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ABSTRACT

The Indiana Department of Transportation (INDOT) manages and maintains over
3,000 miles of interstates across the state. Assessing lane marking quality is an
important part of agency asset tracking and typically occurs annually. The current
process requires agency staff to travel the road and collect representative
measurements. This is quite challenging for high volume multi-lane facilities.
Furthermore, it does not scale well to the additional 5,200 centerline miles of non-

interstate routes.

Modern vehicles now have technology on them called “Lane Keep Assist” or LKA,
that monitor lane markings and notify the driver if they are deviating from the lane.
This thesis evaluates the feasibility of monitoring when the LKA systems can and
cannot detect lane markings as an alternative to traditional pavement marking asset
management techniques. This information could also provide guidance on what
corridors are prepared for level 3 autonomous vehicle travel and which locations need

additional attention.

In this study, a 2019 Subaru Legacy with LKA technology was utilized to detect
pavement markings in both directions along Interstates 1-64, 1-65, 1-69, 1-70, 1-74, I-
90, I-94 and 1-465 in Indiana during the summer of 2020. The data was collected in
the right most lane for all interstates except for work zones that required temporary
lane changes. The data was collected utilizing two go-pro cameras, one facing the
dashboard collecting LKA information and one facing the roadway collecting photos
of the user’s experience. Images were taken at 0.5 second frequency and were GPS
tagged. Data collection occurred on over 2,500 miles and approximately 280,000

images were analyzed. The data provided outputs of: No Data, Excluded, Both Lanes



Not Detected, Right Lane Not Detected, Left Lane Not Detected, and Both Lanes
Detected.

The data was processed and analyzed to create spatial plots signifying locations where
markings were detectable and locations where markings were undetected. Overall,
across 2,500 miles of travel (right lane only), 77.6% of the pavement markings were

classified as both detected. The study found

e 2.6% the lane miles were not detected on both the left and right side
e 5.2% the lane miles were not detected on the left side

o 2.0% the lane miles were not detected on the right side

Lane changes, inclement weather, and congestion caused 12.5% of the right travel
lane miles to be excluded. The methodology utilized in this study provides an
opportunity to complement the current methods of evaluating pavement marking

quality by transportation agencies.

The thesis concludes by recommending large scale harvesting of LKA from a variety
of vendors so that complete lane coverage during all weather and light conditions can
be collected so agencies have an accurate assessment of how their pavement markings
perform with modern LKA technology. Not only will this assist in identifying areas
in need of pavement marking maintenance, but it will also provide a framework for
agencies and vehicle OEM’s to initiate dialog on best practices for marking lines and

exchanging information.



1. INTRODUCTION

Assessing lane marking quality is an important part of agency asset tracking. Difficult to detect
lane markings can lead to driver confusion and perhaps crashes. Understanding locations where
lane markings may be difficult for vehicles to detect, is particularly important for connected and
autonomous vehicles. According to a study conducted by the National Cooperative Highway
Research Program (NCHRP) approximately 30% of state agencies perform pavement marking
evaluations annually and the remaining agencies collect pavement marking condition bi-annually
or sporadically (Hawkins and Smadi 2013). The study suggests that the frequency of data
collection varies due to cost, collection procedures, and the ability to provide personnel to
complete the activities. Better, more frequent data collections can be obtained using LKA

technology.

94% of crashes are caused by human error (USDOT 2015) and the use of LKA can aid in reducing
the number of crashes. Original Equipment Manufacturers (OEM) have equipped LKA
technology in their vehicle’s over the course of the last decade. The technology’s primary purpose
is to provide comfort and enhance safety for customers. In addition, this technology provides
OEM’s an opportunity to assess algorithms as they begin to enter levels 1-2 of autonomy (SAE
International 2018, Beglerovic et al. 2018). Aside from the enhanced safety features of the
technology there is a potential to provide agencies and drivers feedback on pavement marking
quality. This research explored opportunities to utilize vehicle sensor data to assess pavement
marking quality efficiently and economically across the state of Indiana. The primary objective
of the study was to determine if LKA data could be used as a measure to determine the quality of
pavement markings. The secondary objective was to provide a spatial map on what areas of a

roadway contain pavement markings detectable by LKA and areas that are difficult to detect.



