o] e}

i J k
[CiCS , CIL]] = | X¢c, — X st - Yci 0
XLj - XCi ij - YCi O

= ((xc, — Xci)(YLj - Yci) - (YCs - Yci)(XLj —Xq,)) k

=8k ; j=itos (82)

where % is the unit vector in the direction of the z-axis and:
v =(Xe, = X))y, ~ Vo) ~ (g, — Yo )xr; — Xc) ; j=itos (83)

0= (XCS - XCi)(ij - yci) - (yCS - yCi)(XLj - XCi) ; J =itos (84)

Ci is the projection of the point located on the roadway centerline on the x-y plane that
corresponds to the passing vehicle location. Cg is the projection of the point located on the
roadway centerline on the x-y plane with the minimum required sight distance from C; and is
determined by adding the discrete sections of CiCi.1:

CiC=CCiyt Gy Ciipt ...+ C G (85)

where C;C;,,is the length of the roadway centerline between C; and Ci.;.
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The length of the roadway centerline between C; and Csis equal to the required passing sight
distance from the MUTCD (Table 4). R;and L; are the x-y projections of the points located on
the right and left clear zone boundaries, respectively, downstream of point C; (see Figurel9):
Rj€{Ri, Ri+1, Ris2 ..., Rs} (86)
Li€{Li, List, Lisz ..., Ls} (87)

Driving
Direction

Driving
Direction

Left Curve Right Curve

Figure 19. Passing sight distance evaluation in right and left curves along horizontal
alignments

In order to have adequate horizontal sight distance between C; and Cs, vectors C;R; and C;L;

should always be in both sides of vector TCS) respectively (see Figure 19). In other words, y and
o should be negative and positive, respectively, for all values of j. On the other hand, if there is
any point on the right (left) visual clear zone boundary, such as Rk (Lk), that makes y positive (&
negative), there is not enough horizontal sight distance in that segment of the roadway. The

horizontal sight distance evaluation procedure is described in Algorithm 4.

Algorithm 4. Horizontal sight distance evaluation between Cjand C;
Input i
Input s

|npUt C = {Ci(XCi, yci), Ci+1(XCi+]1 yCH])a seey CS(XCS’ YCy)}
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Input R= {Ri(XRi’ yRi)’ Ri"’l(XRH]’ yRi+1)’ ceey Rs(XRS, yRs)}
Input L = {Li(x,,, yLi), Liv1(xz,,,» yLM), e Ls(Xg yLS)}
ji
repeat
V= (XCS - XC,-)(ij - Ycl,) - (YCS - Ycl.)(XR_,- - XC,-)
o= (XCS - Xc,-)(ij - yc,») - (YCS - Ycl.)(XLj - Xci)
if <0 AND 6> 0 then
jejtl
else
Break
end if
until j>s
if j>sthen
return {“There is adequate horizontal sight distance between C; and Cs.”’}
else
return {“There is NOT adequate horizontal sight distance between Cjand C.”}
end if

While Figure 19 illustrates the case where the sight line began and ended on the same curve, it
should be noted that the algorithm evaluates the sight distance not only for simple horizontal
curves but also for any arbitrary horizontal alignment such as tangent sections and reverse
curves. Figure 20 illustrates the case of a reverse curve where the sight line must be checked
against the visual clear zone boundaries on both the right and left sides. In this figure, lines AX,

BY, and CZ represent vector TCS) at different points along the roadway. At each of these points
(and at all intermediate points), the algorithm checks to see if the sign for y changes from
negative to positive (indicating a sight distance obstruction) for the right side and if the sign for &
changes from positive to negative for the left side. As an example, the sign for y at Rj., iS
negative, but it is positive at Rs, indicating that the sight line has crossed over the visual clear
zone boundary between Ri., and Rs. This would mean that there is not adequate sight distance
between those points. At point B, the value of y at R;, is negative, and it stays negative for all
points between B and Y, meaning that there are no sight distance obstructions at B. Point C
illustrates a check of the left side visual clear zone boundary. The value of § is positive at Lq but
changes to negative at L, indicating a sight distance obstruction. Figure 20 also indicates how
this algorithm works when checking sight distance for reverse curves or curves with multiple

changes in alignment.
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Sight Line

Figure 20. Application of algorithm to reverse curves

THREE-DIMENSIONAL SIGHT DISTANCE ALGORITHM

On two-lane highways, sight distance may be obstructed by horizontal alignments, vertical
alignments, or a combination of both. The vertical sight distance algorithm presented previously
in this chapter determines the availability of passing sight distance for any straight segment of
two-lane highways. The horizontal sight distance algorithm presented in the previous section
evaluates the passing sight distance for any arbitrary alignment of two-lane highways on level

terrain.

Few research studies have examined cases where a vertical crest curve is overlapped on a
horizontal curve. Some studies have suggested calculating sight distance at each point using
projections on two-dimensional planes for vertical as well as horizontal alignments separately,
and then taking the lower bound as the available sight distance at that point (29, 30). The lower
bound has been defined as an aggregate overlapping horizontal and vertical sight distances.
However, it is not appropriate to judge the sight distance by looking at horizontal or vertical
alignment separately because in horizontal alignment, the elevation information is not available,
and in vertical alignment, the information related to the horizontal alignment of the road is not
available. Therefore, the procedure is not accurate and does not consider the three-dimensional
nature of the geometric design. Some other researchers developed three-dimensional sight

distance models based on the curved parametric elements used in finite element methods or
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based on road surface idealization (36-39). However, those types of algorithms are only
applicable to short, specific segments of newly designed highways. Generally, the majority of
the existing roadways in the nation were designed and constructed a long time ago, and there is
no design information related to those roadways/roadsides at the present time. Furthermore, the
previous algorithms may not provide accurate results due to the approximation used in their
numerical methods. This section of the report presents a new analytical algorithm for evaluating
the three-dimensional passing sight distance for any arbitrary alignment of two-lane highways.
Using this technique, it is possible to address sight distance that cannot be identified through the

separate processing of horizontal and vertical alignments at the onset.

Figure 21 shows a situation on a two-lane highway where a vertical crest curve is overlapped on
a horizontal curve. The roadway is going uphill and at the same time turning around the hill.
Therefore, the sight distance is restricted by the vertical crest as well as the horizontal curve

formed due to the obstruction of the hill.

Figure 21. Overlapping a vertical curve on a horizontal curve on a two-lane highway

To evaluate the available horizontal sight distance between points C; and Cs, spaced the

minimum passing sight distance apart, the sight line that begins 3.5 ft above C; and ends at the
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point located 3.5 ft above Cs must be checked. If the sightline stays within the limits of the
visual clear zones (the blue dashed line in Figure 21) and does not go below the level of the
pavement surface of the roadway, there would be adequate passing sight distance between the
two points. C; and Csare defined in an x-y-z system of Cartesian coordinates as follows:

XCi
C= (Yo
Zci

and
XCs
Cs= (ycs )
ZCs

The equation of the straight line in three dimensions passing through C’; and C’s is defined by:

X - XCYy - }"chi _ Z-Iy =t (88)

XCsmXCy Yot Yoy ZCsT I

where t is a parameter that can take any real value from — oo to + oo.

