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INTRODUCTION

This study was performed to assist the Wisconsin Department of Transportation (DOT) in
evaluating the ability of their Surpro Walking Profiler to be used as a reference profiling device.
Currently, most State highway agencies require the verification of inertial profilers prior to
performing measurements on construction projects to obtain smoothness measurements. The
current methodology to accomplish this verification is to compare the International Roughness
Index (IRI) and elevations obtained from an inertial profiler to those obtained from a reference
device. Thus, a test plan was developed to evaluate the ability of the Surpro to obtain repeatable
and accurate elevation data. The test program was performed at the Mn/Road facility in
Albertville, MN.

Two test sections, one asphalt concrete (AC) and one portaland cement concrete (PCC), that
were located on the low-volume loop at the facility were used for the evaluation. The data
collection was performed on October 17, 2006. In addition to the Wisconsin DOT Surpro
Walking Profiler, other reference profilers and a lightweight inertial profiler collected data on the
same day. This report documents the field procedures of the study and presents an assessment of
the Wisconsin DOT’s Supro Walking Profiler as a reference profiling device.

REFERENCE DEVICES

The reference devices that took part in the study are shown in table 1, which also shows the
owner and the operator of each device. Photographs of these devices are included in appendix A.
The wide tire Surpro has a tire width of 3 inches, while the other Surpro’s have a tire width of
2.25 inches.

Table 1. Reference devices that participated in the comparison.

Device Device Owner Operated By
Number
1 ARRB Walking Profiler Minnesota DOT Minnesota DOT
2 ICC Surpro — Wide Tire ICC ICC
3 ICC Surpro - Normal Tire ICC ICC
4 ICC Surpro - Normal Tire Wisconsin DOT Wisconsin DOT
5 SSI - Walking Profiler SSI SSI
Note: ARRB - Australian Road Research Board, ICC - International Cybernetics
Corporation, SSI - Surface Systems and Instruments

An Ames lightweight profiler also performed measurements. This profiler had two sensors that
were mounted in-line with each other, so they collected data along the same path. One of the
sensors was a TriOD sensor, while the other was a Selcom RoL.ine sensor. A photograph of this
profiler is also included in appendix A. Device humber 6 was assigned to this profiler.



TEST SECTIONS AND TESTING PROGRAM

Testing was performed on two test sections located in the low-volume loop at the Mn/Road
facility. One section was surfaced with dense graded AC, while the second section was a
transversely tines PCC surface. These two sections are used by Minnesota DOT to certify inertial
profilers. A solid yellow stripe was marked within each section, and data were collected along
this line. Photographs of the two test sections are included in appendix B.

Each reference device performed three repeat runs along the selected path at each test section.
All three Surpro’s collected data along this path, and then came back along the same path and
terminated data collection at the start location. The Ames lightweight profiler collected five
repeat runs at each test section. The lightweight profiler used a guidance system (see photograph
included in appendix A) when performing measurements to track the path being profiled.

Once data collection was completed, each profiler operator created data files in the ERD format,
and handed over the data to a representative of the Federal Highway Administration (FHWA).

There was no rain during testing, but there was a mist present throughout most of the testing, that
varied from light to heavy. The pavement was damp, but no standing water was present. It was a
windy day, with high humidity, and the temperature ranging from 40 to 45 °F.

PREPARATION OF DATA

As all Surpro data files contained data for the forward as well as the return run, the data
corresponding to the forward run was extracted for analysis. The ERD file header in these data
files indicated the number of forward readings, and this information was used to extract the data
corresponding to the forward run.

In all Surpro data files the elevation of the first and the last data points was zero. It is extremely
unlikely that the elevation of the last data point will be equal to zero when data collection is
terminated at the end of the return run (which corresponds to the beginning of the test section). It
appears that the closure error at the end of testing is being distributed over all the data points.
This would result in the elevation of the last data point in the file being zero.

In all reference device data files, except for the SSI files, the elevation of the first data point in
the file was zero. This indicates the elevation at the start of the test section is zero, which is the
reference for the elevation profile. The first data point in the files submitted by SSI was not zero,
and it appears the first data point in the file is actually the elevation at the location where the first
reading was obtained, as the first data point ranged from 0.005 to 0.008 inches for the various
runs.

DATA RECORDING INTERVAL
Table 2 shows the data recording interval of the devices, as indicated in the ERD file. All data

files presented the data recording interval in feet, and the values in parenthesis are the interval
converted into inches.



Minnesota DOT reported that the length of the AC section was 500 ft. Table 3 shows the length
of the section based on the profile data recorded in each data file at the AC section.

Table 2. Data recording interval of devices.

Device Device Data Recording
No. Interval

1 ARRB Walking Profiler 0.7917 ft (9.5 in)
2 Surpro - Wide Tire 0.083333 ft (1 in)
3 Surpro - Normal Tire (ICC) | 0.083333 ft (1 in)
4 Surpro - Normal Tire (W1) 0.083333ft (1in)
5 SSI - Walking Profiler 0.08333 ft (1 in)
6 Ames Lightweight Profiler | 0.100000 ft (1.2 in)

Table 3. Length profiled at the AC section.

Device Device Distance (ft)
No. Profiler Run
1 2 3 4 5
1 ARRB Walking Profiler 501.15 501.15 501.15
2 Surpro — Wide Tire 499.66 499.91 499.83 -- --
3 Surpro — Normal Tire (ICC) 499.99 499.99 499.99 - --
4 Surpro — Normal Tire (WI) 498.99 499.16 499.16 - -
5 SSI — Walking Profiler 497.14 497.14 497.31
6 Ames Lightweight Profiler 503.00 503.00 503.00 503.00 503.00

As seen in table 3, all of the devices recorded different lengths. All repeat runs of the following
devices had the same length, although there were differences in the lengths recorded among the
devices: ARRB walking profiler, Surpro — Normal Tire (ICC), and Ames lightweight profiler.
For the wide tired Surpro, run 2 had three data points more than run 1, and run 3 had two data
points more than run 1. For Surpro (WI), runs 2 and 3 had two data points more than run 1. Run
3 of the SSI profiler had two data points more than runs 1 and 2. As the data recording interval of
the Surpro and SSI walking profiler is 1 inch, being off by two or three data points mean the
distances are off by 2 and 3 inches respectively, which is a negligible error.

The length of the section recorded by all three Surpro’s was within 1 ft of the actual length of the
section. All runs of the ARRB walking profiler recorded a distance that was 1.15 ft greater than
the actual length. The Ames lightweight profiler had two sensors that were in line with each
other, and it appears this profiler recorded data over a distance that was slightly longer than the
test section in order for both sensors to collect data over the entire test section. The SSI walking
profiler recorded the lowest distance of all devices, with the recorded lengths being 2.69 to 2.86
ft shorter than the actual length of the section. Comparison of data collected by this device with



other devices indicated the device appears to have collected data over the entire test section, but
its actual data recording interval may have been slightly higher than the data recording interval
of 0.08333 ft indicated in the ERD file. This may be the reason why the length based on
information in the ERD file is close to 497 ft, although the device actually traversed the entire
test section.

Table 4 shows the length of the profile recorded in each data file for the PCC section. Minnesota
DOT reported the length of the PCC section to be 531 ft. The values shown in table 4 again show
each device recorded a different length. All repeat runs of the following devices had the same
length although there were differences in the lengths recorded among the devices: ARRB
walking profiler, Surpro — Normal Tire (ICC), and Ames lightweight profiler. For the wide tired
Surpro, run 2 had one reading more than runs 1 and 3. For Surpro (WI), run 2 had three readings
more than run 1, while run 3 had four readings more than run 1. Run 2 of the SSI profiler had
twelve data points more than run 1, while run 3 had eight data points more than run. All three
Surpro’s recorded lengths that were slightly greater than the actual length of the section, but the
recorded lengths were all within 1.5 ft of the actual length of the section. All runs of the ARRB
walking profiler recorded a distance that was 1.81 ft greater than the actual length. The SSI
walking profiler recorded the lowest distance of all devices, with the recorded lengths being 3.10
to 3.78 ft shorter than the actual length of the section. The observations made for the PCC
section regarding differences in lengths for the SSI walking profiler and the lightweight profiler
appear to be consistent with those for the AC section.

Table 4. Length profiled at the PCC section.

