








EXECUTIVE SUMMARY

Motivation

Clearly visible lane markings are important for all road users,
particularly autonomous vehicles. In general, nighttime retro-
reflectivity is one of the most challenging marking visibility
characteristics for agencies to monitor and maintain, particularly in
cold weather climates where agency snowplows remove retro-
reflective material during winter operations. Traditional surface-
applied paint and glass beads typically only last one season in cold
weather climates that have routine snowplow activity. Recently,
transportation agencies in cold weather climates have begun
deploying improved recessed durable pavement markings that
can last several years and have very high retroreflective properties.
These recessed durable markings are typically either epoxy,
thermoplastic, or preformed tape, and they are typically installed
during new construction or significant pavement resurfacing
projects. As a result, several dozen installations may occur in a
state in any calendar year. This presents a challenge for states that
need to program annual re-painting of traditional waterborne paint
lines but not paint over the costly durable markings.

Study

This study reports on the use of mobile mapping LiDAR
systems to classify and evaluate pavement markings along a

73-mile section of westbound 1-74 in Indiana and a 10-mile test
loop in West Lafayette, Indiana. LiDAR intensity data can
classify pavement markings into three groupings: (1) high-
performing durable tape, (2) non-tape, and (3) needs main-
tenance. Color images collected during the LiDAR intensity
data collection were used to validate the LiDAR classification.
These techniques can be used by agencies to develop accurate
pavement marking inventories to ensure that only painted lines
(or segments with missing tape) are repainted during annual
maintenance.

Results

Two separate case studies were conducted along 73 miles of
interstate and 10 miles of local roads in Indiana and were analyzed
in 0.1-mile segments. This analysis not only allowed a segmenta-
tion algorithm to identify the location of the durable tape
markings, but it also determined areas where the tape needed
maintenance and where normal markings were used. Several RGB
images were cross referenced to the LiDAR intensity data to
demonstrate the robustness of LIDAR for classifying pavement
markings. The utilization of high-speed mobile LIDAR mapping
vehicles was suggested as a cost-effective and time-friendly
approach for statewide pavement marking data collection.
Repeated data collections over the same marking sections can
also be conducted to track the degradation of marking materials
over time, especially during the winter months when snowplows
are deployed.
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Figure 2.6 Power regression of retroreflectivity and intensity for 26 data sets across 528 miles.

Figure 2.7 Linear regression of retroreflectivity and intensity for 26 data sets across 528 miles.

TABLE 2.1
Regression Model Summary for Power and Linear Models
Coefficients
a b Mean j STD (RMSE)mcd / m? [ Ix R? r
Power (y = ax”) 1.26 1.69 20 § 241 (242) 0.76 0.86
Linear (y = ax + b) 1.08 -0.13 45 § 255 (259) 0.74 0.86

The LiDAR intensity value corresponding to the
control segment is 135. Callout ii points to the end of
a white preformed tape edge line that had been painted
over. This location, however, was not painted over and
still has a very high intensity value of 100, 6 years after
installation (2018-2024). Slightly further down the

marking, callout iii points to a segment of the same
edge line that had been painted over. This significantly
impacts the intensity of the marking, reducing it by
nearly half to a value of 54. The same pattern holds true
for the yellow center line; callout iv pointing to an
unpainted section with an intensity of 111 and callout v
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(c) White without Flash

Figure 2.8 Comparison of painted-over tape with and without camera flash.
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Figure 2.9 Top-down view of LiDAR-generated point cloud with callouts to five key locations.
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Figure 2.10 Close-up view of the five key observations.

pointing to a painted over section with an intensity
of 30. Close up RGB images of these same areas of
interest can be seen in Figure 2.10.