C’i and C’s are the beginning and the end of the sight line and are located 3.5 ft above C; and C;,

Therefore, the coordinates of C’j and C’ are as follows:

XCi
C'l_ yCi
Zci+ 3.5
and
XCs
Ce=1 Y
ZCS+ 3 5

Substituting for the coordinates, the following equation is obtained:

X - XC. Y'yCi z- (Zci+3-5)

L= = = 89
XcmXe YtV (zCS+ 3.5)- (zCivL 3.5) ( )
From Equation (89), the following parametric equations can be written:

X = (Xc, — X))t + X (90)
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y= (yCS - yCi)t + yCi (91)
Z= (ZCS - Zci)t + Zci +3.5 (92)

To check whether the sight line goes below the level of the pavement surface, the method
presented in the vertical sight distance algorithm can be used to examine the elevation of the
sight line at each of the midpoints between the beginning and end of the sight line. By
substituting the station value of a midpoint in the equation of the line, the elevation of the line in
that specific point can be easily calculated and compared to the corresponding roadway elevation
at that midpoint. However, the same method is not applicable in the three-dimensional case
because the midpoints and the sight line are not in the same plane. Therefore, it is not possible to
substitute the x and y of a midpoint in the line equation and find the corresponding z in order to
compare it to the elevation of the midpoint. Instead, considering an imaginary plane passing
through a midpoint and perpendicular to both the axis of the road and the x-y plane can be used
to check the intersection of the sight line and the plane (see Figure 22).

Let’s consider Gk as a point located on the center of the travel lane between C; and C,, and
consider Cy as the point located on the roadway centerline and corresponding to G (see

Figure 22):

Xck
ch

and

XGk
Gk: (ka )
ZGk
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|___Intersection of Sight Line
and Imaginary Plane

.
L CGRe T

[~ Right Visual Clear Zone

Figure 22. Three-dimensional sight distance evaluation

Pk is an imaginary plane through points Cx and Gg and perpendicular to both the axis of the
roadway and the x-y plane. To find the intersection of the imaginary plane and the sight line, it is
necessary to have the equations of both the plane and the sight line. The equation of the sight
line was found in the previous step. In order to write the equation of the plane, it is necessary to

have two directional vectors that lie in the desired plane (Px) and one point that is in the plane.

One directional vector is C, Gy :

C G = (Xg, — X¢,) i+ (ka - Yck)j +(zg, — 7¢,) k (93)

A vector perpendicular to a plane is called a normal to the plane. Since the desired plane is
perpendicular to the x-y plane, the normal vector of the x-y plane is also a directional vector of
the desired plane: n_ (0, 0, 1).

The normal vector, n, of the desired plane is orthogonal to both directional vectors C, G and fy

The cross product can be figured as:
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~

i j k

i = [CiGy . 1] = [x6, = Xc, Yo, ~ Yo, %G T Zc
0 0 1
=Yg, — Yo ) I+ (= X6+ X¢, )] (94)

After determining a point in the desired plane and the normal vector to the plane, the equation of
the plan can be constructed. Let’s choose point Cx. Assume that R(x, y, z) is an arbitrary point in

the plane. The vector CyR lies in the plane:

CR=(x—xc) I+ (y =y )]+ (=2 )k (95)

Since the normal vector of a plane is orthogonal to any vector that lies in the plane and also the

dot product of orthogonal vectors is zero:

(i, CkR)=0 (96)

This is called the vector equation of the plane. By writing Equation (96) in components, the

equation of the plane can be obtained:

V6, = Yo J& = X ) + (= X6, + X )y = ¥, ) =0 (97)

Equations (90), (91), (92), and (97) should be solved simultaneously to find the point of the
intersection of the line and the plane:

¥V, = Yo (e, = xc)t+ x¢) = X¢ ) + (= %6+ Xc (Yo, = V)t +ye) =¥ ) =0

(xe, = %)V, = Yot + (e, = X )G, = Yo ) + O, = Ye ) (= X6t X )t + (v, — v (= Xg, t
xck) =0

[(xc, = %)V, = Ve ) + O, = Yo ) (= Xg + xc It + [(xe, — %X ), = Y ) + (e, —

Yck)(— XG, * Xc )] =0

_ (XCk' Xci)(ka- ka) + (ka- yCi)(XGk- Xck)

(XCS' XCi)(ka' ka) + (yCS' yci)(- XGk7L XCk)

(98)

By substituting for t from Equation (98) in Equations (90), (91), and (92), the coordinates of Ok

(intersection point) can be obtained.
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Similar methods are applied to determine the intersection points of the sight line and the
imaginary planes passing through other midpoints. For example, by solving the equation of sight
line and the plane Py, the intersection point Oy is obtained (see Figure 22).

In order to have adequate sight distance between C; and Cs, first, the elevation of the intersection
pointin each imaginary plane must be smaller than the elevation of the corresponding point on
the pavement surface of the roadway. Second, the horizontal distance of the intersection point
and the corresponding point on the centerline of the roadway must be smaller than the sum of the

lane width and the width of the visual clear zone boundary:

20,> 2, ; j=itos (99)
and

((x0; = %) (Yo, = ¥,)) < (WLt Waez) j=itos

(100)

In other words, there is adequate sight distance between C; and C; if the intersection points fall
inside the gray rectangles in each imaginary plane passing through the midpoints (see Figure 22).
In the figure, the intersection point O does fall inside the rectangle in the plane Py since the
elevation of Oy is smaller than the elevation of G, and the horizontal distance of Oy and Cx is
smaller than the sum of the lane width and the width of the visual clear zone boundary.

However, farther down the roadway, the intersection point O, does not fall inside the rectangle in
the plane Pp because the elevation of Oy, is greater than the elevation of G,. Therefore, it is
concluded that there is not adequate sight distance between C; and Cs, and no farther points will

be checked in the algorithm.

The procedure described above is for the case when the widths of the visual clear zones on the
right and left sides of the road are equal. When the widths of the right and left visual clear zones
are not equal, it must be determined which should be used in Equation (100). Following is a

procedure that can be used to select which width to apply in Equation (100) at each midpoint.
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Let’s consider Cy and Cy+; as two consecutive midpoints along the centerline of the roadway, and
consider O’k as the projection of Oy, the intersection point of the sightline and the plane P (the
plane passing through Cy and perpendicular to both the axis of the road and the x-y plane), on the

x-y plane (see Figure 23). Therefore:

XO'k= Xok (101)
and
Yo~ Yo, (102)

The projection of the imaginary plane P, on the x-y plane.

Figure 23. Plan view of the road segment at Cy (when W vcz > Wrvcz)

Since CCy+, and C, O are in the same x-y plane, the resulting vector of |C,.Cy., . C,O']should
point purely in the z-direction and lie along the positive or negative z-axis depending on whether

O’ is on the left or right side of C,C,.;(based on the cross product definition; Figure 15):

A ~

I J k
leCk+1 , CkOVkJ = | XCe1 — Xy ka+I - ka 0
XO'k - XCk yO'k - ka 0

= ((XCkH - XCk)( YO'k - ka) - (YCkJrl - YCk)( XO'k - XCk)) l}
=Mk (103)

where % is the unit vector in the direction of the z-axis and:
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A= (xep = Xe) (Yo, = Ye) ~ O, = Yo )Xoy = Xc,) (104)

Trying xo,=Xo,and y, =Y, in A, if 1> 0, then the vector |CiCis1 - C O] lies along the

positive z-axis, meaning that O’ is on the left side of C,C,; and the width of the left visual

clear zone must be used in Equation (100). Otherwise, O’k is on the right side of C,C,.; and the

width of the right visual clear zone must be used in the equation.