1.1 Study Area

The study area includes 8 interstates across the state of Indiana, including 1-64, 1-65, 1-69, 1-70, I-
74, 1-90, 1-94 and 1-465. The total miles that the study was conducted on is over 2,500 miles and
include urban and rural interstates varying from 2-6 lanes. The typical posted speed limit was 70
mph with [-465 and areas on [-94 and [-90 with speed limits posted as 55 mph or less. Exceptions
to the posted speed limit include work zones, inclement weather, and accidents. Indiana is divided
into 6 districts shown in Figure 1.1. This district organization was used for reporting the results
since maintenance activities are typically organized by district. Table 1.1 shows the district, the
interstates that lie in that district, the interstate mile markers that start and end within the district,

and the total miles that are managed for that specific district.
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Figure 1.1 Study location: Indiana and the 8 interstates analyzed
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Table 1.1 Indiana interstates sorted by district with mile marker (MM)

Start Mile End Mile
District Interstate Marker Marker Total Miles
I-65 130 201 71
Crawfordsville I-70 0 69 69
[-74 0 73 73
[-69 255 357 102
Fort Wayne 1-90 (toll) 87 156 69
1-469 0 31 31
[-65 101 130 29
I-69 200 255 55
Greenfield I-70 69 157 88
[-74 73* 123 50
[-465 0 53 53
I-65 201 262 61
La Porte 1-90 (toll) 0 87 87
[-94 0 46 46
[-64 92 124 32
[-65 0 101 101
Seymour
[-69 104 114 10
[-74 123 171 48
[-64 0 92 92
Vincennes
[-69 0 104 104
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1.2 Study Period

This study was conducted over the course of 3 months from June to August 2020 with a pair of
students in the study vehicle. Table 1.2 shows the dates the data was collected for each interstate;
including the miles driven, and the time taken to collect the data. The data was obtained at every
half a second which is approximately every 50 feet traveling at 70 miles per hour. For initial data
processing the data was aggregated into 0.1, 1, 5, and 10-mile bins. After a quick analysis it was
determined that due to the size of the data, the amount of infrastructure being assessed, and GPS

inaccuracies that aggregating the data into 1-mile bins portrayed the data is the simplest manner.

Table 1.2 Dates of data collection

Total Time
Date Driven | Interstate | Total Miles
(Hours)

08/19/2020

1-64 248 4.0
08/20/2020
06/19/2020 I-65 524 13.0
08/11/2020
08/19/2020 1-69 714 15.3
08/20/2020
07/07/2020

I-70 314 6.7
07/21/2020
08/07/2020 I-74 246* 5.1
08/12/2020 1-90 312 5.0
08/12/2020 1-94 92 1.7
08/19/2020 1-465 106 2.3
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1.3 Study Scope

INDOT maintains over 3,000 miles of interstates across the state and must maintain pavement
quality, pavement markings, and sign retroreflectivity. Retroreflectivity is a term used when
evaluating how much light is reflected from an object back to the driver. According to the INDOT
website the purpose of pavement markings is to convey which part of the roadway is to be utilized,
the upcoming road conditions, and where passing is allowed. Each year INDOT measures
pavement marking retroreflectivity and if the value falls below a minimum threshold the pavement
marking is repainted (“INDOT: Pavement Markings” n.d.). According to the Manual on Uniform
Traffic Control Devices (MUTCD) there are many types of pavement markings that can be used
but they can be summarized into four categories: temporary markings, longitudinal, centerlines,
and transverse markings (“Chapter 3B - MUTCD 2009 Edition - FHWA” n.d.). The type of line

can affect the minimum threshold and the required repainting procedures.

The current methods of evaluating pavement markings include handheld and mobile
retroreflectometers. These devices will be discussed in more detail in the next chapter. Mobile
retroreflectometers are an effective way to expedite the evaluation of pavement markings, but these
units are limited to the capability of the ability to capture one pavement marking at a time.
Meaning if an agency has a 4-lane divided highway the mobile retroreflectometer unit must make

6 passes to capture readings on all pavement markings.

