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Abstract. This paper develops an automatic method to calculate the macrotexture depth of pavement roads, using the tire/road noise data
collected by the two directional microphones mounted underneath a moving test vehicle. The directional microphones collect valid tire/road
noise signal at the travel speed of 10-110 km/h, and the sampling frequency is 50 kHz. The tire/road noise signal carries significant amount of
road surface information, such as macrotexture depth. Using bandpass filter, principal component analysis, speed effect elimination, Gaussian
mixture model, and reversible jump Markov Chain Monte Carlo, the macrotexture depth of pavement roads can be calculated from the tire/road
noise data, automatically and efficiently. Compared to the macrotexture depth results by the sand-patch method and laser profiler, the acoustic
method has been successfully demonstrated in engineering applications for the accurate results of macrotexture depth with excellent repeatability,

at the test vehicle’s travel speed of 10-110 km/h.
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1. INTRODUCTION

The texture of pavement is “the deviation of a pavement sur-
face from a true planar surface” within a specific wavelength
range [1], and the macrotexture of pavement is one type of
the pavement textures in the same order of size as coarse ag-
gregate or tire tread element, with the spatial wavelength from
0.5-50 mm [1,2]. The macrotexture depth (MTD) of pavement
roads is important and necessary to the roadway health moni-
toring, which reflects the severity of segregation, road surface
roughness, pavement wearing, and pavement skidding resis-
tance [3-9]. Therefore, the MTD is an important parameter of
roadway performance assessment standards and has significant
effect on the traffic safety.

Currently, the MTD measurement methods are divided into
two types — manual and automatic measurements. The manual
measurement methods mainly include sand-patch method [10],
the outflow meter, and the circular texture meter [11]. For ex-
ample, in sand-patch method, the dry and clean sand with the
grain size between 0.15-0.3 mm is spread on the dry surface of
the pavement roads, shown in Fig. 1 [12]. If the volume of the
sand is divided by the area of the sand on the road surface, the
result will be the MTD value. The manual methods are straight-
forward, but labor intensive, inefficient, time-consuming, must
close the traffic, and the results may have human error. On the
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other hand, the vehicle-mounted laser profiler is an automatic
measurement method shown in Fig. 1, which can work well
at driving speed without closing the traffic and get accurate
MTD results with excellent repeatability [5, 6]. However, the
equipment is expensive and has to be operated by professionals,
which may prevent its widespread use in industry. Since the cur-
rent manual and automatic methods both have their limitations,
a new test principle and a cost-effective and fast test methods
are needed to evaluate the MTD of the asphalt pavement roads.
Also, an accurate and automatic data analysis algorithm has to
be developed and validated by field tests.

Laser profiler

Fig. 1. Sand-patch method and laser profiler

Therefore, in this paper, the tire/road noise signal is used
as a new test method for calculating the MTD. The tire/road
noise is generated by the interaction between tire and road dur-
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ing driving. Directional microphone, an acoustic sensor, is used
for the tire/road noise data acquisition. In the field tests, two
directional microphones are mounted underneath the test ve-
hicle and close to the rear tires, one is on the driver’s side and
the other is on the passenger’s side. The directional microphone
has several advantages over the current test methods described
above. It is less expensive and of compacted size, collects small
datasets, does not have to close the traffic, and can work well
at the travel speed of 10-110 km/h, which is good for the appli-
cations on both highways and urban roads. From the acoustic
theory and previous research, the tire/road noise signal is able
to reflect the MTD.

Hence, this paper summarizes the research work conducted
from July 2018 to June 2020 and focuses on developing an au-
tomatic and accurate method to calculate the MTD of pavement
roads from the tire/road noise signal collected at normal travel
speed. This algorithm is a statistical method. Bandpass filter
is used for extracting the certain frequency range of the noise
signal, which can reflect the macrotexture condition. After that,
principal component analysis (PCA) is used for reducing the di-
mensionality of the noise signal datasets containing the sound
from different sources and keeping the first component for fur-
ther analysis. Then, the speed effect on the sound pressure level
(SPL) of the tire/road noise signal is eliminated by an empiri-
cal equation and validated by field tests. The recommended test
speeds are 40-50 km/h and 60-80 km/h for urban roads and
highways, respectively. At last, a Gaussian mixture model is
created to estimate the model parameters, such that the relation-
ship between the tire/road noise signal and the corresponding
known MTD in the training database can be established. Using
the model parameters and the tire/noise signal from the tests,
the MTD can be calculated and compared to the results from
either sand-patch method or laser profiler. The field test results
indicate that the proposed statistical algorithm works well for
the acoustic data processing and is good for engineering appli-
cations.

