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ABSTRACT

A method is developed to estimate pavement macrotexture depth (MTD), using measurements from a
microphone mounted underneath a moving vehicle. Such measurements will include tire-generated sound that
carries information about the road feature as well as noise generated by the environment and vehicle. The
proposed method uses Principal Component Analysis (PCA) to differentiate important information about the
road surface from noisy data while vehicle is moving. The variations in frequency of the noise are assumed
small compared to the variations in frequency of the signal related to the road features, which allows the PCA
approach to separate noise from signals that carry information about the road condition, including macrotexture.
The analysis begins with acoustic pressure measurements being made over various road surface conditions
underneath a moving vehicle. The road is divided into continuous sections with equal length. For each road
section, Fourier transforms are taken over various time windows and a PCA is performed over the resulting
vectors. This yields a set of principal component vectors representing the conditions of each road section. The
frequency range of concern is from 40 to 700 Hz, according to the relationship among frequency, driving speed
and macrotexture wavelength. The integration of the sound pressure of the first principal component vector over
the concerned frequency range is computed as the energy reflecting macrotexture depth. A linear relationship is
built between the computed energy and the MTD values of pavement from driving experiments at a known track.
The MTD is estimated by the energy computed from the first principal component vector. It is also proved by
the driving test on highway with excellent and poor road conditions. The results indicate that PCA is a powerful
approach to reduce the noise that is not associated with the road condition and therefore the principal component
vectors can be used for road feature extraction.
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INTRODUCTION

Pavement texture is “the deviation of a pavement surface from a true planar surface” within a specific
wavelength range(ISO 13473-1 1997). Macrotexture of pavement is one type of pavement texture in the same
order of size as coarse aggregate or tire tread elements, with the spatial wavelengths from 0.5 mm to 50 mm
(1SO 13473-1 1997; Gendy et al. 2007). Referring to the physical meaning of macrotexture, macrotexture depth
is related to tire/road friction in wet weather (1ISO 13473-1 1997), and the severity of raveling — a type of
pavement distress (Buchanan et al. 2010; Jones et al. 2012). Hence, the main applications of surface
macrotexture in engineering are: (1) to measure the frictional properties of the pavement surface (skid
resistance); (2) to detect construction segregation or non-uniformity (Flintsch et al. 2003). The first application
is directly related to crash rate especially in rainy days, and the second application is related to pavement
condition rating. Therefore, an accurate, easy, safe, and cost-effective approach to test and monitor the
pavement macrotexture depth is needed.

Current methods for macrotexture measurement could be divided into two main classes: static measurements
and dynamic measurements. Static measurements include sand patch method (ASTM E965 2004), the outflow
meter, and the circular texture meter (Flintsch et al. 2003); dynamic measurement is the vehicle — mounted laser
profilometer (ASTM E1845 2009). The static measurement could only be taken when traffic is closed; while the



dynamic measurement has cost issue which may hinder its widespread use. Based on the limitation of the
mentioned methods, the authors developed approaches to estimate macrotexture based on the acoustic
measurement of tire/road noise. Previous research on tire/road noise indicates that dynamic interactions between
the tire and the road surface produce sounds whose frequency dependence is related to the road macrotexture
while vehicle is moving (Veres et al. 1975; Hegmon et al. 1979; Sandberg et al. 2002), therefore the idea to
utilize tire/road noise for macrotexture measurement is implemented. The acoustic measurement is collected
from one microphone which is mounted behind the driver side rear tire, positioning to the tire/road interface.
Two approaches are developed. The first approach “energy method” uses the integration of the frequency
spectra of the collected acoustic measurement over a certain frequency band (~40 to 400 Hz) to linearly
correlate with the macrotexture Mean Texture Depth (MTD) (Saykin et al. 2013). Furthermore, in order to
increase the accuracy of MTD estimation, the second approach is developed as “PCA method”. A broader
frequency band (DC to 2 kHz) is selected and a Principal Component Analysis (PCA) is applied for noise and
speed effect reduction (Zhang et al. 2012a, 2012b). The MTD is estimated by matching the principal component
vector set derived from the tested pavement with one of the vector sets of known road conditions at an average
accuracy of 90% (Zhang et al. 2012a, 2012b). However, the “energy method” will produce some negative MTD
values in the regular driving test because of the speed effect, which causes the accuracy deficiency; the “PCA
method” needs a database of the first principal component vectors with known pavement MTD values for
matching with the test pavement, which will limit the prediction to the MTD values in the database, i.e., the
accuracy of MTD prediction depends on the diversity of pavement types with different MTDs. In reality, it is
difficult to build a database including as much as possible types of pavement surface within a broad MTD range.
The current database in use by the authors is from an engineered track with 44 pavements of different MTD
values, which already presents drawbacks caused by the limited database in the regular urban road test.