3. RESULTS
3.1 I-74 Case Study

3.1.1 Methods

During a scouting mission in early 2023, it was
discovered that some of the late season 2022 preformed
tape markings along I-74 had failed and the recessed
grooves where they had been applied did not contain
any markings. These areas with missing tape were
repaired by applying paint. This heterogeneous set of
markings served as an ideal test site for mobile LIDAR
mapping data collection, which was completed in
September 2023. This data collection was conducted
along a 73-mile stretch of westbound 1-74 in Indiana.
The section of 1-74 is located just west of Indianapolis,
stretching from the I-465 interchange in Speedway, IN
to the Illinois state border near Covington, IN. Figure
3.1 shows the location of the test route and direction
of travel.

For this section of westbound 1-74, over 1.3 million
lane marking data points were extracted from the point
cloud. A sample point cloud can be visualized for a
section of I-74 near MM 16 in Figure 3.2. This specific
section of I-74 is the transition from waterborne paint
to the preformed tape, seen by the increase in intensity
of callouts 1, ii, and iii, compared to iv and v.

Once the intensity values are extracted and parsed
into lane (skip) line, left and right edge lines, they are
linear referenced from XYZ coordinates to the inter-
state mile marker values to get a relative spatial
awareness. This data is then plotted, with linear mile
markers as the independent variable and intensity as the
dependent variable. Figure 3.3 shows the data from the
westbound I-74 segment plotted following this schema.

(b) Painted-Over White Tape ‘
(Installed in 2018)

&

Tape

2l 3
(c) Painted-Over Yellow
(Installed in 2018)

3.1.2 Results

Looking at Figure 3.3, there is a substantial change
in intensity around mile marker 16. This change is
caused by the marking type switching from waterborne
paint to the much more reflective recessed durable
preformed tape. This increase in intensity allows for the
segmentation of markings per 0.5-mile bin. The average
intensity across the 0.5-mile segments is calculated and
subsequently compared to the neighboring segments
and a pre-defined intensity threshold of 80 (0-255
scale). This allows for a very accurate statistical separ-
ation of tape and non-tape markings. Once separated, it
is possible to generate an inventory of the durable
preformed tape markings for any route, as seen in
Figure 3.4. It is also possible to identify individual 0.1-
mile segments within the 0.5-mile bins classified as
being tape markings that are below an agency-defined
intensity threshold and tabulate these areas of interest.
For this case, the threshold is set to an arbitrary value
of 100 as a proof of concept.

It is also apparent that some areas have a lower
intensity compared to the rest of the data in the section
of I-74 with the durable preformed markings. Some of
these data points have been highlighted by callouts i
through viii in Figure 3.3. Each of these callouts were
assessed using a corresponding dash cam image. Those
dash cam images are shown in Figure 3.5. Callouts i
through v correspond to an area of I-74 where the road
surface transitions from hot mix asphalt (HMA) to
Portland cement concrete (PCC). This change in
pavement material is due to a bridge deck above the
interstate. The markings in this area were upgraded to
the same tape as in the other HMA sections, but there
are old waterborne paint markings that were not fully
removed as well. This combination of waterborne paint
and preformed tape significantly reduces the average
intensity of the 0.1-mile segment. Callouts vi through
viii correspond to areas where the preformed tape
markings need maintenance and therefore cause a lower
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Figure 3.1 Map of 73-mile test segment along westbound I-74 in western Indiana.
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Figure 3.2 Top-down view of LiDAR-generated point cloud along I-74 with callouts to five key locations.
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Figure 3.3 1-74 LiDAR intensity for skip lines over 73-mile test segment with callouts to AOIs (areas of interest).

average intensity for the 0.1-mile segment that they are Looking at the data for the markings between mile
in. Identifying these outliers is extremely important for marker 16 and 73, there are also some outliers that have
agencies to be able to avoid painting over the existing different intensity patterns than the surrounding mark-
tape markings. ings. These differences can be traced back to several
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Figure 3.5 Dashcam images of areas of interest along 1-74.