The structure of this paper is as following. First, the theoret-
ical background of the tire/road noise and MTD is introduced.
Then, the unsupervised algorithm of the MTD calculation from
the tire/road noise signal is presented. The authors eliminate the
speed effect on the noise signal, use PCA, Gaussian mixture
model and reversible jump Markov Chain Monte Carlo (RJM-
CMC) to calculate the MTD. The algorithm is validated by the
field test results on highway and urban roads. Finally, the major
findings are summarized, and the future work is discussed.

2. THE THEORY ABOUT USING THE TIRE/ROAD NOISE
TO CALCULATE THE MTD

2.1. The generation of the tire/road noise

The tire/road noise during traveling is generated by tire-road
interaction and is collected by the two directional microphones
mounted underneath the test vehicle. The generation of the
tire/road noise can be expressed by either vibratory mecha-
nism or aerodynamics [13—15]. In general, the sources of the
tire/road noise include the following: a) tire/road collision, b)
deformation of the tire, ¢) stick slip, d) air pump principle,

and e) aerodynamics. The directional microphones are installed
close to the rear wheels, shown in Fig. 2.

Directional
Microphone

18-22cm

Wind
Engine
Environment...

Tire-road Vibration

interaction
Fig. 2. The installation of the directional microphone on driver’s
or passenger’s side

The pattern of the tire, the properties of pavement surface,
and the travel speed of the test vehicle have significant influ-
ences on the tire/road noise during driving. First, the travel
speed of the test vehicle influences the SPL — the higher the
travel speed is, the higher the SPL will be, assuming that the
other conditions are all the same. Since the driving speed during
the road tests is not a constant, the speed effect has to be elimi-
nated. Secondly, it is complicated to figure out the tire patterns
influences on the tire/road noise, such that the authors have to
fix the pattern of the tire used for field tests in this paper.

2.2. The relationship between MTD and the tire/road noise

As stated above, the tire/road noise signal carries significant
amount of information about the pavement road surface con-
ditions, such as MTD, defects, friction, elastic modulus, and so
on. In this paper, the authors focus on developing a statistical al-
gorithm to calculate the MTD from the tire/road noise. Previous
research on the tire/road noise indicates that dynamic interac-
tions between the tire and the road surface produce the noise
signal, whose frequency dependence is related to the macro-
texture during driving [16-18]. Therefore, the tire/road noise
signal has potential for MTD measurement.

In fact, the acoustic signal collected by the directional micro-
phones includes the sound from different sources besides the
tire/road noise, such as the sound from wind, engine, horns,
traffic and so on. Thus, the frequency band of the acoustic sig-
nal corresponding with the tire/road noise and the MTD has to
be identified in the first step and extracted for further data anal-
ysis.

Previous research results have shown that the different
sources of the sound correspond with different frequency bands.
For instance, the noise of the frequency above 1000 Hz is
mainly from tire-road collision [19]. In addition, the acoustic
signal sources of the tire deformation and stick slip correspond
with the frequency bands of 100-1000 Hz and 1000-2000 Hz,
respectively [20]. Also, the maximum sound pressure value of
the tire/road noise shows up in the frequency band of 700-
1300 Hz [18]. Hence, the tire/road noise data can be extracted
from the raw data by the directional microphones.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. 140519, 2022
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To identify the frequency band corresponding with the MTD
in the acoustic signal, the authors collect acoustic data using
the directional microphone from several different field testbeds
at normal driving speed, such as the acoustic data collected
from G15 Chinese Highway (Wenzhou section), Chongqing In-
ner Ring Express Road, several urban roads in Chongqing city,
and the test roads at Chongqing Vehicle Test & Research In-
stitute (CVTRI). The acoustic data is collected on more than
1000 lane kilometers roadways. From the large amount of the
acoustic datasets and careful analysis, it is concluded that the
frequency band 40-700 Hz of the acoustic data has strong cor-
relations with the MTD of the pavement.

3. THE ALGORITHM OF THE MTD CALCULATION
BASED ON THE TIRE/ROAD NOISE

The flowchart of the algorithm is shown in Fig. 3. First, the
speed effect on the tire/road noise is eliminated through a pre-
processing procedure, including Fast Fourier transform (FFT),
bandpass filter, principal component analysis (PCA), and an
empirical equation. Then, the authors create a training database
from the field test results, which contains the MTD results from
the sand-patch method and laser profiler, and the corresponding
acoustic signal from the same road sections. A Gaussian Mix-
ture Model is created to estimate the model parameters using
RIMCMC. Finally, the acoustic MTD is calculated from the
model parameters and the tire/road noise data. The details of
each step are to be discussed below.