Device Device Distance (ft)
No. Profile Run
1 2 3 4 5
1 ARRB Walking Profiler 532.81 532.81 532.81
2 Surpro - Wide Tire 531.99 532.08 531.99
3 Surpro - Normal Tire (ICC) 531.99 531.99 531.99 - -
4 Surpro - Normal Tire (WI) 532.08 532.33 532.41 -- --
5 SSI - Walking Profiler 527.22 528.22 527.90 --
6 Ames Lightweight Profiler 534.00 534.00 534.00 534.00 | 534.00
IRI VALUES

The IRI values were computed for all profile runs of all devices. The IRI values were computed
using ProVAL (Version 2.7), which is software developed by the FHWA for analyzing profile
data. The 250 mm moving average option was checked in ProVAL when computing the IRI of
all devices except for the three Supro’s (Device Number 2, 3, and 4). The Power Spectral
Density (PSD) plots of data collected by all three Supro’s indicated that a moving average has
been applied on the data. Therefore, the moving average was not applied during the IRI
computations. The geometric configuration of Surpro results in the device collecting data which
is equivalent to data that has a moving average applied to it.



The IRI values for the AC and the PCC sections are shown in tables 5 and 6, respectively. The
difference between the maximum and minimum IRI of the repeat runs for each device at both
test sections are shown in table 7.

Table 5. IRI values at the AC section.

Device Device IRI (in/mi)

No Runl | Run2 | Run3 | Run4 | Run5 | Average
1 ARRB Walking Profiler 87.9 86.8 89.0 - - 87.9
2 Surpro - Wide Tire 88.6 89.6 89.3 -- -- 89.2
3 Surpro - Normal Tire (ICC) 90.5 89.5 90.1 -- - 90.0
4 Surpro - Normal Tire (WI) 89.7 90.4 91.6 -- -- 90.6
5 SSI - Walking Profiler 87.3 88.1 87.5 -- -- 87.6
6 Ames Lightweight (TriOD) 90.8 89.8 90.0 89.9 89.5 90.0
6 Ames Lightweight (RoLine) 89.8 89.2 89.2 89.1 89.0 89.3

Table 6. IRI values at the PCC section.
Device Device IRI (in/mi)
No Runl | Run2 | Run3 | Run4 | Run5 | Average
1 ARRB Walking Profiler 75.9 75.5 75.6 -- -- 75.7
2 Surpro - Wide Tire 76.9 77.1 77.7 -- -- 77.2
3 Surpro - Normal Tire (ICC) 7.7 77.8 78.6 -- -- 78.0
4 Surpro - Normal Tire (WI) 77.9 77.5 78.9 -- -- 78.1
5 SSI - Walking Profiler 74.8 78.3 76.6 -- -- 76.6
6 Ames Lightweight (TriOD) | 76.8 | 77.2 | 77.8 | 78.2 | 785 77.7
6 Ames Lightweight (RoLine) 76.9 76.8 77.5 77.3 77.1 77.1

Table 7. Difference between maximum and minimum IRI from repeat runs.

Device Device Difference Between
No. Maximum and Minimum IRI
of Repeat Runs (in/mi)
AC Section PCC Section
1 ARRB Walking Profiler 2.2 0.4
2 Surpro - Wide Tire 1.0 0.8
3 Surpro - Normal Tire (ICC) 1.0 0.9
4 Surpro - Normal Tire (WI) 1.9 1.4
5 SSI - Walking Profiler 0.8 35
6 Ames Lightweight (TriOD) 1.3 17
6 Ames Lightweight (RoLine) 0.8 0.7




As shown in table 7, the IRI values from the repeat runs are very lose to each other for all of the
devices at both test sections. As shown in tables 5 and 6, the IRI values obtained by the different
devices were very close to each other at both test sections. At the AC section, the SSI walking
profiler had the lowest average IRI (87.6 in/mi), while the Surpro — Normal Tire (WI) had the
highest average IR1 (90.6 in/mi). At the PCC section, the ARRB walking profiler had the lowest
average IRI (75.7 in/mi), while the Surpro — Normal Tire (WI) had the highest average IRI (78.1
in/mi).

CROSS CORRELATION

Direct profile comparison is necessary to study the performance of profilers, because index
values may compare favorably for a device due to compensating error even when the profiles do
not.® Cross correlation is an objective method of assessing profile agreement, which was
originally applied by Karamihas.®* In this study, cross correlation was performed on the output
of the IRI filter which is applied to profile data for evaluating profiler repeatability and
reproducibility, All cross correlations were performed using ProVAL (Version 2.70).) The
maximum value that can be obtained for cross correlation is 100, which indicates perfect
agreement for the two evaluated profiles.

When performing cross correlation using ProVAL, one profile has to be selected as the
“Reference Profile” and the other profile is treated as the “Candidate Profile”. Based on the
maximum offset specified by the user, the “Candidate Profile” is shifted to the maximum lag and
lead positions with respect to the “Reference Profile” to find out the minimum of the overlapped
data points (common length) during the offset sweep. This length is used for cross correlation
computations.

The method of using cross correlation to evaluate profilers has been used in several recent
studies for evaluating profiler performance.?® The American Association of State Highway and
Transportation Officials (AASHTO) provisional standard PP49-03 describes the procedure for
certifying an inertial profiler.® This standard was revised in early 2006 by an Expert Task Group
(ETG), and was passed in early 2007 by an AASHTO subcommittee. The revised standard
specifies using the cross correlation method to evaluate profiler repeatability and for comparing
the output from an inertial profiler with a reference device.

REPETABILITY CROSS CORRELATION

The repeatability of a profiler was evaluated using the data obtained for repeat runs at a section.
Cross correlation was performed using ProVAL on the IRI filtered profiles. The following
procedure was followed for computing the cross correlation values:

1. The pre-processor filter was selected as IRI in ProVAL.
2. The 250 mm moving average filter was applied in ProVAL, except for the three Surpro’s.
3. For each device, cross correlation was performed for all combinations of repeat runs.



The 250 mm moving average was not applied to data collected by the three Surpro’s because as
described previously, the geometric configuration of the device results in data collected by this
device being equivalent to data on which a moving average has been applied.

As the repeat runs for a device should have started exactly at the start of the section, there should
be no offset between the different runs. This means the offset value in ProVAL should be set to
zero. However, the revised AASHTO PP 49 indicates the following procedure must be
performed when assessing repeatability cross correlation: (1) shift one profile over every
possible offset to the other profile up to 3 ft in either direction computing cross correlation at
each position, and (2) obtain the maximum cross correlation over the 6 ft range as the cross
correlation between the two runs. For all repeatability cross correlation computations the method
specified in the revised AASHTO standard was used, which means specifying a value of 3 ft in
ProVAL for the maximum offset.

Reference Devices

The cross correlation values (IRI filtered) for the five references devices at the AC and the PCC
sections are shown in tables 8 and 9, respectively. Each table shows the cross correlation values
for a device for various combinations of runs, as well as the average value. The offset value
computed by ProVAL for a pair of runs was within + 0.08 ft (1 in) for the majority of cases.

Table 8. Repeatability cross correlation values (IRI filtered) — AC section.

Device Device IRI Filtered Cross Correlation (%)
No Runl&?2 Runl1&3 Run2 &3 Average
1 ARRB Walking Profiler 94.2 92.8 93.2 93.4
2 Surpro - Wide Tire 98.4 98.3 99.3 98.7
3 Surpro - Normal Tire (ICC) 98.7 98.9 99.3 99.0
4 Surpro - Normal Tire (WI) 98.6 97.2 97.5 97.8
5 SSI - Walking Profiler 90.5 89.9 92.4 90.9

Table 9. Repeatability cross correlation values (IRI filtered) — PCC section.

Device Device IRI Filtered Cross Correlation (%0)
No Runl &2 Runl&3 Run2 &3 Average
1 ARRB Walking Profiler 96.6 96.8 98.5 97.3
2 Surpro - Wide Tire 99.1 97.7 98.3 98.4
3 Surpro - Normal Tire (ICC) 99.3 98.3 98.2 98.6
4 Surpro - Normal Tire (WI) 99.1 98.4 97.8 98.4
5 SSI - Walking Profiler 82.6 84.8 86.7 84.7

The following observations on repeatability cross correlation were noted:

e The three ICC Surpro’s had average cross correlation values ranging from 98.7 to 99.0% at
the AC section, and 98.4 to 98.6% at the PCC section indicating excellent repeatability.



e The ARRB walking profiler had cross correlation values of 93.4 and 97.3% at the AC and
PCC sections, respectively.

e The SSI walking profiler had cross correlation values of 90.9 and 84.7% at the AC and PCC
sections, respectively.

e The Critical Profiler Accuracy Requirement report prepared by Karamihas indicates the
average rePeatabiIity cross correlation value (IRI filtered) for a reference profiler should be at
least 0.98.“) All three Surpro’s achieved this value for repeatability at the AC as well as the
PCC section.