Hence, an improved approach for MTD estimation is required, which should include two improvements: (1)
reduced speed effect and other noise not related to road macrotexture; (2) not limited by the size of database, i.e.,
not have to be calibrated with the database. First, an assumption is made based on the previous study about the
relation of tire/road noise and pavement macrotexture (Sandberg et al. 2002): the sound pressure of tire/road
noise is positively proportional to the MTD of pavement. Besides, based on the advantage of the “PCA method”
and “energy method” described above, one approach to combine both methods is developed. Two thirds of data
from the test over engineered track would be used to build a linear relationship between the “filtered energy”
(integration of the first principal component over a certain frequency band) and the MTD of pavement. An
equivalent MTD would be obtained from the “filtered energy” computed from the first principal component.
The rest one third of data from the engineered track would be utilized for an accuracy analysis among the
proposed approach, “PCA method” and “energy method”. After confirming that the accuracy of the proposed
approach is acceptable, a feasibility study will be conducted to validate the approach on regular urban road. At
last, conclusion will be made based on the accuracy analysis and the field test results.
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Figure 1. Test vehicle setup



DESCRIPTION OF EXPERIMENTS

The sensor arrangement of the test vehicle is shown in Figure 1. The microphone was mounted behind the driver
side rear tire and directed to the tire/road interface to collect the tire/road noise, which will be utilized in this
paper. The data acquisition system is located inside the test vehicle. The directional microphone is produced by
G.R.A.S, with the sensitivity of 44 mV/Pa. The same tire was used throughout the experiment to exclude the
possibility of a tire effect.
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Figure 2. NCAT test track

Two experiments were carried out in this study. The first experiment was conducted in September 2010 on an
engineered track at the National Center for Asphalt Technology (NCAT) in Lee County, Alabama. A detailed
illustration of the track is shown in Figure 2. The track is 2.7 km long, consisting of 46 sections of pavement,
each 61 m in length. The vehicle collected over 50 GB of acoustic data as it drove around the track for different
testing configurations. The sampling frequency of this test is 40 kHz. Among the 46 pavement types, 44 are
considered in this paper as listed in Table 1. The vehicle drove at 3 different speeds over the track, 32 kph (20
mph), 56 kph (35 mph), and 80 kph (50 mph), 3 rounds for each speed. For each round there are 44
measurements corresponding to the 44 pavement sections listed in Table 1. The collected data would be
analyzed to explore the potential for MTD estimation.

Table 1. Pavement Mean Texture Depth (MTD)

Type W1 | W2 | W3 | W4 | W5 | W6 | W7 | W8 | W9

MTD (mm) ( 1.2 | 09 | 05| 05|06 | 05|14 |08 | 04

Type El | E2 | E3 | E4 | ES | E6 | E7 | E8 | E9 | E10

MTD(mm) | 08 |08 | 09| 1 |07 |07|09)|08]| 05 0.5

Type S1 | S2 | S3|S4|S6 |S7 (S8 |S9 |S10 | S11 | S12 | S13
MTD(mm) | 09 | 05|13 |15|05|05|14| 06| 06 0.6 0.6 0.9

Type N1 | N2 | N3 | N4 | NS | N6 | N7 | N8 | N9 | N1I0 | N11 | N12 | N13
MTD (mm) | 1.3 |12 |06 | 07| 05|05|06]|07]| 08 0.5 0.5 1 1.2

Table 2. Pavement condition at Brockton

Street Name PCI Street Name PCI
North Quincy St 90 Christopher Rd 31
Sawtell Ave 75 Boundary St 14
Ridge St 55 Gary Rd 12
Field St 41 Brookville Ave 7