10 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2024/32



Skip Line Mean Intensity
o
(=}

. Approx. Interchange Location
Dl Significant Feature

0 5 10 15 20 25 30

35 40 45 50 59 60 65 70

Mile Marker

Figure 3.6 Annotated [-74 LiDAR intensity for skip lines over 73-mile test segment showing interchange locations and significant

observations.

Figure 3.7 Ten-mile test loop in West Lafayette, Indiana.

sources, including interchanges and significant features.
Figure 3.6 shows an annotated version of the I-74
LiDAR intensity profile with blue and green lines
indicating the location of these changes. Callout i
points to a PCC underpass and callout ii points to a rest
area. Both significant features cause a fluctuation in the
intensity profile’s otherwise consistent nature.

3.2 West Lafayette Test Loop Case Study

3.2.1 Methods

After analyzing the data for the high-speed rural
interstate segment, a smaller scale urban data collection
was conducted. A 10-mile test segment was selected in
West Lafayette, IN for its diversity of existing markings
and the ability to closely examine the lane markings in
a lower speed urban environment. A map of the West

Lafayette test loop, referred to in this report as the “test
loop,” can be seen in Figure 3.7. The data collection
consisted of six total passes, three traveling clockwise,
and three traveling counterclockwise. For consistency,
the data was separated into directional groups and
processed individually to avoid any cross contamina-
tion. Once the pavement markings were extracted from
the point cloud, there were over 600,000 data points,
averaging around 100,000 data points per run through
the loop. The test loop contains waterborne paint
markings, newly installed thermoplastic markings with
glass beads, and a section with temporary preformed
tape. This tape is like the tape used on I-74 but is
designed to have less adhesive on it to be used for
temporary work zones. These temporary markings had
a substantial amount of dirt and construction debris,
along with a lower concentration of reflective glass
beads, resulting in an overall lower average intensity.

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2024/32 11
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Figure 3.8 Top-down view of LiDAR-generated point cloud along Cherry Lane with callouts to three key locations.
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Figure 3.9 Test loop LiDAR intensity profiles with callouts to two areas of interest.

Following the same segmentation algorithm as the
1-74 case study, it is possible to identify the location
of the temporary preformed tape markings along
this test loop. Once the data was collected, it was
separated into loops 1-3 for both the clockwise and
counterclockwise directions. A sample point cloud
can be visualized for a section of Cherry Lane along
this test loop in Figure 3.8. This section of Cherry
Lane, near the intersection with Northwestern Ave,
marks the beginning of the temporary preformed
tape markings installed along a workzone. These

markings have a much greater intensity than the
existing waterborne paint markings, seen by the
difference in intensity between callouts i and ii and
callout iii.

Separate intensity profiles were plotted for the left
edge line, centerline, and right edge line. These three
plots were stacked vertically and can be seen in Figure
3.9. Each plot consists of two callouts that point to a
purple line behind the data, highlighting two key areas
that contain the temporary preformed tape and new
thermoplastic markings.
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(a) Flash Off

Figure 3.10 Close-up images of test loop MM 3.9 temporary
preformed thermoplastic tape.

3.2.2 Results

Callout i in Figure 3.9 corresponds to the area of
the test loop along Cherry Lane that contains the
temporary preformed tape markings. Figure 3.9a does
not have any data in this section due to the absence of a
left edge line along this section of Cherry Lane. Figure
3.10 contains close-up images of these markings; Figure
3.10a shows the marking without camera flash and
Figure 3.10b shows the marking with the camera flash
turned on. These markings have a much higher
intensity value than all the other markings along this
test loop. This trend is very similar to that of I-74;
however, the overall average intensity of these markings
is slightly lower. This slightly lower intensity can be
explained by the difference between permanent and
temporary preformed tape markings as well as dirt and
debris located in the work zone which may be partially
covering the markings. The intensity values in Figure
3.9c near callout i have greater variation than the
corresponding values in Figure 3.9b. This difference is
caused by a combination of dirt and construction
equipment completely blocking parts of the edge line.