Actively managing and assessing pavement retroreflectivity can be very time consuming for
agencies but is crucial for user safety. A study on four-lane roads found that there were a decreased
number of crashes when retroreflective values were higher for pavement markings at 0.01 and
0.001 level of significance (Bektas et al. 2016). Figure 1.2 shows [-65, which is a rural, 4-lane
divided highway. Although the centerline can be seen in the image, callout i shows the lack of a
pavement marking that would advise the user where the divide between the travel lane and

shoulder lies.
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Figure 1.2 Undetected pavement marking on I-65
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2. LITERATURE REVIEW

The literature review is intended to provide a background on pavement markings, current methods
of pavement marking evaluation, and provide insight on the use of other technology. This
information aids in the understanding of the problem and helps determine alternatives to pavement

marking evaluation.

2.1 Pavement Marking Background

Pavement markings contribute a significant role in driver and user safety. The main purpose of
pavement markings is to provide guidance on operating areas to users under various conditions,
including exit/entrance ramps, lane changes, and other control purposes (Yu 2004). Although
there are many different types of pavement markings that agencies utilize, there are four that are
common in Indiana: multi-component, paint, preformed tape, and thermoplastic (Zehr et al. 2019).
Figure 2.1 shows the unique type of pavement markings. The use of each type varies by Average
Annual Daily Traffic (AADT), the surface life of the pavement, pavement material and other
varying pavement characteristics (“INDOT: Pavement Markings” n.d.). There are many types of
pavement markings but edge lines provide the greatest safety impact, because they improve lane-
keeping performance (Bahar et al. 2006). Edge line markings act as a visual reference for drivers
during reduced visibility conditions, helping the driver stay in the driving lane (“Chapter 3B -
MUTCD 2009 Edition - FHWA” n.d.).

16



d) Therrﬁoplasic e) Dry rumble strips f) Wet rumble strips
Figure 2.1 Different types of lane markings

2.2 Pavement Marking Evaluation

The frequency of evaluation of pavement markings varies by agency due to labor force and cost
of collection, but the method of evaluation has to comply with American Society for Testing and
Materials (ASTM) Standard D7585 and ASTM Standard E1710 depending on the instrument
being used to evaluate the pavement marking ("ASTM D7585 / D7585M - 10" 2015, "ASTM
E1710 - 18" 2018). Figure 2.2, from the “Evaluation of Traffic Control Devices: Third-Year
Activities”, shows the two typical instruments that are used by agencies for evaluating pavement
marking retroreflectivity (Hawkins et al. 2007). Figure 2.2a shows a handheld retroreflectometer.
Specifications provided by ASTM Standard D7585 must be utilized for the values to be credible.
This method provides greater accuracy but is time consuming for agencies. Figure 2.2b is a mobile
retroreflectometer, and specifications provided by ASTM Standard E1710 must be followed for
the measurement readings to be valid. The mobile unit enables agencies to evaluate more
pavement markings efficiently, but the drawback is that the unit only detects retroreflectivity on
one pavement marking at a time. If an agency is completing the analysis on a 2-lane undivided
highway, the unit must make three passes to evaluate both edge lines and the centerline on the

roadway. This inefficiency of pavement marking evaluation provides opportunities for LKA data.

17



b) Mobile retroreflectometer

) Hn-held etroreﬂectmeter

Figure 2.2 Pavement marking retroreflectivity measuring devices

2.3 Literature on Impact of Lane Markings on Crash Frequency

Improvements in pavement marking visibility has the potential to reduce crashes. Improving
existing lane markings has been reported to reduce wet-road crashes (Lyon et al. 2015). This
analysis was conducted using a before and after study and concluded that the reduction of crashes
was due to the improvement of pavement marking visibility during wet pavement conditions.
Another study found that pavement marking retroreflectivity for white edge lines and yellow edge

lines were significantly related to crash frequency on four lane roads (Bektas et al. 2016).