Similar methods are applied at each midpoint to select the width of the visual clear zone on the
right or left side of the road that should be used in Equation (100).

The algorithm presented in this section has the ability to evaluate the availability of passing sight
distance for any roadway segment with changes in horizontal and vertical alignments including
tangent sections, reverse horizontal curves, vertical curves, and overlapped horizontal and

vertical curves.

NO-PASSING ZONE MODEL DEVELOPMENT

The algorithms described in the previous sections were incorporated into a computer model to
develop an automated method for calculating passing sight distance and locating no-passing
zones based on the GPS data. Using the computer model has the potential benefits of saving
time and costs and eliminating human errors compared to the current methods of field
measurements. In the developed model, there are separate and distinct steps as follows:

Step 1: The collected GPS data are converted into the northing and easting values in English
units applying the method described in the previous sections. The altitudes related to the GPS
data are also converted from metric units to English units. At the end of this step, the result is

the coordinates of the collected GPS points, x and y and z, in feet.
Step 2: By applying the cubic B-spline method, the GPS data are smoothed and more data points

are generated. At the end of this step, the result is the generated data representing the center of

the travel lane (the lane traveled during data collection).
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Step 3: Once the GPS data are smoothed, the smoothed data that represent the center of a lane
are converted to data that represent the centerline of the roadway using the algorithm described
previously. The result of the process is a series of points that represent the centerline of the

roadway, sorted in the direction of travel during data collection.

Step 4: The available passing sight distance on a two-lane highway depends on the travel
direction. The resulting no-passing zones for the traffic in both directions are independent and
may overlap, or there may be a gap between their ends. The traditional/current field
measurement methods for determining the location of no-passing zones require measuring
passing sight distance in the field for different travel directions separately, which is time
consuming. The three-dimensional sight distance algorithm developed in this research is based
on the evaluation of available three-dimensional sight distance in one direction along the
roadway alignment (one directional sight distance algorithm). The developed no-passing zone
computer model simply incorporates the algorithm twice (once in each direction) to evaluate the
availability of sight distance for a specific roadway segment: once in the direction of travel and

once in the opposite direction.

The computer model in this step determines the points on the roadway incrementally and
measures the availability of passing sight distance on each point in the direction of travel (data
collection) through an iterative process using the developed three-dimensional sight distance
algorithm. The first iteration step is to determine the observation points where the availability of
sight distances are checked for those locations. Sight distances are checked for the observation
points located along the centerline of the roadway in the direction of travel. Those points are
referred to as O;, Ois1, Ois2,.... The second iteration step is to examine the iterative target points
Tij, Tij+1, Tij+2, ..., downstream of the first observation point O; using the three-dimensional
sight distance algorithm described in a previous section. The interval between point O; and T is
tested for sight distance restriction. If a sight restriction is not found, then T; .1, the next target
point farther down the roadway, is tested for sight restrictions (the location of the current
observation point O; has not been changed yet). Assuming no sight restrictions are found in each

successive interval from O; to the increasing points T;, the process is repeated until a distance
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equal to the minimum required passing sight distance as set by the MUTCD (Table 4) is reached
(point Ts). In this case, there is not any sight restriction for point O;, and the algorithm assigns
SD_Yes, as a passing attribute, to this point (passing attribute = SD_Yes). T is determined by
adding the discrete sections of O;Oj.1:

O;T;=0;0i4+1+ O;4+1Ojpt ... (109)

If a sight distance obstruction is found in any successive interval, the iteration (related to this
iterative step) stops and the algorithm assigns SD_No, as a passing attribute, to the observation
point (passing attribute = SD_No). The next iteration steps are to check the sight distance
restrictions for the next observation points, Ojs1, Ojsz, Oiss, ..., individually. For each
observation point, a new Ts must be determined. The process is the same as described in the
second iteration step. This process is repeated from the beginning to the end of the roadway

segment in the direction of travel (data collection).

The reason that more than one target point should be examined for each of the observation points
in this step (i.e., iterative target points) is to check for probable hidden dips (in vertical curves) or
blind spots (in horizontal curves) between the observation point and Ts (the distance equal to the

minimum required passing sight distance).

Step 5: After examining the entire segment, the algorithm then identifies the beginning and
ending of each no-passing zone segment based on the assigned passing attributes (there would be
no-passing zones between the consecutive points having passing attributes of SD_No). At the
completion of this step, the result is the locations of beginning and ending points of theoretical

no-passing zones in the direction of travel (data collection).

Step 6: Upon identifying the theoretical no-passing zone segments, the computer model then
checks adjacent no-passing zones to see if the distance between segments is less than 400 ft. If
this occurs, according to the MUTCD, the no-passing zone should be continuous throughout the
entire length, and the solid line should connect those zones to provide a continuous restriction
through both zones. Therefore, the model deletes the ending point of the first no-passing zone

and the beginning of the next no-passing zone, and one no-passing zone is created.
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Step 7: Since the GPS data points are collected for one direction of a specific roadway segment,
Step 2 and Step 3 produce the geometric models of the center of the travel lane and the roadway
centerline in the format of sets of data points sorted in the direction of data collection. Step 4,
Step 5, and Step 6 evaluate the availability of sight distance and locate no-passing zones in the
direction of travel (data collection). The evaluation of available sight distance in the opposing
direction is conducted by resorting the resulting data from Step 2 and 3 and then using the
procedure described in Step 4, Step 5, and Step 6 to locate the no-passing zones for the opposing

direction.

Figure 24 shows the workflow for the no-passing zone computer model. The input to the model
is the collected GPS data (longitude, latitude, and altitude), and the output of the model is the
locations of no-passing zones for both directions of the roadway (locations along the length of

the roadway segment where passing sight distance is not provided).

Converting Smoothing Modeling Road
GPS Data GPS Data Centerline
Evaluating Determining Determining
= 3D Sight Distance =%  Theoretical NPZs j—p NPZs —_—
(Direction of Travel) (Direction of Travel) (Direction of Travel)
Evaluating Determining Determining
=——p 3D Sight Distance =——=p  Theoretical NPZs  =——p NPZs
(Opposing Direction) (Opposing Direction) (Opposing Direction)

Figure 24. Workflow for no-passing zone computer model
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CHAPTER IV: SOFTWARE PACKAGE DEVELOPMENT

This chapter presents details on the design and implementation of the NPZ computer program.
The NPZ computer program is a user-friendly software package that implements the NPZ
computer model described in the previous chapter and integrates the developed algorithms,
including the algorithms for converting GPS data, smoothing data, modeling roadway centerline,
evaluating 3D sight distance, determining theoretical no-passing zones, and determining final no-
passing zones. The program takes input data (GPS data points), processes the data, and

generates output data (location of no-passing zones along a highway).

For coding the software, the main objectives were:
e To have an efficient program with an easy-to-use graphical user interface (GUI).

e To have a program convertible to a standalone executable program file.

In the beginning, the computer program was coded in the R programming language in order to
test the algorithms. Then, several computer programming languages were examined to find the
best one to code the algorithms efficiently and also provide a number of features for GUI
applications. Finally, Microsoft (MS) Visual Basic was used to develop the NPZ computer

program since it was able to achieve the objectives well.