The second test was conducted with the same vehicle (Figure 1) in August 2012. The vehicle was driven over 20
two-lane two-way streets in the northeast section of Brockton, Massachusetts. Three loops of the route were
done in the clockwise direction and three loops were done in the counter clockwise direction (to get the opposite
lane). The sampling frequency of this test is 50 kHz. Brockton Massachusetts was selected because the City of
Brockton and CDM Smith (a consulting, engineering, construction and operation firm headquarters in
Cambridge, MA) agreed to share an existing pavement condition survey from 2006. For this survey, performed
by CDM Smith, a Pavement Condition Index (PCI) value was assigned to each street ranging from 0 to 100,



where 0 is the worst possible condition and 100 is the best. Results of the survey for the 8 streets to be
considered in this paper are shown in Table 2. The PCI values in Table 2 are the forward projected values to
2012 using Micro PAVER’s built in deterioration model. This survey information provides a valuable tool for
validating algorithms for pavement MTD estimation using the test vehicle setup in Figure 1, because a high
MTD value of pavement predicted from the tire/road noise will result in a low PCI value indicating poor
pavement condition (Metro Nashville 2006). Therefore, the collected data would then be used to test the
feasibility of the approach for MTD estimation developed from the data collected in NCAT.

THEORY AND METHODOLOGY
PCA Theory and Application

Principal component analysis (PCA) is a well-known statistical approach for feature extraction from
measurements (Wang et al. 2002). Pearson (1901) and Hotelling (1933) firstly described this technique (Jolliffe
2002). The fundamental purpose of PCA is to cut down the dimensionality of a data set containing a quantity of
variables correlated to each other, so as to keep the maximum possible variation. To achieve this goal, an
original data set is converted to a new set of uncorrelated variables, the principal component vectors, which are
ordered in the descending variation (Jolliffe 2002).

PCA is applied to the acoustic measurements by the authors in previous study. Zhang et al. (2012a) assumed the
variations in frequency of the noise are small compared to the variations in frequency of the signal related to the
road features, which allows the PCA approach to separate noise from signals that carry information about the
road condition, including macrotexture. Moreover, because of the normalization of original data, the speed
effect on the amplitude of sound pressure level is largely reduced (Zhang et al. 2012a). It is proved by Zhang et
al. (2012a, 2012b) that the first principal component (PC) vector carries pavement macrotexture information
with a high Signal-to-Noise Ratio (SNR), which is the reason for this study to use the first PC vector for energy
computation instead of the original data.

Assumption

Sandberg et al. (2002) reported that the sound intensity would increase as the road macrotexture increases below
1 kHz. The authors’ previous study (Saykin et al. 2013) also found that the acoustic energy of the frequency
spectrum over 40 to ~400 Hz is linearly related to the pavement macrotexture. Therefore, an assumption is
adopted in this analysis: the sound pressure of tire/road noise below a certain frequency is positively
proportional to the MTD of pavement. The sound pressure here is the first PC vector of the frequency spectrum
from the acoustic measurement.
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Figure 3. Flow chart of data processing
Data Processing

A flow chart of the data processing is shown in Figure 3. The data collected for analysis is loaded into
MATLAB for processing. The lengths of data points are different in this study: firstly, 2/3 of the data length is
used from each pavement type in NCAT for building the linear equation between the MTD of pavement and the
energy computed from the first PC vector; secondly, 1/3 of the data length of each pavement type in NCAT is
used for accuracy analysis for the equation obtained in the first step; thirdly, in order to test the feasibility of the
new approach, data of a longitudinal distance of 7.8 m (by using GPS in Figure 1) in regular urban road test is
loaded for MTD prediction with the equation from the first step. Then the windowing was done for the input



data, with 2'* as data length for each window. After windowing, a Short Time Fourier Transform (STFT) was
performed for each window. An original data matrix is composed. Each column of the data matrix is the STFT
result for one window, and each row is the corresponding frequency. Referring to Zhang et al. (2012a), the data
matrix between 40 ~ 2000 Hz is used for PCA treatment. After that, the first PC vector is extracted. Detail
information of data normalization and PCA treatment could be found in Zhang et al. (2012a).