2.4 Opportunities for New Methods for Assessing Lane Markings

It is particularly important to understand locations where line markings may be difficult for
vehicles to detect for future connected and autonomous vehicles. Some Advanced Driver
Assistance Systems (ADAS) technologies, like LKA and Lane Departure Warning (LDW), have
not reached the expected market penetration (Pape and Habtemichael 2018). One of the
hypothesized reasons for this lack of penetration is a perceived lack of consistency in systems
recognizing lane markings as pavement markings age (Nayak et al. 2020). The farther away a lane

can be detected, the longer response time the driver and/or vehicle will have to react to a potential

18



danger or road change (Pike etal. 2019b). To maximize LKA and LDW safety benefits, locations
where ADAS technologies have detection issues should be cataloged. This could be used to
improve driver experience and provide pro-active feedback to agencies. Depending on the
particular scenario, performance can be improved by incorporating high index wet retroreflective
beaded optics (Pike et al. 2019b), changing from 4-inch wide to 6-inch wide markings (Pike et al.
2018), or simply by restriping (Pike et al. 2019a). This would also provide a more efficient way
to evaluate pavement markings because a vehicle equipped with LKA is capable of detection on
both the driver and passenger side, simultaneously. Rather than collecting data on each pavement

marking, the vehicle could detect two with a single pass.

2.5 Related Pavement Marking Evaluation

Professional Pavement Products (PPP) Company is currently mapping pavement markings across
the United States through their initiative “Measure Across America Project (MAAP)”. In that
evaluation, PPP has identified several routes to drive using their LLG7-C Mobile Retroreflective
Unit which can measure the retroreflectivity of pavement markings at highway speeds seen in
Figure 2.3a. Since the beginning of the project in 2018 they have evaluated over 6,500 miles seen
in Figure 2.3b and have an additional 1,000 miles planned to assess through the states of
Pennsylvania, Ohio, Indiana, and Illinois (“MAAP - PPP, Inc.” n.d.). A study limitation is the
mobile retroreflectometer can only assess one pavement marking line at a time, meaning if the
assessment were to be done on a two-lane road, three passes must be done to collect the data on

all of the pavement markings.
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3. DATA PROCESSING

3.1 Data Collection

Data collection for this study included two Go Pro Hero 8 cameras capturing images at half-second
intervals. One camera was focused on the vehicle’s dashboard specifically capturing the LKA
display. The location of the camera can be seen in Figure 3.1 as callout i. The other camera was
focused on the roadway pavement markings, seen in Figure 3.1 as callout 7i. This set up was used
to determine under what conditions the vehicle could detect pavement markings. The images also
contained timestamps and GPS location in the metadata. When beginning the data collection, the
cameras were synchronized using the National Institute of Standards and Technology time
synchronization website (“National Institute of Standards and Technology | NIST” n.d.). This
allowed the creation of a time-lapse and verification of both location and time when determining

highly detectable or undetectable areas.

Figure 3.1 Equipment setup for data collection
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3.2 Data Preprocessing

Data collection occurred over 2,500 miles with over 280,000 images collected. The images were
compiled and broken into 6 different categories. The first category was when the vehicle detected
both pavement markings. Figure 3.2a shows the dashboard image when the vehicle could detect
the pavement marking and Figure 3.2b shows the road view image at the same location. The second
category was when the vehicle could not detect either pavement marking. Figure 3.2¢c shows the
dashboard image when both pavement markings were undetectable and Figure 3.2d shows the road
view image at the same location. Other categories include left not detected Figure 3.3a and Figure
3.3b, and right not detected Figure 3.3c and Figure 3.3d. These were the original categories and

during data collection it was noticed that other categories are necessary.

During data collection and preliminary analysis, it was observed that when making a lane
change/using a turn signal LKA becomes inactive. To eliminate a misclassification of a detectable
pavement marking when a lane change occurred, the data collected during that period was
categorized as excluded. An example of an excluded instance can be seen in Figure 3.4a and
Figure 3.4b, callout i shows the turn signal which makes LKA inactive. It was also found that
LKA is inactive when the vehicle is traveling at speeds lower than 35 miles per hour. When the
vehicle was traveling at lower speeds, the images were categorized as no data. An example of this

can be seen in Figure 3.4c and Figure 3.4d, callout ii depicts the low vehicle speed.
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Figure 3.2 Detectable lane markings and difficult to detect lane markings
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¢) Dashboard view right no d) Roadway view both detected
detected

Figure 3.3 Left and right undetectable pavement marking
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b) Roadway view left not detected

c) Dashboard view right not d) Roadway view both detected
detected

Figure 3.4 Excluded and no data due to low vehicle speed and lane changes
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3.3 Processing the Data

Once the six categorizations were developed, all the images must be categorized. The images were
categorized using Photo Mechanic (‘“Photo Mechanic Download” n.d.). The categorizations were
printed into the metadata numerically. Table 3.1 shows the numerical classification that is printed

into the metadata.