Lightweight Profiler

The repeatability cross correlation values (IRI filtered) for the Ames lightweight profiler at both
test sections are shown in table 10. Table 10 shows values for the TriOD and the RoL.ine sensor.
The offset value computed by ProVAL for a pair of profiles was within + 0.2 ft (2.4 in).

The revised AASHTO PP 49 indicates the average repeatability cross correlation (based on ten
repeat runs) for an inertial profiler should be at least 92%. The lightweight profiler only made
five repeat runs at the test sections. Based on the data collected for these five runs, both the
TriOD and the RoL.ine sensors in the Ames lightweight profiler exceeded the value specified in
the AASHTO standard at both test sections. The average repeatability cross correlation of the
TriOD sensor at the AC and PCC sections was 98.4 and 97.4%, respectively; while the RoLine
sensor had an average cross correlation of 99.0 and 99.1% at the AC and PCC sections,
respectively.

Table 10. Repeatability cross-correlation values for the lightweight profiler.

Compared IRI Filtered Cross Correlation (%)
Runs Asphalt Section Concrete Section
Sensor Sensor
TriOD RoLine TriOD RoL.ine
Runs1 &2 97.6 98.8 98.3 99.5
Runs1 &3 99.0 98.9 98.3 98.9
Runs1 &4 98.0 98.5 97.0 99.0
Runs1&5 98.0 98.9 97.4 99.0
Runs2 & 3 98.2 98.9 97.6 98.8
Runs2 & 4 98.3 98.9 96.4 98.9
Runs2 &5 98.2 99.2 96.4 98.9
Runs 3 & 4 98.4 98.9 98.0 99.5
Runs3&5 98.4 99.3 97.4 99.2
Runs4 &5 99.5 99.3 97.6 99.1
Average 98.4 99.0 97.4 99.1




REPRODUCABILITY CROSS CORRELATION
Among Reference Devices

The reproducibility of the reference devices was evaluated by computing the IRI filtered cross
correlation among the devices. ProVAL was used to perform computations with the IRI selected
as the pre-processor filter. All combinations of runs for two devices were used in the
computations.

When performing reproducibility cross-correlations involving a Surpro, the 250 mm moving
average should not be applied on the Surpro data. However, when cross correlation is performed
using ProVAL either the 250 mm moving average has to be applied to both profiles or omitted
from both profiles. ProVAL currently does not have an option where the moving average can be
applied to one profile, but omitted from the other.

For all device combinations that did not involve a Surpro, the 250 mm moving average filter was
applied when computing cross correlations. For cases where cross correlation values were
computed between two Surpro’s, the 250 mm moving average filter was omitted. When cross-
correlations were computed for a Surpro and ARRB, the 250 mm moving average was not
applied. (Note: The IRl computer code applies a moving average on the data only if the sampling
interval is less than about 6.6 inches. Therefore, for ARRB data, the IRI filter does not apply the
250 mm moving average even if it is specified in ProVAL.) For cases where cross correlations
were computed between a Supro and the SSI Walking profiler or the lightweight profiler, the 250
mm moving average was applied. For this case, the 250 mm moving average should only be
applied to the SSI data, but because of the current limitation in ProVAL the moving average was
applied to both devices. However, the effect on the computed cross correlation values between
these two devices because of the adopted procedure when compared to the correct procedure is
expected to be extremely small.

As all of the reference devices started data collection at the start of each section, the offset that
should be used in ProVAL for computing cross correlation should be zero. However, a slight
shift in the profiles for two devices is possible because of: (1) slight variations in the paths
followed by the devices, and/or (2) the actual sampling interval of the device being slightly
different from the value specified in the ERD header. The shift between two profiles because of
such an occurrence will increase with increasing distance.

An evaluation of the effect of the magnitude of the offset value that is specified during cross
correlation was performed by comparing the data collected by the ARRB walking profiler with
other reference devices at the AC section. Cross correlation values were computed for offset
values of 0, 1, and 2 ft, which were specified in ProVAL. The ARRB walking profiler was set as
the reference device for all computations. The results of these computations are shown in the
tables included in appendix C. These results show that a slight change in the offset of two
profiles can have a significant effect on cross correlation.

For example, for the comparison between the ARRB walking profiler (Device 1) and Wisconsin
Surpro (Device 4), the average cross correlation when an offset of zero was specified was 85.6%;



but when an offset of 1 ft was specified the value was 91.4%. For the comparison between the
ARRB walking profiler (Device 1) and SSI walking profiler (Device 5), the average cross
correlation when an offset of zero was specified was 65.4%; but when an offset of 1 ft was
specified the value was 75.5%.

Following the procedure recommended in the revised AASHTO standard, an offset value of 3 ft
was used in ProVAL for all reproducibility cross correlation (IRI filtered) computations. When
performing cross correlation in ProVAL, one device has to be set as the “reference”, and the
other device is compared to the “reference.” When the sampling interval of two devices is the
same, choosing either device as the “reference” does not have any effect on the result. When the
sampling intervals are different, the candidate profile is interpolated to the recording interval of
the profile that is chosen as the “reference” profile after the IRI filter is applied. For this
situation, slight differences in cross correlation values for two devices can occur depending on
what profile is chosen as the “reference.” Hence, for cross correlations involving the ARRB
walking profiler, two sets of cross correlations were performed, the first with the ARRB walking
profiler considered as the reference, and the second where the other device was considered as the
reference. As the sampling interval of the Surpro’s and the SSI Walking Profiler are the same,
such a procedure is not needed for cross correlations involving these devices.

Appendix D and E include tables that show the results of the computations performed among
devices at the AC section and the PCC section, respectively. For cases involving the ARRB
walking profiler, slight differences (typically 1 to 2%) were noted in the cross correlation values
for some cases depending on which device was chosen as the reference (i.e., ARRB walking
profiler or the other device).

The average cross correlation matrices for the devices at the AC and the PCC section are shown
in tables 11 and 12. For cases involving the ARRB walking profiler, the average of the two cases
(i.e., walking profiler as the reference, and other device as the reference) are shown. A cross
correlation value greater than 95% can be considered to be excellent, while a cross correlation
value between 90 and 95% can be considered as good. In a recent profiler comparison,
Karamihas used these same thresholds when evaluating profiler repeatability.?) Cross correlation
values that are 90% or higher are shown in bold in tables 11 and 12.

Table 11. Average reproducibility cross correlation values (IRI filtered) — AC section.

ARRB Surpro Surpro Surpro
Walking Wide ICC Wisconsin
Profiler Tire
(Device 1) | (Device?2) | (Device3) | (Device 4)

ARRB Walking Profiler (Device 1)
Surpro Wide Tire (Device 2)
Surpro ICC (Device 3)

Surpro Wisconsin (Device 4)

SSI Walking Profiler (Device 5)
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Table 12. Average reproducibility cross correlation values (IRI filtered) — PCC section.

ARRB
Walking
Profiler
Device 1

Surpro
Wisconsin

ARRB Walking Profiler (Device 1)

Surpro Wide Tire (Device 2) 94.6

Surpro ICC (Device 3) 95.1 98.5

Surpro Wisconsin (Device 4) 93.6 98.2 98.5
SSI Walking Profiler (Device 5) 78.5 84.8 83.5

The following observations were noted for reproducibility cross correlations:

e The reproducibility cross correlations among the three Surpro’s ranged from 97.3 to 98.7% at
the AC section, and from 98.2 to 98.5% at the PCC section.

e The cross correlations between the Surpro’s and the ARRB walking profiler ranged from
90.8 t0 92.9% at the AC section and from 93.6 to 95.1% at the PCC section.

e The SSI walking profiler and the ARRB walking profiler had a cross correlation of 77.4 and
78.5 % at the AC and the PCC sections, respectively.

e The SSI walking profiler and the three Surpro’s had cross correlation values ranging from
88.6 t0 89.2% at the AC section and 83.5 to 84.8% at the PCC section.