After the PCA treatment, a “filtered energy” is computed from the first PC vector over 40 ~ 700 Hz. The upper
frequency limit 700 Hz is resulted from the physical relationship between the frequency (f), driving speed (v)
and macrotexture wavelength (1), which is f = v/A. The effective wavelength of macrotexture is around 12.7
mm (Sandberg et al. 2002), and the minimum driving speed in NCAT test is 8.94 m/s (20 mph). Hence, the
frequency f is 700 Hz. Figure 4 confirms that 700 Hz is the upper frequency limit below which the sound
pressure increases as MTD increases while vehicle driving at 8.94 m/s (20 mph). As the driving speed increases,
the upper frequency limit will increase along it. In order to make the “filtered energy” objective and comparable
for any speed, the upper limit frequency is set as 700 Hz, which also make sure that the sound pressure below
700 Hz would increase as MTD increases at any speed over 8.94 m/s (20 mph). The “filtered energy” will then
be used to predict the MTD for the pavement.
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Figure 4. Frequency spectra of the first PC vector (8.94 m/s (20 mph))

Correlation Between Energy of the First PC and MTD of pavement

Figure 5 shows the correlation between MTD of pavement and the “filtered energy” at different speeds from
NCAT test data (two thirds of the data for each pavement types). The data represents a high linear correlation
over 0.86 for the three tested speeds. Therefore, the assumption made before is reasonable for this study,
especially trustable in the MTD range from 0.4 mm to 1.5 mm. Out of this range, the relationship between MTD
and the “filtered energy” is still assumed as linear, which leads to an “equivalent MTD” as a result of the
prediction.
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Figure 5. Correlation between MTD and “filtered energy” at 8.94 m/s (a), 15.65 m/s (b), and 22.35 m/s (c)
Linear Regression Analysis for “Equivalent MTD” Prediction

Based on the linear correlation between MTD and “filtered energy”, an equation is expected to predict MTD
through the computed “filtered energy” in the following

EMTD = s xfiltered energy + ¢ Q)



where EMTD is the predicted Equivalent MTD (EMTD) with the unit of “mm?”, s is the slope of the linear fitting
line, filtered energy is the integration of the first PC vector computed over 40 to 700 Hz, with the unit of “Hz -
Pa”, and c is the intercept of the linear fitting line, with the unit of “mm?”.
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Figure 6. Linear regression analysis between speed and slope s (a) and speed and constant ¢ (b)

A linear relationship between the slope (s) and speed (v) is observed in Figure 6(a), meanwhile, constant (c) and
speed (V) also presents a linear relationship in Figure 6(b). Thus, both slope (s) and constant (c) from Eq. 1 are
linearly related to the driving speed (v). A linear regression analysis is conducted to both parameter s and ¢, two
equations are obtained as following

$=5.9260 xv + 113.3536 @)
¢ =-0.0430 xv — 1.4069 ®3)

where v is the driving speed with the unit of “m/s”, s and ¢ were explained in Eq. 1. With the computed filtered
energy, the EMTD will be obtained by substituting Egs. 2 and 3 into Eq. 1.

EVALUATION OF THE APPROACH
Test Results

Egs. 1 to 3 obtained from the linear regression analysis are implemented to the rest one third of pavement to test
the accuracy of the approach as shown in Figure 7. The predicted EMTD distribute along the 1:1 line in Figure 7.
The ideal 100% accuracy will be obtained if all the predicted results are on the 1:1 line. The accuracy computed
from the results in Figure 7 is 82.5%, which is acceptable.
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Figure 7. Predicted Equivalent MTD (EMTD) results at 15.65 m/s
Accuracy Comparison with Other Two Approaches

A comparison of accuracy among three approaches (“filtered energy” method, PCA method, and energy method)
is represented in Table 3. The average accuracy over three runs for each speed is calculated with the rest one
third data of each pavement type. The proposed approach “filtered energy” has an acceptable accuracy over
three different speeds. Its accuracy is 10% higher than energy method. Even though the accuracy of PCA
approach overwhelms the other two approaches, the tradeoff is that calibration database is needed for this
approach, which is right the issue the “filtered energy” method tries to avoid. Another conclusion is that the
“filtered energy” method runs better (with higher accuracy) at 15.65 m/s (35 mph). Hence, the test speed is
suggested to be 15.65 m/s (35 mph).