By creating an executable program, researchers ensured that it can be run independently on any
machine (PC or laptop) without the need to install any special or costly software or program.
The executable program file can be easily used by both field crews in any location as well as

traffic engineers in any local office in order to locate no-passing zones on two-lane highways.

The main suite of the program is a form consisting of five major panels (Figure 25). The panels
are:

e Input Parameters Panel.

e Direction of Data Collection Processing Panel.

e Opposing Direction Processing Panel.
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e Data Display Panel.
e Qutput Saving Panel.

sl NPZ Program = eS|

No-Passing Zone Program lrgtude Laude s

Input Parameters

Read Input File

l Lane Width (ft)

Width of Right Visual Clear Zone (ft) Posted Speed(mph) ¥

\Width of Left Visual Clear Zone (ft) Antenna Height (ft) Clear

e ——
Direction of Data Collection Opposing Direction 4

GPS Data Conversion Resorting GPS Data in the Opposing

Direction

Smoothing GPS Data Evaluating 3D Sight Di:

Opposing Direction

Opposing Disection

Evaluating 3D Sight Di: No-Passing Zones - Opposing

Directions

Modeling Roadway Centerline ‘ Theoretical No-Passing Zones -

Theoretical No-Passing Zones

Output File Path
No-Passing Z
o-Passing Zones 5 Exit

Figure 25. Interface of NPZ program

Each one of the panels has its own self-describing name. One of the first steps in developing the
computer program was to identify the important parameters to be used in the program as input
parameters to evaluate sight distances. The parameters were identified and included in Panel 1.
The major parts of the program are Panel 2 (Direction of Data Collection) and Panel 3 (Opposing
Direction). Those panels include several buttons representing the major tasks of the project, as

the caption of each button indicates.

The user starts the process by selecting the input file (GPS data points) and then providing the
input parameters related to the geometry of the roadway (width of lane, width of right visual
clear zone, width of left visual clear zone), posted speed, and antenna height of GPS receiver
(measured from pavement surface) in Panel 1. The user must prepare the input files in comma
separated value (CSV) format beforehand. The file must have three columns (longitude first,
latitude second, and altitude third) and the data must start from the first row (without any labels

for the columns). Before proceeding further, the program checks the input parameters to avoid
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any invalid values. Figure 26 shows the program interface after the user left the Lane Width field

empty. The red asterisk indicates that this field is mandatory and must be filled.

o —————————— |
No-Passing Zone Program [ T i P

Input Parameters

Read Input File

s -
Width of Right Visual Clear Zone(ft) 6 Posted Speed (mph) 60 ~

| Width of Left Visual Clear Zone(f) 6 Antenna Height(f) 5.7

Direction of Data Collection. ‘Opposing Direction

' GPS Data Conversion Resorting GPS Data in the Opposing
Direction
Smoothing GPS Data Evaluating 3D Sight Distance -
J Opposing Direction
Modeling Roadway Centerline Theoretical No-Passing Zones -
J Opposing Disection
Evaluating 3D Sight Distance No-Passing Zones - Opposing
I L Y Directions
| Theoretical No-Passing Zones
J Output File Path
No-Passing Zones Exit

Figure 26. NPZ program, error in input data

After reading the input file and loading the GPS data, the program displays the data in the Data
Display Panel in the most right-hand side of the form (Figure 27), which lets the user visually

check the data before taking further steps.
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Figure 27. NPZ program, loading the input data

After all the necessary parameters are input, the buttons for the processes are activated one by
one in the Direction of Data Collection Panel and Opposing Direction Panel. The first activated
button is GPS Data Conversion located in Panel 2 (Direction of Data Collection). No other
button will be activated before the conversion process completes. Then, the Smoothing GPS
Data button is activated and so on. As each process completes, its results are displayed in the
Data Display Panel and are saved in a CSV file as output. For example, after the user clicks on
the GPS Data Conversion button, longitude, latitude, and altitude are converted to x, y, and z, and
the result is displayed in the Data Display Panel. At the same time, Panel 5 shows the

information about the output file saved in the computer (see Figure 28).
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Figure 28. NPZ program, converting GPS data

After each of the next four processes in Panel 2 are completed (i.e., Modeling Roadway
Centerline, Evaluating 3D Sight Distance, Theoretical No-Passing Zones, and No-Passing
Zones), the results are displayed and also saved in the computer. The last file saved in the
computer includes the starting point, ending point, and length of each no-passing zone existing
along the direction of data collection. Then, after the user clicks the first button in Panel 3, the
data are sorted along the opposing direction of the roadway. This function enables the program
to evaluate sight distance and locate no-passing zones along the opposing direction, as well. In
other words, one-direction data collection provides the horizontal sight distance and no-passing

zone locations for both directions of the roadway.
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CHAPTER V: DATA COLLECTION AND EXPERIMENTAL WORK

Data collection and experimental work of this research included three main steps. The first step
was selecting data collection sites. Then, the field operation was planned. The appropriate
devices and configurations were selected, and data collection was performed. In the third step,
the collected data underwent post-processing and the redundant data were reduced in order to

generate the input files for the NPZ computer program.

SITE SELECTION

The ideal data collection sites were the segments of two-lane highways consisting of both
straight and curved segments with significant enough changes in horizontal and vertical
alignments to require no-passing zones. Researchers identified several two-lane highways as
ideal sites by asking local engineers and using topographic maps. The test locations provided
several different testing lengths and consisted of a variety of horizontal and vertical curves. The
highways were driven to select the best segments based on the length of the alignments, number
of horizontal and vertical curves, and the other geometric characteristics of the alignments.
Ultimately, three sites were selected for the data collection, including segments on Texas Farm-
to-Market (FM) Roads 166, 159, and 390. Figure 29 shows the locations of the selected roadway

segments.
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Figure 29. Selected segments for data collection

Farm-to-Market Road 166
Farm-to-Market Road 166 is in Burleson County, east of Caldwell, Texas (see Figure 30).The

roadway is a two-lane highway and is approximately 15.6 mi long. The posted speed limit is
65 mph on this roadway. The dots in Figure 30 represent the beginning and end of the roadway

segment evaluated.
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Figure 30. Farm-to-Market Road 166 alignment

Farm-to-Market Road 159

Farm-to-Market Road 159 is in Brazos County, northwest of Navasota, Texas. It is a two-lane
road, approximately 16.5 mi long, and runs from Texas State Highway 6 to Farm-to-Market
Road 105. The posted speed limit is 60 mph on this highway. The beginning and end of the

roadway segment is marked in Figure 31.
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Figure 31. Farm-to-Market Road 159 alignment

Farm-to-Market Road 390

The FM 390 site is located in Washington County, southeast of Somerville Lake, Texas.A part of

this road is designated as a scenic route by the State of Texas. The actual test segment is

approximately 16.7 mi long and runs from the town of Independence to the intersection of Farm-
to-Market Road 1948 N, north of U.S. Highway 290 (see Figure 32).The segment is a two-lane

roadway, and the posted speed limit is 65 mph. The dots in Figure 32 represent the beginning

and end of the roadway segment evaluated.
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Figure 32. Farm-to-Market Road 390 alignment

FIELD OPERATION AND DATA COLLECTION

Data were collected on the studied segments by driving the Texas Transportation Institute (TTI)
instrumented vehicle in both directions of the highway. The TTI instrumented vehicle was a
2006 Toyota Highlander that had been upgraded with several different state-of-the-art devices to
record various data (see Figure 33). The principal system within the instrumented vehicle was a
Dewetron DEWES000 data acquisition system with several different sensory inputs that could be
programmed for different devices. One device was the Trimble® DSM232 GPS that used a
single frequency antenna, mounted on the roof of the vehicle, to gather GPS data. Furthermore,
the Dewetron data acquisition system allowed the user to record events during the data
collection. The events included but were not limited to the beginning of the run, the end of the

run, and every change between passing and no-passing zone pavement markings.