The University of Michigan Transportation Research Institute has software that can compute
cross correlations by applying the 250 mm moving average on one data set while omitting it
from the other data set. This program was used to compute the average reproducibility cross
correlation values (IRI filtered) between the SSI device and the three Surpro’s at the AC section
by applying the 250 mm moving average on the SSI data while omitting it from the Surpro data.
The computed average cross correlation values between the SSI Walking Profiler and Surpro
Wide Tire (Device 2), Surpro-ICC (Device 3), and Surpro - Wisconsin (Device 5) were 88.5,
88.9, and 89.2%, respectively. These values were similar to the values computed in this study
where the 250 mm moving average was applied on both data sets.

Lightweight Profiler and Reference Devices

ProVAL was used to compute the reproducibility cross correlation values (IRI filtered) for: (1)
data collected from the TriOD and RoL.ine sensors of the Ames profiler, and (2) data collected
from the TriOD and RoL.ine sensors with each of the reference devices. In ProVAL the pre-
processor filter was selected as IRI, and the 250 mm moving average filter was applied on the
data.
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The computed cross correlation values for the two sensors of the lightweight profiler for the
various run combinations are shown in table 13. The overall average reproducibility cross
correlation between the TriOD sensor data and RoLine sensor data was 97.3% for the AC section
and 96.7% for the PCC section.

Table 13. Reproducibility cross correlation (IRI filtered) for data collected by the TriOD and the
RoL.ine sensor.

Section | RoLine Cross Correlation (IR filtered) %
Sensor TriOD Sensor Run
Run 1 2 3 4 5
Asphalt 1 97.3 97.8 97.6 98.6 98.9

96.5 97.4 97.0 97.9 98.0
96.4 96.8 97.2 97.9 98.1
95.9 96.6 96.4 97.6 97.6
96.2 96.9 96.8 97.8 98.1
97.3 97.8 96.6 954 95.7
97.2 97.9 96.0 95.4 95.2
97.6 98.1 97.2 96.1 95.9
97.7 98.2 97.2 96.4 96.1
97.3 98.0 96.6 95.2 95.9

Concrete

Ol IWIN RO WIN

Both sensors of the lightweight profiler showed excellent repeatability at both test sections (see
table 10). The average repeatability cross correlations at the AC section for the TriOD sensor and
the RoL.ine sensor were 98.4 and 99.0% respectively, while at the PCC section the values were
97.4 and 99.1% respectively. Hence, one run from the Ames profiler was used to compute cross
correlation values with the reference devices, as using all runs in the computations would not
yield any additional information. Run 1 of the lightweight profiler was cross correlated with the
repeat runs of each reference device at both test sections, with the reference device assigned to
be the “reference” in ProVAL. The computed cross correlation values for the TriOD sensor and
RoLine sensor are shown in table 14 and 15, respectively. Average cross correlation values of
90% or greater are shown in bold in both tables. Performing cross correlations for the same
combinations with the lightweight profiler assigned as the “reference” in ProVAL instead of the
reference device yielded the same cross correlation values except for some cases there was a
difference of up to 1%.

The following observations were noted for the average reproducibility cross correlation (IRl
filtered) between data collected by the TriOD sensor of the lightweight profiler and reference
devices:

e Cross correlation with the three Surpro’s ranged from 94.7 to 96.7% at the AC section, while
at the PCC section the cross correlations ranged from 97.4 to 97.8%.

e Cross correlation with the ARRB walking profiler was 89.9 and 93.5% at the AC and PCC
sections, respectively.
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e Cross correlation with the SSI walking profiler was 85.8 and 83.2% at the AC and PCC
sections, respectively.

Table 14.Cross correlation values (IRI filtered) between Ames lightweight profiler (TriOD
sensor) and reference devices.

Surface Device Device Cross Correlation with TriOD (%)
Type No Run1 Run 2 Run 3 Average

Asphalt 1 ARRB Walking Profiler 89.8 88.9 91.0 89.9
2 Wide Tire Surpro 95.1 96.2 95.9 95.7
3 Surpro - ICC 96.8 96.8 96.4 96.7
4 Surpro - Wisconsin 91.1 96.1 97.0 94.7
5 SSI Walking Profiler 86.3 85.5 85.5 85.8

Concrete 1 ARRB Walking Profiler 93.8 93.1 93.6 935
2 Wide Tire Surpro 97.7 98.2 97.5 97.8
3 Surpro - ICC 98.2 97.6 97.1 97.6
4 Surpro - Wisconsin 97.8 97.9 96.6 97.4
5 SSI Walking Profiler 76.0 89.6 83.9 83.2

Table 15. Cross correlation values (IRI filtered) between Ames lightweight profiler (RoLine

sensor) and reference devices.

Surface Device Device Cross Correlation with RoLine (%)
Type No Run 1 Run 2 Run 3 Average

Asphalt 1 ARRB Walking Profiler 94.1 93.9 93.8 93.9
2 Wide Tire Surpro 97.6 98.7 98.5 98.3

3 Surpro - ICC 98.1 98.6 98.6 98.4

4 Surpro - Wisconsin 98.0 97.2 96.0 97.1

5 SSI Walking Profiler 87.2 88.1 88.1 87.8

Concrete 1 ARRB Walking Profiler 95.6 96.6 97.0 96.4
2 Wide Tire Surpro 98.7 98.1 96.6 97.8

3 Surpro - ICC 97.7 98.0 96.4 97.4

4 Surpro - Wisconsin 97.0 97.7 95.7 96.8

5 SSI Walking Profiler 76.6 89.1 83.2 83.0

The following observations were noted for the average reproducibility cross correlation (IR
filtered) between the data collected by the RoLine sensor of the lightweight profiler and
reference devices:

e Cross correlation for the Surpro’s ranged from 97.1 to 98.4% at the AC section and 96.8 to
97.8% at the PCC section.

e Cross correlation with the ARRB walking profiler was 93.9 and 96.4% at the AC and PCC
sections, respectively.
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e Cross correlation with the SSI walking profiler was 87.8 and 83.0% at the AC and PCC
sections, respectively.

PROFILE PLOTS

The profile plots of data collected by all devices are included in appendix F. For each device,
separate plots are presented for the AC and the PCC section. Each plot shows the data for all
repeat runs of a device. Generally, the repeat runs collected by a device overlaid well with each
other, except for the data collected by the SSI walking profiler.

The ability of a reference device to collect repeatable profile data at a test section was evaluated
by computing the cross correlation values for the elevation data that were collected for the repeat
runs. The cross correlation computed using this procedure is a measure of the overall agreement
between two profiles. For this computation the Pre-Processor filter in ProVAL set as "None".
The computed cross correlation values are shown in tables 16 and 17 for the AC and the PCC
sections, respectively. Cross correlation values over 95% are shown in bold.

Table 16. Repeatability cross correlation of elevation profiles for reference devices — AC section.

Device Device Elevation Cross Correlation (%)
No Runl&?2 | Run1&3 | Run2 &3 | Average
1 ARRB Walking Profiler 99.2 99.0 98.0 98.7
2 Surpro - Wide Tire 98.7 98.1 99.5 98.8
3 Surpro - Normal Tire (ICC) 99.1 98.5 99.5 99.0
4 Surpro - Normal Tire (WI) 96.1 100.0 96.3 97.5
5 SSI - Walking Profiler 99.1 89.5 88.5 92.4

Table 17. Repeatability cross correlation of elevation profiles for reference devices — PCC

section.
Device Device Elevation Cross-Correlation (%)
No Runl&?2 | Run1&3 | Run2 &3 | Average
1 ARRB Walking Profiler 99.6 100.0 99.6 99.7
2 Surpro - Wide Tire 99.6 98.7 98.2 98.8
3 Surpro - Normal Tire (ICC) 99.5 99.3 98.7 99.2
4 Surpro - Normal Tire (WI) 98.4 96.3 98.0 97.6
5 SSI - Walking Profiler 71.9 69.4 96.6 79.3

The average cross correlations were over 97% for all devices, except for the SSI walking
profiler. For the SSI walking profiler, profile differences in run 3 when compared to runs 1 and 2
resulted in a low average cross correlation at the AC section. At the PCC section for this device
profile differences in run 1 when compared to runs 2 and 3 resulted in a low cross correlation.