Table 3. Accuracy comparison of three approaches

Velocity (m/s) | g g4 15.65 22.35
Approaches
Filtered Energy 81.50% 82.50% 76.90%
Energy 64.60% | 77.90% | 68.60%
PCA 97.50% 87.33% 92.63%

FEASIBILITY ANALYSIS

From the prediction results of NCAT data, as well as the accuracy analysis and comparison with other two
approaches, the proposed approach “filtered energy” is trustable at least for the NCAT test data. However, the
feasibility of this approach needs to be validated on a regular urban road test. Therefore, the test data collected
from Brockton Massachusetts is used for the feasibility analysis.

Table 4. Predicted EMTD of the roads with known PCI at Brockton, MA

Brookville | Gary | Boundary | Christopher | Field | Ridge | Sawtell | N Quincy
Road Name | pq Rd | st Rd st st Ave st
PCI (No Dim.) 7 12 14 31 41 55 75 90
EMTD (mm) 1.95 1.91 1.9 1.88 1.64 | 1.85 1.43 1.24

Table 4 indicates the predicted EMTD of the roads with known PCI values. As illustrated in the experimental
part, the PCI values here could be an index to tell if the predicted EMTD is reasonable. The predicted EMTD
increases as the PCI decreases, i.e., the predicted EMTD increases as the road condition gets worse, which
matches the expectation as explained by (Metro Nashville 2006). Since MTD could be an index for the severity
of raveling (one type of pavement surface distresses), which is related to the PCI value. Based on this point, the
proposed approach has reasonable outputs those could be finely validated by the PCI values of the tested roads.
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Figure 8. EMTD along Ridge road

Furthermore, a more detailed investigation was explored to a randomly selected road, Ridge Rd. Figure 8 is the
EMTD outputs along the distance of the road. For this case, acoustic data collected along a certain distance 7.8
m is used to produce one EMTD value as displayed in Figure 8. As explained before, high MTD corresponds
with bad road condition, and vice versa. Four points (A, B, C and D) in Figure 8 are selected to check against
the pavement surface pictures taken by the camera in Figure 1.

The predicted EMTDs of A, B, C and D are 2.34 mm, 2.07 mm, 1.68 mm, and 1.38 mm in descending order.
The pavement surface macrotexture of the corresponding pictures should vary from coarse to fine in order too.
The pictures shown in Figure 9 coincide with their predicted EMTDs. The surface macrotexture does change
from very coarse to fine with the EMTD decreases from A to D. Therefore, the predicted EMTD matches the



pavement truth macrotexture from the picture, demonstrating that the proposed “filtered energy” approach is a
promising tool for MTD prediction.
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Figure 9. Pavement surface macrotexture condition: (a) Pave. A; (b) Pave. B; (c) Pave. C; (d) Pave. D.
CONCLUSIONS AND FUTURE WORK

The filtered energy computed from the first principal component of the frequency spectra from acoustic
measurement of tire/road noise is linearly related with MTD of pavement, the linear correlation coefficient is
over 0.86 for different speeds at NCAT test. The proposed approach (filtered energy method) gets rid of the
calibration database. Meanwhile, an acceptable accuracy over 75% still could be achieved from NCAT test,
which is 10% higher than energy method. In the regular urban road test, an Equivalent MTD (EMTD) could be
obtained per 7.8 meters (26 ft). The predicted EMTD could correctly reflect the pavement surface macrotexture,
which demonstrates the feasibility of the proposed approach.

Generally, the filtered energy method overcomes the instability of outputs (negative outputs) of energy method,
and gets rid of the NCAT database for calibration by building the linear relationship between the “filtered
energy” and the MTD of pavement. It is a reasonable, efficient and cost effective way to predict the Equivalent
MTD (EMTD) for engineering application.

The future research will focus on two aspects. First, a study of the tire influence to the frequency spectrum is
needed to make sure if the tire texture is beyond or inside the upper frequency limit 700 Hz. If the wavelength of
the tire texture is beyond 700 Hz, the predicted result will not influenced by the type of tire used in the test.
Second, a breakthrough is needed for certain specific road condition detection like pothole or cracking from the
tire/road noise. It is worth exploring the potential for pothole and cracking identification with the combination of
microphone and other sensors like the Dynamic Tire Pressure Sensor (DTPS).
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