79



Figure 33. Instrumented vehicle and Dewetron DEWE5000 data acquisition system

GPS receivers with different technologies are available today to be used in data collection, but it
was not in the scope of this research to analyze and evaluate each option. Instead, two accessible
GPS devices from different manufacturers that had different high-end technologies (beacon and
WAAS) were used for the GPS data collection. The Trimble® DSM232 system was one of the
receivers. The DSM232 receiver offers a wide range of GPS positioning methods and associated
accuracies. Two methods of GPS positioning that were applied in this research were SBAS-
WAAS and the International Association of Marine Aids to Navigation and Lighthouse
Authorities (IALA)-compliant navigation beacon. The DSM232 system also has the capability
to use a commercial satellite correction service provided by OmniSTAR and provides sub-meter
accuracy in real time (see Figure 34). The collection rate capability of the unit is 10 Hz
(10 points per second), and accuracy of the device is as follows (40):

e X, Y position (differential, RTK): (+/- 0.25m + 1ppm) RMS, (+/- 0.01m + 1ppm).

e Height (differential/RTK): (+/- 0.5m + 1ppm) RMS, (+/- 0.02m + 1ppm).
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Figure 34. Trimble® DSM232 DGPS

The other GPS receiver used for the data collection was the GeoChron GPS Logger®,
manufactured by SparkFun (see Figure 35). GeoChron is an enclosed GPS logger incorporating
an EM408 GPS receiver from GlobalSat, with a high-sensitivity SiRF Star 111 GPS chipset at its
core. The GPS logger has the WAAS feature, and the collection rate capability of this device is
1 Hz (meaning the GPS data can be collected and stored at a 1 sec time interval).For increased
accuracy, the WAAS feature of the GPS logger was enabled by setting WAAS equal to 1 in the
config file of the device (41). The accuracy of the EM408 receiver is 5 m 2DRMS (twice the
distance root mean square) when the WAAS feature is enabled (42). The antennas for both the
Trimble® DSM232 and GeoChron GPS Logger® were fixed using magnetic mounts on top of

the instrumented vehicle.

Figure 35. GeoChron GPS Logger®
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The instrumented vehicle was driven while tracking the lane centerline (the center of the travel
lane) as accurately as possible, and GPS data were collected (at short intervals) as the vehicle
traveled on the roadways. Six travel runs of data collection were made through each direction of
the roadway segments. For each direction, three runs of data collection were performed setting
the DSM232 to the beacon feature, and three runs were conducted setting the DSM232 to the
WAAS feature. Simultaneously, the GeoChron GPS Logger® was used, as well. A standard
cigarette lighter power adapter provided battery power to the GeoChron. GPS data for each run
collected with the DSM232 were sent and stored in the Dewetron DEWE5000 data acquisition
system with a unique file name representing the name of the highway, the direction of travel, the
number of the run, and the GPS positioning method (beacon or WAAS). Unlike the DSM232,
the GeoChron didn’t have the capability of selecting the file names; therefore, it automatically
stored the data in its own memory using default file names. A paper diary was kept during the
data collection to record any additional trip information that might be used later in the data post-
processing and analysis step. In the paper diary, the posted speed limits, travel lane widths, and
lateral distances were recorded for each segment of the roadway. The instrumented vehicle was
also equipped with a black-and-white video camera to continuously capture the forward view in
front of the vehicle. Video data were collected in unison with the horizontal and vertical GPS
data. A video feed relayed the video data directly into the data acquisition system. Table 9

summarizes the data collection runs.

DATA POST-PROCESSING AND REDUCTION
After completing the field data collection, the DEWESoft™ software package (version 6.5.1)
was used to view the synchronized GPS data that were collected with the DSM232 and the video

data. Figure 36 shows an interface of the DEWESoft™ program.
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Table 9. Data collection runs

GPS Receivers
Highway Segments
Trimble® DSM232 | GeoChron Logger®*
Westbound 3 runs in Beacon 3 runs
FM 166 -
Eastbound 3 runs in WAAS 3 runs
Southbound 3 runs in Beacon 3 runs
FM 159 :
Northbound 3 runs in WAAS 3 runs
Westbound 3 runs in Beacon 3 runs
FM 390 :
Eastbound 3 runs in WAAS 3 runs
*The DSM232 collected GPS data in the beacon or WAAS option simultaneously with the
GeoChron.
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Figure 36. Interface of DEWESoft"™ program

Since DEWESoft™ is an acquisition package, the acquired data must be exported to other post-
processing packages for analysis. This software supports a wide variety of popular formats and
makes data files transportable to be imported into any analysis program. The following
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procedure was performed for each run of the collected data in order to export the corresponding

data into other packages, like Microsoft Excel, during the data post-processing
1.

step:

The export data properties were set by defining the type of data required to be used (the

whole data set or part of it) and determining the time axis (absolute or relative).

displayed channel list among all the various variables.

The channels (variables) longitude, latitude, and altitude (Z) were selected from a

Microsoft Excel was selected from an export option list as the format of data export.

Figure 37 shows the Export window of the DEWESoft™ program.

After all the settings were defined, the Export Data button was clicked to export the data.
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Figure 37. Export window of DEWESoft™ program

The synchronized data from the DEWESoft™ program were reduced and exported into

spreadsheets that contained all recorded data over the duration of the recording. A separate

column containing time was automatically added to the selected variables in the

final MS Excel

files. Each final file, corresponding to a data collection run, contained multiple worksheets in its
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raw format—Datalnfo, Events, Results—and one or more data worksheets (see Figure 38). The
data worksheet(s) included data points for four variables: time, Z, longitude, and latitude (the

time variable was not in the channel list as a possible variable, so it was added to the Excel files

automatically).
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Figure 38. Raw data exported from DEWESoft™

The DEWESoft™ program splits data into multiple data worksheets within an Excel workbook
when there are large amounts of data because the DEWESoft™ MS Excel export function was
designed for Microsoft Office 2003 (the maximum worksheet size in Microsoft Excel 2003 is
65,536 rows by 256 columns). For example, the sample exported file in Figure 38 contains two

data worksheets since the data include more than 65,536 GPS data points.

To prepare the input file for the NPZ computer program, the Events, Datalnfo, and Results

worksheets were removed from each MS Excel file, and the Datal and Datal-1 worksheets were
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merged. Furthermore, the columns containing the time variable were removed from each file
and the rest of the columns were organized with longitude first, latitude second, and Z third. The
files were saved in CSV format with the data starting from the first row (without any labels for

the columns).

After retrieving the GPS raw data, three runs were rejected because their data were corrupted:
FM 166 eastbound (data collected in the beacon option), FM 166 westbound (data collected in
the WAAS option), and FM 159 southbound (data collected in the beacon option).