The elevation at the end of the section should be the same for all of the reference devices if they
were all collecting “true” profile data, as the elevation at the start of the section is zero for all
devices. (Note: The slight differences in lengths profiled by the various devices should have a
negligible effect on the elevation at the end of the section.)
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Table 18 shows the elevation at the end of the section that was indicated in the data file for all
repeat runs of the reference devices at both test sections. Generally, the elevations at the end of
the section of the repeat runs were close to each other (within 0.5 inches), except for the SSI
walking profiler runs at the PCC section. However, there were differences in elevations at the
end of the section that were recorded by the different devices.

Table 18. Elevation at the end of the section for reference devices.

Surface | Device Device Elevation at the End of the Section (in)
Type No Run 1 Run 2 Run 3
AC 1 ARRB Walking Profiler -8.951 -9.116 -8.786
2 Wide Tire Surpro -12.495 -12.404 -12.350
3 Surpro - ICC -10.894 -10.770 -10.769
4 Surpro — Wisconsin -10.711 -10.408 -10.679
5 SSI Walking Profiler 2.340 2.619 2.117
PCC 1 ARRB Walking Profiler 10.633 10.620 10.570
2 Wide Tire Surpro 8.477 8.543 8.381
3 Surpro - ICC 9.864 9.808 9.918
4 Surpro — Wisconsin 10.281 10.394 10.524
5 SSI Walking Profiler 19.335 26.677 27.613

Minnesota DOT obtained rod and level measurements at the two test sections at 10 ft intervals on
October 20", 2006. Assuming an elevation of 0 at the start of the section, the rod and level data
indicated that the elevation at 500 ft at the AC section was -10.416 inches, while the elevation at
530 ft at the PCC section was 9.504 inches.

The difference in elevation at the end of each section between the rod and level data and the
reference device data are shown in table 19. The last reading obtained by a device at a section
may not have coincided with the location where the rod and level elevation was obtained, but
these locations should be very close to each other.

Device 4 (Surpro-Wisconsin) and Device 3 (Surpro-ICC) had the closest match with the rod and
level elevations at the end of the section for the AC and PCC section respectively. Significant
elevation differences were seen at both test sections for the SSI walking profiler.

Although there were differences in the reported elevation at the end of the section among the
devices, in most cases the IRI values and cross correlation (IRI filtered) for two devices were
very close to each other. Consider the data collected for run 1 at the PCC section by Device 2
(wide tired Surpro) and Device 4 (Wisconsin Surpro). The elevation at the end of the section for
Devices 2 and 4 for this run are 8.477 and 10.281 inches, respectively. The IRI values for this
run for Device 2 and 4 are 76.9 and 77.9 in/mi, respectively. The cross correlation (IRI filtered)
for these two runs is 98.2%. For the considered runs, the IRI values and the cross correlation
values (IRI filtered) are very close to each other, even though the difference in elevation at the
end of the section for the two profiles is 1.8 inches. This happens because the IRI is influenced
by slopes of adjacent points.
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Table 19. Difference in elevation at the end of the section between rod and level data and
reference device data.

Surface | Device Device Difference in Elevation at End of the Section (in) Note 1
Type No Run 1 Run 2 Run 3 Average
AC 1 ARRB Walking Profiler -1.465 -1.300 -1.630 -1.465

2 Wide Tire Surpro 2.079 1.988 1.934 2.000
3 Surpro - ICC 0.478 0.354 0.353 0.395
4 Surpro — Wisconsin 0.295 -0.008 0.263 0.183
5 SSI Walking Profiler -12.756 -13.035 -12.533 -12.775
PCC 1 ARRB Walking Profiler -1.129 -1.116 -1.066 -1.104
2 Wide Tire Surpro 1.027 0.961 1.123 1.037
3 Surpro - ICC -0.360 -0.304 -0.414 -0.360
4 Surpro — Wisconsin -0.777 -0.890 -1.020 -0.896
5 SSI Walking Profiler -9.831 -17.173 -18.109 -15.038

Note 1: Difference in Elevation = Elevation obtained by rod and level - Elevation obtained
by reference device

Differences in elevation profiles of two reference devices can occur if there is a constant error
per reading for readings obtained by a reference device. This phenomenon is illustrated by using
data obtained from a Dipstick, which is a reference profiling device that obtains data at 1 ft
intervals. This data is from a previous study, and was not obtained at the test sections used in
this study. Table 20 shows the following for data obtained from a Dipstick: column 1 — reading
number, column 2 — distance from the start of the section, column 3 — reading obtained by the
Dipstick (which is the elevation difference between adjacent points), and column 4 — elevation at
that location (elevation at distance 0 is O, at 1 ft elevation is O plus the first reading, elevation at 2
ft is the elevation at 1 ft plus the 2" reading etc). Only the data up to a distance of 15 ft are
shown in this table. The elevation profile is hereafter referred to as the “correct profile.”

Table 21 shows the same data that is shown in table 20, but with a constant error of 0.04 inches
per reading. Table 21 shows the following items: column 1 — reading number, column 2 —
distance from the start of the section, column 3 — correct reading that should have been obtained
(this is the reading shown in column 3 in table 20), column 4 — the constant error in each
reading, column 5 — the recorded reading (correct reading shown in column 3 + constant error
shown in column 4), column 6 — the erroneous elevation (elevation at distance of 0 is 0, at 1 ft
elevation is 0 plus the first recorded reading, elevation at 2 ft is the elevation at 1 ft plus the 2™
recorded reading etc). Only the data up to a distance of 15 ft is shown in this table. The elevation
profile obtained is referred to as the “Erroneous Profile”.
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Table 20. Dipstick readings.

Reading No. Distance Reading Elevation

(in) (in)

1) @) ®) 4)
0 0.000
1 1 0.028 0.028
2 2 0.007 0.035
3 3 0.012 0.047
4 4 0.012 0.059
5 5 0.012 0.071
6 6 0.020 0.091
7 7 0.003 0.094
8 8 0.016 0.110
9 9 0.004 0.114
10 10 0.004 0.118
11 11 0.016 0.134
12 12 0.023 0.157
13 13 0.016 0.173
14 14 0.004 0.177
15 15 0.004 0.181

Table 21. Dipstick readings with a constant error for each reading.

Reading No. Distance Correct Constant Recorded Elevation
Reading Error Reading (in)
(in) (in) (in)

() ) @) (4) (©) (6)
0 0.000
1 1 0.028 0.040 0.068 0.068
2 2 0.007 0.040 0.047 0.115
3 3 0.012 0.040 0.052 0.167
4 4 0.012 0.040 0.052 0.219
5 5 0.012 0.040 0.052 0.271
6 6 0.020 0.040 0.060 0.331
7 7 0.003 0.040 0.043 0.374
8 8 0.016 0.040 0.056 0.430
9 9 0.004 0.040 0.044 0.474
10 10 0.004 0.040 0.044 0.518
11 11 0.016 0.040 0.056 0.574
12 12 0.023 0.040 0.063 0.637
13 13 0.016 0.040 0.056 0.693
14 14 0.004 0.040 0.044 0.737
15 15 0.004 0.040 0.044 0.781
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The “correct” and the “erroneous” profiles are shown in figure 1. The IRI of the correct and the
erroneous profiles are both 56 in/mi. The cross correlation value (IRI filtered) of these two
profiles is 99.9%. The constant error per reading that is present in the erroneous profile
superimposes a profile having a constant slope into the correct profile, which has no effect on the
IRI. This is the reason why the IRI and the cross-correlation values (IRI filtered) were identical
for the “correct” and the “erroneous” profiles.

Elewation (in)
12

e

Erroneous
Profile

Correct
Profile

1] 100 200 300 400 500
Distance (ff)

Correct Profile: Left Elevation E rroneous Profile: Left E levation]

Figure 1. Correct and erroneous Dipstick profiles.

This theoretical analysis indicated that a reference device may be able to collect data that are
sufficient for computing the IRI accurately, but may not collect the actual elevation profile of the
pavement.

ADJUSTED ARRB WALKING PROFILER MEASUREMENTS

After the rod and level measurements were obtained, Minnesota DOT adjusted the elevations of
the ARRB Walking Profiler readings using the rod and level data. This adjustment was
performed because the elevations obtained by the ARRB Walking Profiler tend to differ from the
true elevation as the profiler traverses the test section. The elevation at the end of the section for
the three repeat runs was the same in the adjusted data files at each test section.