Macrotexture Depth by

Tire/road Noise
(Training data)

Tire/road Noise
Sand Patch and Laser (Test data)

Profiler

FFT FFT

v v

Bandpass Filter ss Filter

v v

Principal Component
Analysis (PCA)

Principal Component
Analysis (PCA)

v

Speed Effect
Elimination

Speed Effect
Elimination

Gaussian Mixture
Model

Model Parameter
Estimation (RIMCMC)

Acoustic MTD

v
'-

Fig. 3. The flowchart of the MTD calculation
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3.1. Principal component analysis (PCA) and speed effect
elimination PCA

In this paper, PCA is used for filtering the background noise.
PCA is a well-known statistical method for feature extraction
from the original datasets and shown in equation (1) [21], where
Apxn 1s the matrix containing the principal component vec-
tors, Quxm 1S the weighting coefficients matrix, B,x, is the
original data, m is the number of variables in original matrix,
and n is number of experiments/observations. As stated above,
the acoustic signal collected by the directional microphones in-
cludes the tire/road noise, as well as the sound of wind, en-
gine, and the surrounding environment. The objective of PCA
is to reduce the dimensionality of the acoustic signal datasets
containing the sound from different sources, and to extract the
components representing the tire/road noise for further analysis.

Amxn = Omxm X Bmxn - (D

As it is known, the tire/road noise is mainly influenced by the
pavement road surface conditions, which are different from one
road section to another, and different from the flat road surfaces
to the defects, such that it carries much information about the
pavement surface conditions. The sound from the other sources,
is either random with an impulse sound (e.g., horn), or white
background noise (e.g., the engine of the test vehicle, wind),
which is expected to have relatively smaller standard deviation.
Figure 4 shows the comparison between the first component
and the other components, which represents the tire/road noise
and the sound from the other sources, respectively. It is found
that the first component of the acoustic signal collected by
the directional microphones contains the tire/road noise, since
it has a higher standard deviation, and the other components
contain the acoustic signal from the other sources. Therefore,
the authors keep the first component of the acoustic signal after
PCA for MTD calculation, since it has the potential to be used
for analyzing the pavement road conditions.

1500

—— the 15t comp.
—— the other comp.

1000

500

5000 10000
Frequency (Hz)

15000

Fig. 4. The comparison of the first component and the other
components

Speed effect elimination

After extracting the first component, the speed effect of the
tire/road noise has to be eliminated. The travel speed of the test
vehicle has significant influences on the SPL of the tire/road
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noise signal. Assuming that the road surface and other condi-
tions are all the same, the higher the travel speed is, the higher
the SPL will be. In the field tests, the driving speed of the test
vehicle changes due to traffic, speed limit and other factors,
which is not a constant. Thus, it is necessary to eliminate the
speed effect, such that the SPL at different travel speeds could
be normalized.

The speed effect of the tire/road noise is eliminated by an em-
pirical equation and verified by field tests. The empirical equa-
tion is shown in (2), where L, is the SPL corresponding with
the travel speed of V., L, is the normalized SPL at a fix speed
of V,,, and m is the speed coefficient.

L, :Lc—s—mlg(%). @)

n

1. Field tests at CVTRI

The test road at the CVTRI field is considered as a highway
road, since the road surface is flat and there is no traffic or speed
limit, shown in Fig. 5. The driving speed range during test is
10 km/h to 100 km/hr. In each test, the travel speed is a constant
(e.g., 10 km/h or 80 km/h), which is not difficult to control due
to no traffic. Also, at each travel speed, the test is repeated for
three times to check out the repeatability.

Fig. 5. The test road at CVTRI field

The results of speed effect elimination are shown in Fig. 6. It
indicates that the PCA method and the empirical equation work
effectively on eliminating the speed effect of the tire/road noise
signal, at the travel speed under 40 km/h. Also, there is almost

100
—— Rawdata
--o-- Speed Effect Removal
80 -
o e
o y__.o--r""‘" """"" D e S I
T
o 60 -
40 . . . .
10 20 40 60 80 100

Speed (km/hr)
Fig. 6. Speed effect elimination results — the test field at CVTRI

no speed effect at the driving speed above 50 km/h. Since the
speed limit on highway is no lower than 60 km/h in most cases,
the method could satisfy the use of the directional microphone
on highway tests. Thus, in highway test, the normalized speed
V,, of 60-80 km/h is optimal.