The data stored in the GeoChron GPS Logger® were also downloaded on the computer. The
raw data were saved automatically in a text document file in the format of NMEA-0183. Each
collected GPS point in the stored files consisted of three NMEA sentences (RMC, GGA, and
GSA). The first word of each sentence, called a data type, defines the interpretation of the rest
of the sentence (see Figure 39). Each data type has its own unique interpretation in the NMEA

standard. The format and description of each NMEA sentence is described in the Appendix.
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$GPGGA,191456 DDD 3031 QEEr, 09641 2911,w,1,07,1.2,100.9,M,-23.1 M,,DUDD’
$GPGSA,A,3,0?,24,13,08,11,19 28,,,,,,2 2,1.2,1.9%308GPRMC, 21_9111-5'J DDD A, 30:
$GPGGA,191458.000,3031.9695,N,09641 2893 ,w,1,07,1.2,101.0,m,-23.1 M,,ODOO‘
$GPGSA,A,3,07,24,13,08,11,19,28,,,,,,2.2,1.2,1.9%30%8GPRMC, 191458 000 A, 30
$GPGGA,191459, 000, 3031, 9700,N,09041. 2880,w,1,07,1.2,100.8,m,-23.1 M,,ODOO‘
$GPGSA,A,3,07,24,13,08,11,19,28,,,,,,2.2,1.2,1. 9%303GPRMC, 181500. 000 A, 302
$GPGGA,191501. 000,3031. 9724 ,N,09641. 2825,w,1,07,1.2,99.9,M,-23.1 M,,DDUD“‘
$GPGSA,A,3,07,24,13,08,11,19,28,,,,,,2.2,1. 2,1.9“3U$GPRMC 191502 000, A, 30:
$GPGGA,191503. 000,3031. 9764 ,N,09641. 2732,w,1,07,1.2,99.2,M,-23.1 M,,DDUD*‘
$GPG5SA,A,3,07,24,13,08,11,19,28,,,,,,2.2,1. 2,1.9“30$GPRMC 191503 000,A,30:
$GPGGA,191504.000,3031.9?8?,N,09541 2675,w,1,07,1.2,98.8,mM,-23.1 M,,OODO“‘
$GPGSA,A,3,07,24,13,08,11,19,28,,,,,,2.2,1. 2,1.9"30$GPRMC 191505 000, 4, 30:
$GPGGA,191506. 000,3031. 9839,N,09641. 2546,w,1,07,1.2,98.0,M,-23.1 M,,OODO”‘
$GPGSA,A,3,07,24,13,08,11,19,28,,,,,,2.2,1. 2,1.9"3U$GPRMC 191507 000, A, 30:
$GPGGA,191508. 000,3031. 9891 ,N,09641. 2409,w,1,07,1.2,97.4,M,-23.1 M,,DDUD*‘
$GPG5A,A,3,07,24,13,08,11,19,28,,,,,,2.2,1. 2,1.8“315GPRMC 191508 000,A,30: -
4 e 3

Figure 39. Raw data stored in the GeoChron GPS Logger®

Among RMC, GGA, and GSA, only the GGA sentence contains longitude, latitude, and altitude.
Since the input file for the NPZ program must include longitude, latitude, and altitude, the RMC
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and GSA sentences were first removed from each text document file. Then, from each GGA
sentence, redundant variables were removed, and the information related to each data point was
sorted in the order of longitude, latitude, and altitude. The files were saved in CSV format with
the data starting from the first row (without any labels for the columns). One more step in
preparing the input files from the GeoChron raw data was to convert the format of longitudes and
latitudes. NMEA sentences provide the longitudes and latitudes in degrees-minutes. Therefore,
the longitudes and latitudes were converted from degrees-minutes to the decimal degrees
required for the NPZ computer program.

After retrieving the GPS raw data, three runs were rejected because their data were corrupted:
FM 166 eastbound, FM 166 westbound, and FM 159 southbound.
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CHAPTER VI: RESULTS AND MODEL VALIDATION

This part of the study focused on a field evaluation of the developed model, which included a

comparison of the calculated no-passing zone results with the actual no-passing zone markings in
the field at the study sites.

The locations of the existing no-passing zones were recorded by the TT]I fleet vehicles equipped
with DMIs traveling to the field. The Texas Transportation Institute has Ford Taurus sedans
equipped with NITESTAR NS-50 DMIs (Figure 40) manufactured by Nu-Metrics, Inc. Each
DMI receives its power and data input from the vehicle’s transmission. It measures the number
of shaft rotations in the vehicle by monitoring the number of electronic pulses received from the
DMI sensors attached to the transmission of the vehicle. Each drive shaft rotation is converted
into distance traveled as a function of the differential gear ratio and tire diameter. According to

the DMI specifications sheet, the accuracy of DMI is up to +/-1 ft per mile.

i

NITESTAR DM]

@@@@

4 DATA

: POWER

Figure 40. Nu-Metrics NITESTAR DMI

The DMIs were calibrated before the experiments according to the manufacturer’s standard
calibrating procedure (43). The calibrations were performed at the unused runways of a retired
airbase that now serves as the Texas A&M Riverside Campus in Bryan (runways 17C and 35C in

Figure 41), by traveling a known distance and correlating that distance with the number of pulses
recorded.
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Figure 41. Runway configuration at Texas A&M Riverside Campus and DMI calibration

Field trips were made to record the existing locations of the no-passing zones. The DMI was set
to zero at the beginning of each direction of the segments. Then, the sedan was driven along the
segments to collect the data. The NITESTAR NS-50 DMI shows the data including the
measured distance and the speed, but it does not have the capability to save the data. Therefore,
the distances of the beginning and ending of solid lines, determined by reading the values from

the DMI while the vehicle was passing through them, were recorded in the paper diary.

The data were collected for each direction of the highway segments two times, each time using a
different sedan equipped with a DMI to achieve the highest level of accuracy and eliminate
human errors in reading and recording the data. The beginning and ending of each no-passing
zone were calculated by taking the average of the two values collected in each field trip.

The horizontal curves, vertical crest curves, railroad grade crossings (RR Xing), underpass
tunnels, and intersections or road junctions (JCT) were recorded for each direction of the study
segments by watching the videos recorded during data collection. The locations of the existing

no-passing zones were also verified through video analyses in the DEWESoft™ program.
The summary statistics of the existing no-passing zones for Farm-to-Market Road 166,

westbound and eastbound, are illustrated in Tables 10 and 11, respectively. The information

presented in the tables is based on visual observation and may not be accurate.
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Table 10. Summary statistics for horizontal and crest vertical curves on FM 166 westbound

NPZs, RR Xings, JCTs, Horizontal Curves _Crest
and Underpass Tunnels Vertical Curves
NPZ 0 due to the intersect;ggrsértl?e beginning of the
NPZ 1 1 (right curve) 0
NPZ 2 5 (2 right curves, 3 left curves) 0
NPZ 3 1 (left curve) 1
NPZ 4 3 (2 right curves, 1 left curve) 0
T-Junction 1(right curve) -
NPZ 4 5 (2 right curves, 3 left curves) 0
NPZ 5 0 1
NPZ 6 7 (3 right curves, 4 left curves) 0
NPZ 7 0 1
NPZ 8 3 (1 right curve, 2 left curves) 1
NPZ 9 6 (3 right curves, 3 left curves) 1
NPZ 10 2 (1 right curve, 1 left curve) 0
NPZ 11 3 (2 right curves, 1 left curve) 1
NPZ 12 9 (4 right curves, 5 left curves) 4
NPZ 13 2 (1 right curve, 1 left curve) 0
One-Lane Underpass - -
NPZ 13 1 (left curve) 0