The average repeatability cross correlation values (IRI filtered) for the adjusted ARRB data at
both sections were similar to those obtained for the unadjusted data. The average reproducibility
cross correlation values (IRI filtered) of the adjusted ARRB data with the other reference devices
were similar to the values obtained for the unadjusted data at both test sections.
CONCLUSIONS

The weather conditions during testing were less than ideal. There was no rain during testing, but
there was a mist that was generally present throughout the testing, and varied from light to
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heavy. The pavement was damp, but did not have any standing water. It was a windy day, with
high humidity, and the temperature being about 40 to 45 °F.

The IRI values obtained by all devices were close to each other at both test sections. At the AC
section, the SSI walking profiler had the lowest average IRI (87.6 in/mi), while the Surpro —
Normal Tire (WI) had the highest average IRI (90.6 in/mi). At the PCC section, the ARRB
walking profiler had the lowest average IRI (75.7 in/mi), while the Surpro — Normal Tire (WI)
had the highest average IRI (78.1 in/mi).

The Critical Profiler Accuracy Requirements report prepared by Karamihas indicated that the
repeat runs of a reference profiler must have an average cross correlation (IRI filtered) of at least
0.98. ™ All three Surpro’s achieved this target at the AC as well as the PCC section. The ARRB
walking profiler had average repeatability cross correlation values of 93.4 and 97.3% at the AC
and PCC sections, respectively. The SSI walking profiler had average repeatability cross
correlation values of 90.9 and 84.7% at the AC and PCC sections, respectively. Minnesota DOT
indicated during their 2006 certification program the ARRB Walking Profiler obtained
repeatability cross correlation values of 98.3% and 98.4% at the AC and PCC sections
respectively. They indicated when operating the ARRB Walking Profiler on damp pavements
there is a possibility of dirt adhering to the footpad, which can adversely affect the quality of the
data. They feel that the damp pavement conditions during data collection probably was a
contributing factor that resulted in the ARRB obtaining lower cross correlation values during this
test when compared to their 2006 certification values.

For the Ames lightweight profiler, the average repeatability cross correlation (IRI filtered) of the
data collected by the TriOD sensor at the AC and the PCC sections was 98.4 and 97.4%
respectively; while the data collected by the RoLine sensor had an average cross correlations of
99.0 and 99.1% at the AC and PCC sections respectively. The revised AASHTO PP 49 indicates
the average repeatability cross correlation for an inertial profiler should be at least 92%. Data
collected by both the TriOD and the RoL.ine sensors in the Ames lightweight profiler exceeded
this specified value at both test sections.

The reproducibility cross correlations (IRI filtered) among the three Surpro’s exceeded 97% at
both sections, indicating excellent reproducibility among the three devices. The reproducibility
cross correlations (IRI filtered) between the Surpro’s and the ARRB walking profiler ranged
from 90.8 to 92.9% at the AC section and from 93.6 to 95.1% at the PCC section indicating good
reproducibility. The SSI walking profiler and the ARRB walking profiler had reproducibility
cross correlation (IRI filtered) values of 77.4 and 78.5 % at the AC and the PCC sections,
respectively. The SSI walking profiler and the three Surpro’s had reproducibility cross
correlation (IR filtered) values ranging from 88.6 to 89.2% at the AC section, and values
ranging from 83.5 to 84.8% at the PCC section.

The average reproducibility cross correlation (IRI filtered) for data collected by the TriOD and

the RoL.ine sensors in the Ames lightweight profiler was 97.3% and 96.7% for the AC and the
PCC section respectively.
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The data from the TriOD sensor of the lightweight profiler exhibited the following
reproducibility cross correlations (IR filtered): (1) excellent reproducibility with all three
Surpro’s, with the average cross correlation ranging from 94.7 to 96.7% at the AC section, while
at the PCC section the cross correlations ranged from 97.4 to 97.8%, (2) good cross correlation
with the ARRB walking profiler with cross correlation values of 89.9 and 93.5% at the AC and
PCC sections respectively, (3) inadequate cross correlation with the SSI walking profiler with
cross correlation values of 85.8 and 83.2% at the AC and PCC sections respectively. The revised
AASHTO PP 49 indicates the average reproducibility (IRI filtered) between a reference device
and an inertial profiler should be 90% or greater.

The data from the RoLine sensor of the lightweight profiler exhibited the following
reproducibility cross correlation (IRI filtered): (1) excellent reproducibility with all three
Surpro’s with cross correlations ranging from 97.1 to 98.4% at the AC section and 96.8 to 97.8%
at the PCC sections, (2) good reproducibility at the AC section and excellent reproducibility at
the PCC section with the ARRB walking profiler with average cross correlation values of 93.9
and 96.4% at the AC and PCC sections respectively, and (3) inadequate cross correlation with
the SSI walking profiler with cross correlation values of 87.8 and 83.0% at the AC and PCC
sections, respectively.

The elevations recorded by the various reference devices at the end of the section were different.
A theoretical study showed that a reference device may be able to collect data needed for
computing the IRI accurately, but yet may not collect the correct elevation profile of the section.
Such a device will be valid for collecting data that are accurate enough for computing the IRI
and performing IRI filtered cross correlations, but not for obtaining an accurate elevation profile
of the pavement.

The path to be measured in this study at each section was marked with a continuous paint line.
The reference profilers may not achieve the obtained repeatability or reproducibility when testing
is performed under different conditions, for example, staggered paint marks or no markings. The
Ames lightweight profiler used a guidance system to maintain a consistent path. The lightweight
profiler may not obtain similar repeatability and reproducibility values if testing is performed
without the guidance system.

The IRI values obtained by the Wisconsin DOT Surpro Walking profiler were within 3 in/mile of
the IRI values obtained by the other reference devices at both test sections, and within 2 in/mile
of the IRI values obtained by both sensors of the lightweight profiler at both test sections.

The Wisconsin DOT walking profiler showed excellent repeatability with average cross
correlation values (IRI filtered) of 97.8 and 98.4% at the AC and the PCC sections, respectively.
The device showed excellent reproducibility with the other two Surpro devices (i.e., Surpro —
ICC and Wide Tired Surpro). The average reproducibility cross correlation values at the AC and
PCC section with the Surpro-ICC were 98.1 and 98.5%, respectively, while the values with the
with the wide tired Surpro at the AC and PCC sections were 97.3 and 98.2%, respectively. The
device also exhibited good reproducibility with the ARRB Walking Profiler with average cross
correlation values of 90.8 and 93.6% at the AC and PCC sections, respectively. The device also
showed excellent reproducibility with the data collected by the TriOD and the RoL.ine sensors of
the lightweight profiler. The average reproducibility cross correlation values with the TriOD
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sensor data were 94.7 and 97.4% at the AC and PCC sections respectively, while the values for
data collected with the RoLine sensor at the AC and PCC sections were 97.1 and 96.8%,
respectively.
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APPENDIX A: PHOTOGRAPHS OF REFERENCE DEVICES
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ICC Surpro — normal tire.
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ICC Surpro — normal tire (close-up view).

ICC Surpro — wide tire.
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SSI walking profiler.
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RoLine and TriOD sensors mounted on the Ames lightweight profiler.
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Sensor footprint of the RoLine and TriOD sensors.
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APPENDIX B: PHOTOGRAPHS OF THE PAVEMENT SURFACE
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Asphalt section.
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APPENDIX C: EFFECT OF OFFSET ON CROSS CORRELATION
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REPRODUCIBILITY CROSS CORRELATIONS

Walking Profiler (Device 1) and Surpro Wide Tire (Device 2), Asphalt Section

Device 1 Device 2 Cross Correlation Specified Offset = 1 ft Specified Offset = 2 ft
Run Run (Offset = 0 ft) Computed Cross Computed Cross
(%) Offset (ft) Correlation (%) Offset (ft) Correlation (%)