Table 3.1 Numerical Categorizations

Classification Category Observation

Slow Speed

0 No Data Brakes
Curve

1 Excluded Lane Change

2 Both Not Detected

3 Left Not Detected

4 Right Not Detected

5 Both Detected

Figure 3.5a shows the images being categorized, callout i shows when both pavement markings
are not detected, and callout ii shows the classification being printed into the metadata of the image.
Figure 3.5b shows right not detected in callout iii and the classification of four being printed into
the metadata in callout 7v. Callouts v and vi show the classification when the vehicle detected both

pavement markings.
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Figure 3.6 provides the metadata of a sample image, callout i shows the classification and callout

ii shows the latitude and longitude of when the image was taken. To convert the classifications

into functional format, the classification, latitude, and longitude were extracted from the metadata

using ExifTool (“Installing ExifTool” n.d.). The program is run in the Windows command line

and saves the metadata of the images in a comma-separated values (csv) format.

& 00001.JPG Properties
General Security Details  Previous Versions
Property WValue ~
Description
Title DCIM\103GOPRO\G0021875.JPG
Subject DCIM\103GOPRO\G0021875.JPG
Rating
Tags
Comments
GPS
Latitude 38; 15; 36.9809998999989631
Longitude 85; 45 863819989998589222~2 11
Altitude 148.36
File
Name 00001.JPG
tem type JPGFile
Folder path CiUsers\JTRP-Adm\Documents...
Date created 6/19/2020 11:35 AM
Date modified 6/22/2020 10:40 AM
Size 228MB
Attributes A
Availabilit. .......... ¥

Remove Properties and Personal Information

Cancel

Apply

>

Figure 3.6 Metadata from images
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4. ANALYSIS

This chapter presents the results of applying the classification scheme summarized in Table 3.1 to
2,500 miles of Interstates. Section 4.1 describes the visualization developed to represent this data,
Section 4.2 presents those graphics for Interstates 64, 65, 69, 70, 74, 90, 94, and 465. The chapter
concludes with a table and summary graphic that summarizes the results by interstate, using the

classification schemed introduced in Table 3.1.

4.1 Data Visualization

Bar plots were created to aid in visualization of the relationship between detectable and
undetectable markings. The plots were arranged spatially, by mile marker on the x-axis and by the
percentage of each category on the y-axis. The data were originally aggregated into bins of size
equal to a tenth of a mile. Observing over 2,500 miles of data at tenth of a mile aggregation did
not provide an easily understandable analysis. The data was then aggregated into one-mile, five-
mile, and ten-mile bins. Five- and ten-mile aggregation lost resolution in the data and often hid
interesting anomalies. One-mile aggregation provided a good balance of comprehension and
accuracy in the representation of the data. Figure 4.1a shows an example bar plot. Callout i shows
I-70 in the eastbound direction at mile marker 76. At this point, there were some categorizations
of both detected, right not detected, left not detected, and both not detected. Although the bar
plots provided a great representation of the data, it did not provide a geographical location.
Utilizing the bar plot concept, a spatial map with detection categorizations was created. The spatial
map aggregated the data into tenth mile bins and portrayed the median value at each point. This

provided a better representation at the spatial level; the result can be seen in Figure 4.1b.
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Figure 4.1 I-70 bar plot visualization

An example of how the image data creates a vertical bar can be explained in Figure 4.2. At mile
marker 76 there were a total of 140 images: 88 images (63%) were categorized as both detected
(Figure 4.2a), 25 images (18%) categorized as right not detected (Figure 4.2b), 5 images (3%)
categorized as left not detected (Figure 4.2c), and 22 images (16%) categorized as both not
detected (Figure 4.2d).
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Figure 4.2 Creation of bar plots