2. Field tests on urban roads

Several urban roads with little traffic are selected to verify the
effectiveness of the PCA method and the empirical equation.
Similarly, the driving speed range at urban roads during test is
10 km/h to 80 km/h and the travel speed in each test is a con-
stant (e.g., 20 km/h or 50 km/h).

Figures 7 and 8 are the speed effect elimination results from
Jiangying Road and Qiangwei Road, respectively. These two
urban roads are in Nan’an District of Chongging city. From
Figs. 7 and 8, the SPL increases with the speed. However, the
speed effect is not obvious at the speed above 50 km/h. Also,
the speed effect elimination method works well for the tire/road
noise data collected from urban roads. Thus, in urban road tests,
the normalized speed V}, of 50 km/h is optimal. In case that the
travel speed is lower than 40 km/h due to speed limit or the
traffic, the PCA and speed effect elimination method described
above is able to work effectively.
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7. Speed effect elimination results — Jiangying Road

Fig.
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Fig. 8. Speed effect elimination results — Qiangwei Road

In summary, the practical test results verify that the speed ef-
fect elimination method works well for the tire/road noise data
collected from both highway and urban roads. Also, the op-
timal driving speeds during the road test are selected, which

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. 140519, 2022
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are 80 km/h and 50 km/h for highway and urban roads, respec-
tively. After this step, the SPL of the tire/road noise at any travel
speed could be normalized to a reference speed and for further
analysis.

3.2. The creation of Gaussian mixture model

The training database, including the known results of the MTD
by the sand-patch method and laser profiler as well as the corre-
sponding tire/road noise data after preprocessing, is created to
study Gaussian mixture model. The sand-patch or laser MTD
is considered as a reference. The objective of Gaussian mixture
model is to create the relationship between the known MTD
values and the tire/road noise signal, through the model param-
eters.

As stated above, the original tire/road noise data is prepro-
cessed by bandpass filter, PCA and speed effect elimination.
The first component is obtained and used as the input for cre-
ating the Gaussian mixture model. Since the tire/road noise is
random and its first component is not subjected to a certain type
of distribution, the authors create a Gaussian mixture model,
which contains a series of Gaussian basis functions. Assuming
that the number of the Gaussian basis functions is %, it is shown
in equation (3) [22], where yq4, is the 7-th MTD value by either
sand-patch method or laser profiler, i; is the clustering center
of the j'* Gaussian basis function, a ; is the weight of the j-th
Gaussian basis function, b and 8 are the regression coefficients,
and x; is the corresponding tire/noise data.

k
My Yay = Zajm(th—lin)-i-b-l-ﬁxt- 3)
j=1

From equation (3), it is found that the parameters k, [tl;.]
and [b, B, a7 are the unknows to be estimated, through the
known results of the MTD and their corresponding tire/road
noise data, which is to be discussed.

3.3. The estimation of the model parameters
and the calculation of the MTD

According to the previous research and experimental tests, the
prior probability of the parameters in Gaussian mixture model
is subjected to the assumption, that the clustering center tl is ob-
tained in the input x; by random walk [22]. Also, it is assumed
that the prior probability of &, the number of the Gaussian ba-
sis functions, is subjected to a Poisson distribution, shown in
equation (4), where A is the expected value.

Mo

P(k) = ¢

4)

The model parameters, k, [uyx] and [b, B,ay4]”, are esti-

mated through maximum a posteriori probability by RIMCMC

method. There are five steps on a Markov chain:

1) create a new basis function;

2) delete a basis function randomly;

3) divide a random basis function into two functions;

4) select a random basis function, combine with its nearest ba-
sis function, and get a new basis function;

5) update the basis functions.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. e140519, 2022

The automatic iteration is ended when the model converges.
Also, the model parameters, k, [t;] and [b, B, a14]7, are ob-
tained at the maximum a posteriori probability, from the train-
ing database. Finally, the MTD is calculated by equation (5),
where Ymd_acoustic 15 the MTD from the tire/road noise data,
Xacoustic 18 the input, which is the first component of the tire/road
noise data after preprocessing by speed effect elimination.

k

Ymtd_acoustic = Z ajm( ||xacoustic — Uj H) +b+ Bxacoustic )
=1

4. TEST RESULTS

The developed algorithm is validated by the field tests on urban
roads and highway to verify its effectiveness and accuracy for
large dataset processing. The test vehicle of China Merchants
Roadway Information (Chongging) Co., Ltd. (CMRI) is used
for the tire/road noise data acquisition on both urban roads and
highway. The test vehicle and the directional microphone on the
passenger’s side are shown in Fig. 9. Global positioning system
(GPS) is also installed on the test vehicle, to collect the travel
speed data at any time stamp for speed effect elimination. At
the same time, the laser profiler is installed on the test vehicle
to measure the MTD value on highway for training and compar-
ison. Also, the sand-patch MTD is measured on urban roads.