1 1 87.3 0.58 92.6 1.17 92.7

1 2 88.4 0.58 93.5 1.16 93.6

1 3 89.7 0.58 92.9 1.16 93.0

2 1 90.1 0.58 93.6 1.16 93.6

2 2 89.9 0.58 92.7 1.16 92.8

2 3 90.8 0.58 91.8 1.16 91.8

3 1 88.2 0.58 90.0 1.16 90.0

3 2 89.3 0.58 90.8 1.16 90.8

3 3 90.1 -0.20 90.1 0.37 90.4
Average 89.3 0.49 92.0 1.07 92.1

Walking Profiler (Device 1) and Surpro - ICC (Device 3), Asphalt Section

Device 1 Device 3 Cross Correlation Specified Offset = 1 ft Specified Offset = 2 ft
Run Run (Offset = 0 ft) Computed Cross Computed Cross
(%) Offset (ft) Correlation (%) Offset (ft) Correlation (%)

1 1 93.5 -0.20 93.5 0.37 93.6

1 2 93.7 -0.20 93.8 0.37 94.0

1 3 94.1 -0.20 94.1 0.37 94.2

2 1 93.0 -0.20 93.0 0.37 93.1

2 2 93.7 -0.20 93.6 0.37 93.8

2 3 93.6 -0.20 93.6 0.37 93.7

3 1 92.9 -0.20 93.0 0.37 93.1

3 2 91.8 -0.20 91.9 0.37 92.0

3 3 92.7 -0.20 92.8 0.37 92.9
Average 93.2 -0.20 93.3 0.37 934
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Walking Profiler (Device 1) and Wisconsin Surpro (Device 4), Asphalt Section

Device 1 Device 4 Cross Correlation Specified Offset = 1 ft Specified Offset = 2 ft
Run Run (Offset = 0 ft) Computed Cross Computed Cross
(%) Offset (ft) Correlation (%) Offset (ft) Correlation (%)

1 1 84.5 0.58 92.7 1.16 92.8

1 2 84.8 0.58 92.0 1.16 92.0

1 3 83.8 0.58 91.0 1.16 91.0

2 1 85.6 0.58 91.9 1.16 92.0

2 2 85.8 0.58 91.0 1.16 91.1

2 3 84.8 0.58 90.1 1.16 90.1

3 1 86.4 0.58 91.0 1.16 91.1

3 2 86.9 0.58 90.8 1.16 90.8

3 3 88.1 0.58 91.8 1.16 91.8
Average 85.6 0.58 914 1.16 914

Walking Profiler (Device 1) and SSI Walking Profiler (Device 5), Asphalt Section

Device 1 Device 5 Cross Correlation Specified Offset = 1 ft Specified Offset = 2 ft
Run Run (Offset = 0 ft) Computed Cross Computed Cross
(%) Offset (ft) Correlation (%) Offset (ft) Correlation (%)

1 1 65.1 0.58 76.2 1.95 774

1 2 61.5 0.58 72.8 1.95 75.5

1 3 64.2 0.58 75.7 1.95 76.4

2 1 65.1 0.58 74.9 1.95 75.7

2 2 63.3 0.58 72.8 1.95 74.0

2 3 66.3 0.58 76.1 1.16 76.4

3 1 66.2 0.58 76.0 1.16 75.9

3 2 67.0 0.58 76.4 1.16 76.5

3 3 69.5 0.58 78.8 1.16 78.9

Average 65.4 0.58 75.5 1.60 76.3
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APPENDIX D: REPRODUCABILITY CROSS CORRELATIONS - ASPHALT
SECTION
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REPRODUCIBILITY CROSS CORRELATIONS

Walking Profiler (Device 1) and Surpro Wide Tire (Device 2), AC Section
ProVAL Reference = Device 2

ProVAL Reference = Device 1

Device 1 Device 2 Cross Device 1 Device 2 Cross
Run Run Correlation (%) Run Run Correlation (%)

1 1 92.7 1 1 93.6

1 2 93.6 1 2 925

1 3 92.9 1 3 925

2 1 93.6 2 1 92.9

2 2 92.8 2 2 91.8

2 3 91.9 2 3 91.8

3 1 90.0 3 1 934

3 2 90.8 3 2 94.0

3 3 90.3 3 3 93.7
Average 92.1 Average 92.9

Walking Profiler (Device 1) and Surpro-1CC (Device 3), AC Section
ProVAL Reference = Device 1

ProVAL Reference = Device 3

Device 1 Device 3 Cross Device 1 Device 3 Cross
Run Run Correlation (%) Run Run Correlation (%)

1 1 93.6 1 1 91.6

1 2 94.0 1 2 92.4

1 3 94.2 1 3 92.2

2 1 93.2 2 1 91.0

2 2 93.8 2 2 91.6

2 3 93.8 2 3 91.6

3 1 93.1 3 1 93.0

3 2 92.0 3 2 93.6

3 3 92.9 3 3 93.7
Average 93.4 Average 92.3

Walking Profiler (Device 1) and Wisconsin Surpro (Device 4), AC Section
ProVAL Reference = Device 4

ProVAL Reference = Device 1

Device 1 Device 4 Cross Device 1 Device 4 Cross
Run Run Correlation (%) Run Run Correlation (%)

1 1 92.8 1 1 90.8

1 2 92.1 1 2 89.8

1 3 91.0 1 3 89.2

2 1 92.0 2 1 90.1

2 2 91.1 2 2 89.0

2 3 90.1 2 3 88.5

3 1 91.1 3 1 91.9

3 2 90.8 3 2 91.0

3 3 91.7 3 3 90.7
Average 91.4 Average 90.1
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Walking Profiler (Device 1) and SSI Walking Profiler (Device 5), AC Section

ProVAL Reference = Device 1

ProVAL Reference = Device 5

Device 1 Device 5 Cross Device 1 Device 5 Cross
Run Run Correlation (%) Run Run Correlation (%)

1 1 77.5 1 1 79.3

1 2 75.6 1 2 77.4

1 3 76.4 1 3 78.9

2 1 75.8 2 1 77.6

2 2 74.1 2 2 76.3

2 3 76.4 2 3 78.3

3 1 76.2 3 1 78.0

3 2 76.7 3 2 79.0

3 3 78.9 3 3 80.2
Average 76.4 Average 78.3

Wide Tire Surpro (Device 2) and Surpro-1CC (Device 3), AC Section

Device 2
Run

Device 3
Run

Cross
Correlation (%)

97.5

98.5

98.1

98.6

99.5

99.2

98.4

99.5

W W W NN (N (PP

W N (P W N (P W N (-

99.1

Average

98.7

Wide Tire Surpro (Device 2) and Wisconsin Surpro (Device 4), AC Section

Device 2
Run

Device 4
Run

Cross
Correlation (%)

97.6

96.8

95.6

98.6

97.9

96.7

98.5

W (W NN N [P (PP

97.7

w

W N (P W N (P W N (-

96.4

Average

97.3
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Wide Tire Surpro (Device 2) and SSI Walking Profiler (Device 5), AC Section

Device 2 Device 5 Cross
Run Run Correlation (%)

1 1 88.5

1 2 88.1

1 3 89.4

2 1 87.7

2 2 88.8

2 3 90.1

3 1 87.2

3 2 88.0

3 3 89.7
Average 88.6

ICC Surpro (Device 3) and Wisconsin Surpro (Device 4), AC Section

Device 3 Device 4 Cross
Run Run Correlation (%)

1 1 98.9

1 2 98.7

1 3 97.6

2 1 98.8

2 2 98.1

2 3 96.9

3 1 99.0

3 2 98.3

3 3 97.0
Average 98.1

ICC Surpro (Device 3) and SSI Walking Profiler (Device 5), AC Section

Device 3 Device 5 Cross
Run Run Correlation (%)
1 1 87.4
1 2 89.0
1 3 89.8
2 1 88.1
2 2 89.0
2 3 90.7
3 1 87.1
3 2 88.8
3 3 90.1
Average 88.9

36



Wisconsin Surpro (Device 4) and SSI Walking Profiler (Device 5), AC Section

Device 4 Device 5 Cross
Run Run Correlation (%)
1 1 88.5
1 2 90.5
1 3 91.0
2 1 88.1
2 2 90.2
2 3 91.0
3 1 86.4
3 2 88.0
3 3 89.3
Average 89.2

37



APPENDIX E: REPRODUCABILITY CROSS CORRELATIONS - CONCRETE
SECTION
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REPRODUCIBILITY CROSS CORRELATIONS