4.2 Interstate Analysis

This analysis was applied to all Indiana interstates. Figure 4.3 shows the complete analysis for I-
64. The bar plots are included for both directions along the total length of the interstate, 123 miles.
As stated earlier, for more convenient asset management and tracking, Indiana is split into 6
districts, each managing their respective infrastructure. An interstate will span over two or more
districts due to the length of the interstate except for I-465 lying in only the Greenfield District and
1-94 lying only in the La Porte District. The district map can be seen in Figure 1.1. Each district
has a separation bar to distinguish the boundary between districts. Figure 4.3a and Figure 4.3b
show the two districts [-64 lies in, Vincennes and Seymour, and the border of the two districts.

Figure 4.3c and Figure 4.3d show the respective spatial map for [-64.
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[-65 spans 262 miles and lies in 4 districts, Seymour, Greenfield, Crawfordsville, and La Porte.
The borders between each district lie at mile marker 101, 130, and 201, respectively. Figure 4.4a
provides the bar plot in the southbound direction, and Figure 4.4b provides the bar plot in the
northbound direction. Figure 4.4c and Figure 4.4d are the spatial maps for [-65 in the southbound

and northbound direction, respectively.
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[-69 runs in the north/south direction, spans 357 miles, and lies in 4 districts, Vincennes, Seymour,
Greenfield, and Fort Wayne. The borders between each district lie at mile marker 104, 200, and
255, respectively. Figure 4.5a provides the bar plot in the southbound direction and Figure 4.5b
provides the bar plot in the northbound direction. Figure 4.5¢ and Figure 4.5d are the spatial maps

for I-69 in the southbound and northbound direction, respectively.
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[-70 spans 157 miles and lies in 2 districts, Crawfordsville, and Greenfield. The borders between
each district lie at mile marker 69. During data collection there were many construction zones and
congestion causing vehicles to travel at lower speeds and preventing collection of data. Figure 4.6a
provides the bar plot in the westbound direction and Figure 4.6b provides the bar plot in the
eastbound direction. Figure 4.6¢c and Figure 4.6d are the spatial maps for I-70 in the westbound

and eastbound direction, respectively.
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1-74 spans 171 miles and lies in 3 districts, Crawfordsville, Greenfield and Seymour. The borders
between each district lie at mile markers 73 and 123. 1-74 is discontinuous through Indianapolis
for approximately 21 miles. Figure 4.7a provides the bar plot in the westbound direction and
Figure 4.7b provides the bar plot in the eastbound direction. The discontinuity begins at mile
marker 73 and ends at mile marker 94, which is the no data region in the bar plot. Figure 4.7c and

Figure 4.7d are the spatial maps for I-74 in the westbound and eastbound direction, respectively.
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I-90 is a toll road that spans 156 miles and lies in 2 districts, La Porte, and Fort Wayne. The
borders between each district lie at mile marker 87. There are four tolls along the route that require
a reduction of speed to 5 mph. Figure 4.8a provides the bar plot in the westbound direction and
Figure 4.8b provides the bar plot in the eastbound direction. Figure 4.8c and Figure 4.8d are the

spatial maps for I-90 in the westbound and eastbound direction, respectively.

41



Samples

Samples

~
<
&
. 5
k=
\-V’

Both Not Detected Right Not Detected

No Data
Excluded

Left Not Detected Both Detected
T — aPrte Fort Wayne
759% LMl |'|'|"|iI L “l ! ||
50% I I
25%

0%
0 20 40 60 80 100 120 140
1-90 WB Mile Marker

< Direction of Travel

a) 1-90 WB lane marking visibility

75%
50%
25%

0%

100% _- | ||| ||||I| Ill

0 20 40 60 80 100 120 140

1-90 EB Mile Marker

Direction of Travel [#

b) I-90 EB lane markmg Vls1b111ty

ille> e Napsmlle
\, / > s ' . o ./ - . o
Hainmonc, /Juth Bend"  Goshen L ‘ﬁ \ Hafgmonge 4 outh Bend jSoshen I
J «Joliet —
J |