Table 11 presents the summary statistics of the existing no-passing zones for the eastbound
direction of this segment.
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Table 11. Summary statistics for horizontal and crest vertical curves on FM 166 eastbound

NPZs, RR Xings, JCTs, Horizontal Curves _Crest
and Underpass Tunnels Vertical Curves
NPZ 1 2 (right curves) 0
One-Lane Underpass - -
NPZ 1 1 (left curve) 0
NPZ 2 1 (right curve) 0
- 1 (left curve) 0
NPZ 3 7 (4 right curves, 3 left curves) 5
NPZ 4 3 (1 right curve, 2 left curves) 0
NPZ 5 9 (4 right curves, 5 left curves) 4
NPZ 6 1 (right curve) 0
NPZ 7 6 (3 right curves, 3 left curves) 1
NPZ 8 1 (right curve) 0
NPZ 9 6 (3 right curves, 3 left curves) 0
T-Junction 1(left curve) -
NPZ 9 2 (1 right curve, 1 left curve) 0
NPZ 10 1 (right curve) 0
NPZ 11 6 (4 right curves, 2 left curves) 0
NPZ 12 1 (left curve) 0
NPZ 13 due to the intersection at the end of the segment

The summary statistics of the existing no-passing zones for Farm-to-Market Road 159,

southbound and northbound, are illustrated in Tables 12 and 13, respectively.
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Table 12. Summary statistics for horizontal and crest vertical curves on FM 159

southbound
NPZs, RR Xings, JCTs, Horizontal Curves _Crest
and Underpass Tunnels Vertical Curves
NPZ 1 6 (3 right curves, 3 left curves) 3
NPZ 2 3 (2 right curves, 1 left curve) 0
Junction - -
RR Xing - -
NPZ 2 1 (right curve) 0
NPZ 3 1 (left curve) 0
NPZ 4 0 1
NPZ 5 0 1
NPZ 6 0 1
NPZ 7 0 1
NPZ 8 1 (right curve) 2
NPZ 9 1 (right curve) 1
NPZ 10 2 (1 right curve, 1 left curve) 0
NPZ 11 0 1
RR Xing - -
NPZ 12 1 (left curve) 0
NPZ 13 2 (1 right curve, 1 left curve) 0
NPZ 14 1 (left curve) 0
- 1 (left curve) 0
NPZ 15 1 (right curve) 0
NPZ 16 1 (right curve) 0
NPZ 17 1 (right curve) 0
NPZ 18 0 1
NPZ 19 1 (right curve) 0
NPZ 20 due to the intersection at the end of the segment
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Table 13. Summary statistics for horizontal and crest vertical curves on FM 159

northbound
NPZs, RR Xings, JCTs, Horizontal Curves _Crest
and Underpass Tunnels Vertical Curves
NPZ 0 due to the intersectsiggrs;rt:e beginning of the
NPZ 1 2 (left curves) 0
NPZ 2 1 (left curve) 0
NPZ 3 1 (left curve) 0
- 2 (1 right curve, 1 left curve) 0
NPZ 4 1 (left curve) 0
NPZ 5 1 (right curve) 0
NPZ 6 1 (right curve) 0
NPZ 7 3 (1 right curve, 2 left curves) 0
NPZ 8 1 (right curve) 0
RR Xing - -
NPZ 9 0 1
NPZ 10 0 1
NPZ 11 2 (1 right curve, 1 left curve) 0
NPZ 12 1 (left curve) 1
NPZ 13 2 (left curves) 2
NPZ 14 0 1
NPZ 15 1 (right curve) 1
NPZ 16 0 1
NPZ 17 0 1
NPZ 18 1 (right curve) 0
NPZ 19 1 (left curve) 0
RR Xing - -
Junction - -
NPZ 19 3 (1 right curve, 2 left curves) 1
NPZ 20 1 (right curve) 0
NPZ 21 4 (2 right curves, 2 left curves) 0
NPZ 22 due to the intersection at the end of the segment

The summary statistics of the existing no-passing zones for Farm-to-Market Road 390,

westbound and eastbound, are illustrated in Tables 14 and 15, respectively.
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Table 14. Summary statistics for horizontal and crest vertical curves on FM 390 westbound

aNnZZSnF;Er;(;ng §I'lf r%-gfs Horizontal Curves Verticc::arleétu rves

NPZ 1 3 (1 right curve, 2 left curves) 1
NPZ 2 1 (right curve) 1
NPZ 3 1 (left curve) 3
NPZ 4 7 (4 right curves, 3 left curves) 6
NPZ 5 0 2
NPZ 6 3 (1 right curve, 2 left curves) 2
NPZ 7 1 (right curve) 1
NPZ 8 1 (left curve) 1
NPZ 9 0 1
Junction - -
NPZ 10 0 1
NPZ 11 3 (1 right curve, 2 left curves) 1

One-Lane Underpass i i
Tunnel
NPZ 11 13 (5 right curves, 8 left curves)
NPZ 12 0
Junction - -
NPZ 13 2 (1 right curve, 1 left curve) 2
NPZ 14 0 1
NPZ 15 0 1
NPZ 16 5 (2 right curves, 3 left curves) 2
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Table 15. Summary statistics for horizontal and crest vertical curves on FM 390 eastbound

aNnPdZLSJ’nI?jI:r:)(aigsg §I'L;] rﬁ(;lss Horizontal Curves Vertic?arleétu rves
NPZ 1 5 (3 right curves, 2 left curves) 5
NPZ 2 0 1
NPZ 3 0 1
NPZ 4 2 (1right, 1 left) 1
NPZ 5 0 0
Junction - -
NPZ 5 0 4
NPZ 6 10 (6 right curves, 4 left curves) 10
One-Lane Underpass i i
Tunnel
NPZ 6 2 (1 right curve, 1 left curve) 1
NPZ 7 0 1
Junction - -
NPZ 7 0 0
NPZ 8 0 1
NPZ 9 1 (right curve) 1
NPZ 10 1 (left curve) 1
NPZ 11 3 (2 right curves, 1 left curve) 2
NPZ 12 2 (1 right curve, 1 left curve) 2
NPZ 13 0 0
Junction - -
NPZ 13 3 (2 right curves, 1 left curve) 4
- 1 (right curve) 0
NPZ 14 3 (1 right curve, 2 left curves) 3
NPZ 15 2 (1 right curve, 1 left curve) 4
NPZ 16 0 1
- 1 (left curve) 0
NPZ 17 3 (2 right curves, 1 left curve) 3

After the NPZ program was run for each data set, the program calculated the lengths and the

locations of no-passing zones, and the results were saved in the computer. To compare the
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results of the NPZ program with the existing no-passing zones whose information was collected

during site visits, the no-passing zones were plotted in graphs.