Walking Profiler (Device 1) and Surpro Wide Tire (Device 2), PCC Section

ProVAL Reference = Device 1

ProVAL Reference = Device 2

Device 1 Device 2 Cross Device 1 Device 2 Cross
Run Run Correlation (%) Run Run Correlation (%)
1 1 95.3 1 1 95.2
1 2 94.9 1 2 94.9
1 3 94.0 1 3 93.9
2 1 94.7 2 1 94.7
2 2 94.8 2 2 94.5
2 3 93.9 2 3 93.5
3 1 95.2 3 1 95.2
3 2 95.1 3 2 95.0
3 3 94.3 3 3 94.0
Average 94.7 Average 94.5
Walking Profiler (Device 1) and Surpro - ICC (Device 3), PCC Section
ProVAL Reference = Device 1 ProVAL Reference = Device 3
Device 1 Device 3 Cross Device 1 Device 3 Cross
Run Run Correlation (%) Run Run Correlation (%)
1 1 96.2 1 1 95.0
1 2 96.4 1 2 95.4
1 3 95.1 1 3 94.1
2 1 95.6 2 1 94.5
2 2 95.9 2 2 95.0
2 3 94.5 2 3 93.6
3 1 96.0 3 1 94.9
3 2 96.2 3 2 95.3
3 3 94.9 3 3 94.0
Average 95.6 Average 94.6
Walking Profiler (Device 1) and Wisconsin Surpro (Device 4), PCC Section
ProVAL Reference = Device 1 ProVAL Reference = Device 4
Device 1 Device 4 Cross Device 1 Device 4 Cross
Run Run Correlation (%) Run Run Correlation (%)
1 1 94.4 1 1 93.6
1 2 95.0 1 2 94.5
1 3 93.0 1 3 92.8
2 1 93.7 2 1 93.0
2 2 94.1 2 2 93.9
2 3 92.3 2 3 92.2
3 1 94.2 3 1 93.5
3 2 94.7 3 2 94.4
3 3 92.9 3 3 92.7
Average 93.8 Average 93.4
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Walking Profiler (Device 1) and SSI Walking Profiler (Device 5), PCC Section

ProVAL Reference = Device 1

ProVAL Reference = Device 5

Device 1 Device 5 Cross Device 1 Device 5 Cross
Run Run Correlation (%) Run Run Correlation (%)

1 1 71.5 1 1 71.6

1 2 84.1 1 2 84.1

1 3 78.5 1 3 78.8

2 1 73.5 2 1 73.9

2 2 84.3 2 2 84.4

2 3 78.4 2 3 78.6

3 1 73.0 3 1 73.0

3 2 84.4 3 2 84.5

3 3 78.0 3 3 78.6
Average 78.4 Average 78.6

Wide Tire Surpro (Device 2) and Surpro ICC (Device 3), PCC Section

Device 2
Run

Device 3
Run

Cross
Correlation (%)

98.7

98.9

97.4

99.2

99.3

98.0

98.1

w (W NN N [ (PP |

97.9

w

W (N [P W NP W N (P

99.0

Average

98.5

Wide Tire Surpro (Device 2) and Wisconsin Surpro (Device 4), PCC Section

Device 2
Run

Device 4
Run

Cross
Correlation (%)

98.1

98.7

96.8

98.6

99.2

97.3

98.7

W (W NN N (P (P

98.3

w

W (N [P W NP W N (P

98.2

Average

98.2
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Wide Tire Surpro (Device 2) and SSI Walking Profiler (Device 5), PCC Section

Device 2
Run

Device 5
Run

Cross
Correlation (%)

77.9

90.4

94.2

77.0

90.8

84.0

75.5

90.2

W (W (W NN N PP (e

W N [P W N (P (W [N |-

83.6

Average

84.8

ICC Surpro (Device 3) and Wisconsin Surpro (Device 4), PCC Section

Device 3
Run

Device 4
Run

Cross
Correlation (%)

98.8
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98.9
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W (W (W NN N PP (e

W N [P W N [P (W [N |-

98.7

Average
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ICC Surpro (Device 3) and SSI Walking Profiler (Device 5), PCC Section

Device 3
Run

Device 5
Run

Cross
Correlation (%)

76.7

911

84.0

76.9

90.6

83.8

75.4

90.1

W (W (W [NININ PP (e

W N P W N (P (W [N |-

82.9

Average

83.5
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Wisconsin Surpro (Device 4) and SSI Walking Profiler (Device 5), PCC Section

Device 4 Device 5 Cross
Run Run Correlation (%)

1 1 78.2

1 2 92.3

1 3 85.1

2 1 777

2 2 91.4

2 3 84.3

3 1 76.1

3 2 90.5

3 3 83.6
Average 84.4
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APPENDIX F: PROFILE PLOTS
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Elesvation (in)

0 100 200 300 400 500 600
Distance (ft)

ARRB-AC-1: LElew. ARRB-AC-2: LElev. ARRB-AC-3: LElew]

Walking Profiler (Device 1), Asphalt Concrete.

Elewation (in)

0 100 200 300 400 500
Distance (ft)

——  11-AC-1 [Fatbaoy]: Elevation ———  [1-AC-2 [Fatbaoy]: Elevation|
—  11-ALC-3 [Fatbay): Elevation

Surpro — Wide Tire (Device 2), Asphalt Concrete.
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Elewvation (in)

0 100 200 300 400 500
Distance (ff)

—— 12-4C-1: Elevation —— |2-AC-2 Elevation — 2403 Elevation|

Surpro — ICC (Device 3), Asphalt Concrete.

Elevation (in)

0 100 200 300 400 500
Distance (ff)

[—— 13&C1-1:Elevation  ——— 134C-2 Elevation  ——— 13AC-3: Elevation|

Surpro — Wisconsin (Device 4), Asphalt Concrete.
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Elevation (in)
4

0 100 200 300 400 &0a
Distance (ft)

SS5I-AC-T: LElew.

S51-:AC2: LElew. 551403 LElev]

SSI Walking Profiler (Device 5), Asphalt Concrete.

Elevation (in)
1.0
05
n.o
-0
-1.0
-1.5
0 100 200 300 400 500 I
Distance (ff)
AMES-AC-1: LEley. AMES-AC-2: LEley. AMES-AC-3: LElev.
AMES-AC-4: LEley. AMES-AC-5: LElev.

AMES Lightweight Profiler (Device 6) (TriOD Sensor), Asphalt Concrete.
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Elewation (in)
0.8

06y

0.4
0.2

0 100 200 300 400 500 500
Distance (ff)

AMES-AC-T: RElev.
AMES-AC-4: RElev.

AMES-AC-2: RElev.
AMES-AC-5: RElev.

AMES-AC-3: RElev.

AMES Lightweight Profiler (Device 6) (RoLine), Asphalt Concrete.
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Elevation (in)

1
10
4

L e = e A = = |

300 400 500 600

Distance (ff)

ARRE-PCC: LElew.

ARRB-PCC-2 LElew.

&ARB-PCC-3: LElev)]

ARRB Walking Profiler (Device 1), Concrete.

Elevation (in)

9

8

7

300 400 h00
Distance (ff)

—— 11-PCC-1 [Fatboy]: Elevation
11-FCC-3 [Fatboy]. Elevation

——  11-PCLC-2 [Fatboy]: Elevation

600

Wide Tire Surpro (Device 2), Concrete.
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Elewvation (in)
10

q

g

0 100 20a 300 400 00 00
Distance (f)

—— |2-PCC-1: Elevation —— |2-PCC-2 Elevation ———  12-PCC-3: Elevation|

Surpro — ICC (Device 3), Concrete.

Elevsation (in)
M

1

0 100 200 300 400 500 s0a
Distance (ft)

—— |3-PCC-1: Elewation —— 13-PCC-Z Elevation ———  |3-PCC-3: Elewation|

Surpro — Wisconsin (Device 4), Concrete.
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Elewation (in)
30
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55[-PCC-1: LEDe. S5I-PCE-2 LElew. 551-PCC3: LElev )

SSI Walking Profiler (Device 5), Concrete.

Elessation (in)
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AMES-PCC-T: LElew.
AMES-PCC-4: LElev.

AMES-PCC-2: LElew.
AMES-PCCE: LElew.

AMES-PCC-3: LElew.

Ames Lightweight Profiler (Device 6) (TriOD Sensor), Concrete.
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Elesvation (in)
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AMES-PCC-1: REley.
AMES-PCC-3: REley.
——  AMES-PCC-H RElev.

AMES-PCC-2: RElew.
AMES-PCC-4: RElew.

Ames Lightweight Profiler (Device 6) (RoLine), Concrete.
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