Direction of Travel

Direction of Travel | |

Fort v

Y

LKokomo }W‘ /

Lafayette

\ | e J —
il

« Anderson K « Anderson
T Crawfordsville S ‘\‘\; Crawfordsville /
New Castle New Castle

|~ Indianapolis™ < |~ ndianapotis— * "

/_Amw“h /_/@Y\smwn-

Terre Haute \ ttoon Terre Haute \

e Lo " ——

/ ] / Y
Columbus: 4 ., Columbus: 4

. Bloomington |+

. Blaomington |

% B S o 5
c) 1-90 WB spatlal lane markmg d) 1-90 EB spatlal lane marklng V1s1b111ty
visibility

Figure 4.8 1-90 lane marking visibility

42



[-94 connects lower Michigan to Illinois, spans 46 miles, and lies in 1 district, La Porte. Figure
4.9a provides the bar plot in the westbound direction and Figure 4.9b provides the bar plot in the
eastbound direction. Figure 4.9c and Figure 4.9d are the spatial maps for [-94 in the westbound

and eastbound direction, respectively.
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1-465 spans 53 miles and lies in 1 district, Greenfield. I-465 is a loop surrounding the city of
Indianapolis. Figure 4.10a provides the bar plot for the outer loop (counterclockwise) direction
and Figure 4.10b provides the bar plot for the inner loop (clockwise) direction. Figure 4.10c and
Figure 4.10d are the spatial maps for 1-465 for the outer loop and inner loop direction,

respectively
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Figure 4.10 1-465 lane marking visibility
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4.3 Discussion

The results provide agencies with an idea of which interstates need more maintenance and which
interstates are performing well. Table 4.1 shows an overall view for each interstate. Most
interstates have over 80% detectable pavement markings in both directions. All of I-70, 1-74
eastbound, I-90 westbound, and 1-94 eastbound provided pavement markings at less than 80%
detectable. On the days of data collection for I-70, the vehicle operated at less than 35 mph (LKA
operating threshold) for a total of over 21 miles. These slowdowns were due to road construction,
inclement weather, and traffic accidents. There was also an 8-mile section of I-70 closed to traffic
from mile marker 72 to mile marker 80. I-74 eastbound had road construction on the east end of
the interstate just past mile marker 156. This road construction included a new pavement surface
and repainting of pavement markings. At the time of data collection, the pavement markings on
the passenger side of the vehicle were still being painted, causing the vehicle to be unable to detect
the right pavement markings. I-90 is a toll road and contains 4 tolls along the route, at mile marker
22, mile marker 56, mile marker 90, and mile marker 126 (“Travel Information - ITR Concession
Co. LLC.” n.d.). Each toll collection requires a reduced speed of 5 mph, inhibiting the vehicle
from collecting LKA data. [-94 is a major interstate connecting Illinois to Michigan and other
essential interstates in Indiana. On the day of data collection, there was heavy traffic with frequent
lane changes of vehicles in front of the test vehicle. The vehicle lane changes, and vehicle shadows
created a difficult environment for the LKA system to identify pavement markings. This caused
many of the pavement markings to be categorized as both not detected. Figure 4.11 depicts this

information in a graphical format.
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Table 4.1 All Indiana Interstates Lane Marking Visibility

Total Both |Both Not|Left Not| Right Not No
Interstate Direction Excluded
Miles Detected |Detected | Detected| Detected Data
WB 89.7% 1.3% 2.2% 3.7% 3.0% 0.0%
1-64 248
EB 89.7% 0.7% 2.4% 4.1% 3.0% 0.0%
NB 80.9% 2.9% 1.7% 4.5% 9.7% 0.3%
I-65 524
SB 80.7% 2.9% 3.0% 3.1% 7.4% 2.9%
NB 83.6% 4.2% 1.2% 5.7% 3.8% 1.5%
I-69 714
SB 87.7% 1.0% 1.0% 4.4% 3.1% 2.8%
WB 44.7% 3.6% 1.9% 4.6% 2.8% 142.5%
1-70 314
EB 58.6% 2.8% 2.7% 4.3% 42% 127.2%
WB 81.2% 0.6% 1.0% 10.5% 6.5% 0.2%
I-74 246%*
EB 78.5% 2.1% 4.2% 10.0% 5.2% 0.0%
WB 79.0% 1.2% 1.1% 4.0% 6.5% 8.2%
1-90 312
EB 83.4% 1.1% 0.7% 6.0% 7.6% 1.1%
WB 82.9% 2.9% 4.7% 5.9% 3.4% 0.2%
1-94 92
EB 52.3% | 21.1% 9.4% 11.2% 5.9% 0.0%
1L 81.7% 1.8% 1.8% 4.2% 3.2% 7.4%
1-465 106
OL 87.1% 2.7% 1.6% 3.6% 1.6% 3.4%
All
2,556 77.6% 2.6% 2.0% 5.2% 5.1% 7.4%
Interstates