Callout ii in Figure 3.9 corresponds to a section
along River Road that has newly installed thermo-
plastic markings with glass beads. These markings can
be seen in Figure 3.11. Figure 3.11a shows a close-up
view of the thermoplastic markings and Figure 3.11b
shows the same marking, but with the camera flash
turned on. In theory, these glass beads should be doing
the same job as the glass beads in the preformed tape
markings, but due to an installation error, the beads are

(b) Level View
Figure 3.11 Close-up images of test loop MM 7.9 new
thermoplastic markings.

not imbedded deep enough inside the thermoplastic
material and do not return the light back to its source
as intended. The top edge of this marking is observed to
have been scraped off, presumably by a snowplow. This
loss of material is destructive to its retroreflective
nature and usually prevented by placing markings in a
recessed groove.

4. FUTURE SCOPE AND SCALABILITY

Although Figure 2.6 and Figure 2.7 show a very
strong, near linear correlation between retroreflectivity
and LiDAR intensity, the ASTM E3320—21 standard
does not provide guidelines for using LiDAR intensity.
Consequently, retroreflectometers in accordance with
the ASTM E3320-21 standards should be used for
contract enforcement. Based upon Figures 3.3, 3.4, and
3.5, the authors believe mobile LiDAR measurements
are an excellent screening tool for identifying sections of
markings that fall below the thresholds defined in
MUTCD Section 3A.05, as well as classifying marking
types as preformed tape, non-tape, and sections
requiring maintenance.

Furthermore, LIDAR data collected has the poten-
tial to be applied to many other research fields, such as
ditch line mapping (Lin et al., 2021), bridge deck
analysis (Lin & Habib, 2022), pavement quality
assessment (Ravi, Bullock et al.,, 2020; Ravi et al.,
2021), pothole mapping (Ravi, Habib, et al., 2020),
signage visibility (Olsen et al., 2018), etc., making the
data highly valuable and robust, reducing the cost per

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2024/32 13



individual data set that gets extracted. Once a statewide
database is established, simple algorithms can be
applied to identify areas where tape markings exist
and indicate areas where they are failing. The filtered
data can be programmed into paint trucks to ensure the
highly valuable preformed tape markings do not get
unintentionally painted over.

Repeated data collections over the same marking
sections can also be conducted to track the degradation
of marking materials over time. Every winter season,
many snowplows scrape over the markings, removing
the top surface of the material. With most reflective
glass beads located in the top surface of the markings,
their intensity is diminished by winter maintenance
activity. An inventory of historical intensity values can
help agencies determine expected lifecycles of the
markings and track which areas are more impacted
by winter weather maintenance than others.

5. CONCLUSIONS

Durable tape and epoxy markings are becoming
increasingly common but are installed as part of bridge
or pavement contracts. This results in a patchwork of
pavement markings that is difficult for an agency to
maintain an accurate inventory of. With the cost of the
tape markings over 20 times more expensive than
waterborne paint, it is important that the existing tape
not be painted over. Once painted over, the tape loses
nearly all its retroreflective properties, and the agency
effectively loses all their investment (Figure 2.10).

This study demonstrated the application and scal-
ability of using LiDAR intensity data to classify
preformed thermoplastic tape markings from other
styles and identify key areas of interest with lower
average intensities. Mobile LiDAR mapping vehicles
were deployed along two different test segments. The
high-speed rural interstate study covered approximately
73 miles, and the low-speed urban study covered
approximately 10 miles. The data was segmented into
0.1-mile segments which allows for easy classification
between tape and non-tape markings. Outliers can also
be identified and classified to determine areas where the
tape needs maintenance and where normal markings
have been used. Several RGB images are cross
referenced to the LiIDAR intensity data to demonstrate
the robustness of LiDAR to classify pavement mark-
ings.
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