Figure 42 shows the calculated no-passing zones in the westbound direction of Farm-to-Market
Road 166 for different runs of data collection using DSM232 in the beacon option. It also shows
the existing no-passing zones (field) for the westbound direction. For the first three runs (Run 1,
Run 2, and Run 3), the data were collected by traveling in the westbound direction. In the figure,
“Run 1 (Opp. Dir.)” and “Run 2 (Opp. Dir.)” mean that the original data have been collected by
traveling in the opposite of the study direction (i.e. the data collected by traveling in the
eastbound) and then, the data points were reversed, so that the last eastbound value became the
first westbound value. The figure illustrates that for some part of the segment, the program
calculated short, individual no-passing zones, but in the field, the existing no-passing markings
are continuous in those locations. To validate the program, the distances between the short no-
passing zones were calculated and confirmed to be not shorter than 400 ft. Therefore, it was
concluded that at this site, the adjacent no-passing zones that are close together have been
connected in the field, even if they are more than 400 ft apart.

FM 166, East to West (Beacon)

Run 2 (Opp. Dir.)
Runl (Opp. Dir.)

Run3
Run2

Run1 — —

Field

o 10000 20000 60000 70000 20000

000 40000 50000
Distance from Beginning of Roadway Section (ft)

Figure 42. Farm-to-Market 166 westbound (DSM232—beacon option)

Figure 43 and Figure 44 show the calculated no-passing zones in the westbound direction of
Farm-to-Market Road 166 for different runs of data collection using DSM232 in the WAAS
option and GeoChron, respectively, with the existing no-passing zones (in the field). Comparing
those two figures with Figure 42, it seems that the beacon option of DSM232 provides more

accurate results.
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FM 166, East to West (WAAS)

Run3 {Opp. Dir.)

Run 2 (Opp. Dir.)
Run1 (Opp. Dir.) {—
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Figure 43. Farm-to-Market 166 westbound (DSM232—WAAS option)
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FM 166, East to West (GeoChron)

Run& (Opp. Dir.)
Run5 (Opp. Dir.)
Run4 (Opp. Dir.) —
Run3 (Opp. Dir.) —_
Run2 (Opp. Dir.)
Run1 (Opp. Dir.)
Runé
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Figure 44. Farm-to-Market 166 westbound (GeoChron)

Figure 45 and Figure 46 compare the calculated and existing no-passing zones in the eastbound
direction of Farm-to-Market Road 166 for different runs of data collection using DSM232 in the
beacon option and WAAS option, respectively.

FM166, West to East (Beacon)

Run 3 (Opp. Dir.} —_—

Run 2 (Opp. Dir.}

Run 1 {Opp. Dir.} _—

Runz

Runi —_—

Field —

Q 10009 20000 30000 40000 50000 60000 70000 80000
Distance from Beginning of Roadway Sectian (ft)

Figure 45. Farm-to-Market 166 eastbound (DSM232—beacon option)
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FM 166, West to East (WAAS)
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Figure 46. Farm-to-Market 166 eastbound (DSM232—WAAS option)

Figure 47 shows the calculated no-passing zones along with the existing no-passing zones for the
data collected on Farm-to-Market Road 166 in the eastbound direction using GeoChron.

FM 166, West to East (GeoChron)

Run & [Opp. Dir.)
Run 5 [Opp. Dir.}
Run 4 [Opp. Dir.}
Run 3 [Opp. Dir.}
Run 2 (Opp. Dir.)
Run 1 [Opp. Dir.} +—— —_—— e — — —— e — =
Run6
RUNS I
Run4
Run3
Run2 [—

Runi —_— -

Field fr— — —_—

0 10000 20000 30000 40000 50000 60000 70000 80000
Distance from Beginning of Roadway Section (ft)

Figure 47. Farm-to-Market 166 eastbound (GeoChron)

The no-passing zones (existing and calculated) along the westbound side of Farm-to-Market
Road 390 are illustrated in Figure 48. There are 16 no-passing zones marked in the field along
this direction of the highway. The eleventh no-passing zone is a continuous zone, unlike the
corresponding calculated no-passing zones. There is a gap between two consecutive no-passing
zones (showed with a red arrow in Figure 48), but the gap does not exist in the field. According
to Table 15 (summary statistics for horizontal and crest vertical curves), there is an underpass
tunnel along that segment of the roadway between two individual no-passing zones. Therefore,

the no-passing zones were connected in the field because of the tunnel.
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FM 390, East to West (Beacon) ‘
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Figure 48. Farm-to-Market 390 westbound (DSM232—beacon option)
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CHAPTER VII: CONCLUSIONS

A new algorithm was developed and presented for evaluating the availability of three-
dimensional passing sight distance. The algorithm can deal with individual horizontal or vertical
alignments, as well as complex combined horizontal and vertical alignments. Based on the
algorithm, a computer program was developed to automate locating passing and no-passing
zones using GPS data instead of current field measurements. The implementation of this
automated method will save time and costs, avoid human errors, and be safer compared to the
current methods of no-passing zone location. Furthermore, by applying the developed method,
highway agencies will be able to check the existing no-passing zones located and marked by the
field crews.

GPS data were collected in three different two-lane highways using different GPS receivers.
Finally, the developed NPZ program was verified by comparing the results obtained by the
program to the existing no-passing zones in the field. The verification shows that the developed
algorithm and computer program can be used to determine the available sight distance and locate
no-passing zones. Therefore, the computer program should be of great interest to highway

agencies.
Comparing all the results to the existing no-passing zones, it seems that some adjacent no-

passing zones are close enough that they are connected in the field, even though they may be far

enough apart to exist as separate no-passing zones according to the MUTCD.
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APPENDIX: NMEA SENTENCE INFORMATION

$GPRMC
Name Example Data Description
Sentence identifier $GPRMC
UTC time 170834 17:08:34 7
Data status
A =0k
V =invalid
Latitude 4124.8963, N ili 24.8963' N or 41° 24'54
Longitude 08151.6838, W 81°51.6838'W or 81°51°41

W

Speed over ground in knots

Course over ground in degrees

Date

Magnetic variation in degrees

E orwW

Mode

A = autonomous
D = DGPS
E=DR

N = data not valid

Checksum

*75

Used by program to check for
transmission errors
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$GPGGA

Name Example Data Description
Sentence identifier $GPGGA dG;; balpositioning system fix
UTC time 170834 17:08:34 Z
Latitude 4124.8963, N ili 24.8963'N or 417 2454
Longitude 08151.6838, W 3\} 516838 Wor 81" 51'41
Fix quality (position fix
indicator):
0 = invalid 1 Data is from a GPS fix
1 = GPS fix
2 = DGPS fix
Number of satellites used 05 5 satellites are in view
Horizontal dilution of 15 Relative accuracy of
precision (HDOP) in meters ' horizontal position
Altitude (MSL) 280.2, M 280.2 m above mean sea level
Height of geoid above
WGS84 ellipsoid (geoid -34.0, M -34.0m
separation) in meters
Time since last DGPS update
(age of diff. corr.) blank No last update
DGPS reference station ID blank No station 1D
Checksum *75 Used by program to check for

transmission errors
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$GPGSA

Name

Example Data

Description

Sentence identifier

$GPGSA

Mode:

M = manual, forced to operate
in 2D or 3D

A = 2D automatic, allowed to
automatically switch 2D/3D

Mode:

1 = fix not available
2 =2D (<4 SVs used)
3 =3D (>3 SVs used)

ID of SVs used in position fix
(satellite used SV on channel 1)

ID of SVs used in position fix
(satellite used SV on channel 2)

Position dilution of precision
(PDOP) in meters

Horizontal dilution of precision
(HDOP) in meters

1.5

Relative accuracy of
horizontal position

Vertical dilution of precision
(VDOP) in meters

Checksum

*75

Used by program to check for
transmission errors
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