*[-74 is discontinuous through Indianapolis

48




N

FLI LI FFLEILL P @V%o\/&%
x‘ox,‘o\; N ’\f\\;\ ’\f\\;\ NN 0)9\: vb
Interstate

B Both Detected ORight Not Detected O Left Not Detected
B Both Not Detected OExcluded ONo Data

Figure 4.11 Overall Indiana interstate lane marking visibility plot

49



5. CONCLUSIONS

This thesis evaluated the use of vehicle Lane Keep Assist (LKA) indications to evaluate the quality
of highway lane markings. The results suggest that LKA data can provide agencies locations
where pavement markings are not detectable and can provide more frequent feedback on pavement
marking quality. The analysis was conducted on 8 heavily traveled interstates across Indiana in
one travel lane per direction. Table 1.2 summarizes the mileage driven along those results. During
this evaluation, approximately 2,500 miles were driven and over 280,000 images were collected.
Those images were categorized using the taxonomy illustrated in Figure 3.2, Figure 3.3, and Figure
3.4. Overall, approximately 77% of the lane miles evaluated had lane markings that LKA was

able to detect. Table 4.1summarizes the detailed classification of these lane markings by route.

Limitations

Although this technique was demonstrated on over 2,500 centerline miles, it is not practical to use
a single vehicle operated by one driver to provide ubiquitous coverage. For example, to cover all
lanes on the interstate, one would have to drive approximately 5,500 miles (Figure 5.1).
Additionally, this would not provide complete coverage of all the interstate exit ramps (Figure 5.2).
Furthermore, if both day and night conditions were to be evaluated, the amount of driving would
double. Considering that data will also be lost due to congestion (Figure 5.3), inclement weather,
and poor lighting (Figure 5.3), it is clear that the data collection system with a single vehicle and
driver will not scale for statewide deployment (Figure 3.1). If one considers INDOT has over
5,200 centerline miles of US and State routes, the challenges of scaling this data collection

technique are even more evident.

Scalability

However, with proper coordination with automotive OEM’s, the most attractive aspect of this
methodology is the ability for automotive OEM’s to collect and aggregate autonomous data and
provide information to agencies on a regular, characterizing the performance of their pavement
markings during all types of weather and lighting conditions (Figure 5.4). Even if there is a

significant cost associated with purchasing the data, it would likely be lower than the current
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amount agencies spend on manual data collection techniques (Figure 2.2). It would also serve to

eliminate exposing workers to traffic hazards.

Partnership Opportunities

In the past, automotive OEM’s have built cars and transportation agencies have built roads. The
standards for pavement markings date back decades and are based upon visibility of the human
eye. Although pavement markings currently need to be visible to the human eye, at least in the
near future, we are now entering a new frontier where highway agencies and automotive OEM’s
must forge new relationships to develop pavement markings standards ensuring modern roadways
are constructed in a manner that all brands of vehicles using the roadway can effectively identify
roadway markings. This is important for both current generation LKA and longer-term
autonomous vehicles. Although the methodology from this study could supplement pavement
marking evaluations, a partnership between agencies and OEM’s and the development of crowd-
sourced pavement detection has the potential to augment the current evaluation methods in the
near term, and potential replace them in a few years. A vehicle crowd sourced evaluation method
could provide more frequent pavement marking evaluations and provide agencies a more
responsive asset management data source. This benefits the public in the near term by improving
visibility of lane markings and in the longer-term identifying performance measures that are

important to autonomous vehicles.
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Figure 5.3 Opportunities for crowd-source data - vehicle cut-ins and sun glare
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