The directional
microphone on the
passenger’s side

Fig. 9. The test vehicle and the microphone
on the passenger’s side

Urban Road 1 - Shengbao Road
The urban roads with less traffic are selected for field tests. The
test vehicle travels at a constant speed on this urban road in
each test. The section of Shengbao Road for test is about 1 km
long. The range of the travel speed in the field tests is from 10
to 110 km/h to evaluate the speed effect elimination and the re-
peatability. After the acoustic tests, the traffic is closed to mea-
sure the MTD with the sand-patch method for comparison.
Figure 10 shows the speed elimination results on Shengbao
Road. The SPL of the raw acoustic data increases with the travel
speed. After the speed effect elimination, the SPL is normalized
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Fig. 10. Speed elimination results — Shengbao Road

to a reference speed, and the tire/road noise at any speed can be
used for MTD calculation.

Figure 11 shows the results of the MTD from the tire/road
noise data at different travel speeds of the test vehicle, com-
pared to the sand-patch MTD. It indicates that the acoustic
MTD at different test speeds is close to each other, and the
proposed algorithm works well on this urban road at the travel
speed as low as 20 km/h. Also, the acoustic MTD is accu-
rate and close to the sand-patch MTD, which is considered as
ground truth.

—&— Acoustic
—+— Sand patch

—6— Acoustic

80 km/hr 60 km/hr

—+— Sand patch
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Texture depth (mm)

Texture depth (mm)
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Texture depth (mi

0 100 200 300 400 500 0 100 200 300 400 500
Distance (m) Distance (m)
Fig. 11. Acoustic MTD at different speeds and sand-patch MTD —
Shengbao Road

Urban Road 2 - Jiangying Road

Similarly, as the tests above, the test vehicle travels at a constant
speed on this urban road for each test, with the range of the
travel speed from 10 to 80 km/h. The section of Jiangying Road
for test is 0.8 km long. The acoustic and sand-patch MTD are
also compared to each other.

Figure 12 shows the MTD results from the tire/road noise at
different travel speeds and the sand-patch method. It indicates
that the MTD values from the acoustic method and the proposed
algorithm are accurate with excellent repeatability. If the sand-
patch MTD results are used as reference, the largest difference
between the two test methods is less than 0.15 mm.

Equation (6) is used for evaluating the accuracy of the acous-
tic MTD, and its histogram distribution is shown in Fig. 13. It is

found that the accumulative probability of the accuracy higher
than 80% is 0.852, which has good correlation with the sand-
patch MTD.

macrotexture depth, ., qic  100% ©)

accuracy =

macrotexture depthg,,g paich

—— Acoustic 30km/hr
—e— Acoustic 50km/hr
—s— Acoustic 80km/hr
—— Sand patch
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Fig. 12. The comparison of MTD results on at different travel

speeds — Jiangying Road
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Fig. 13. The histogram of the accuracy — Jiangying Road

Highway 1 — Chongqing Inner Ring Express Way
Chongqing Inner Ring Express Way is one of the highways,
which is selected to perform acoustic tests. This highway is
72 km long, and the driving speed is in the range of 20 to
100 km/h due to the traffic conditions in the test. The acous-
tic MTD is calculated by the proposed algorithm stated above,
and the processing time is only a few hours with no supervision.
Since it is not cost-effective to close the traffic on this highway
and the sand-patch method is inefficient and labor intensive,
the laser profiler is also installed on the test vehicle to measure
the MTD, such that the results from the two methods can be
compared. If the laser MTD is considered as the reference, and
the MTD difference between the laser profiler and the acoustic
method are shown in Fig. 14. The probability of the absolute
value of the difference under 0.1 mm is 90.6%, which indicates
that the algorithm works well on highway MTD measurement
from the tire/road noise data.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. 140519, 2022
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Fig. 14. The difference of the MTD results between the acoustic
method and laser profiler — Chongqing Inner Ring Express Way
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Figure 15 is the histogram of the distribution of the MTD
accuracy. Since the accumulative probability of the accuracy
higher than 80% is 0.974, it is found that the accuracy of the
MTD on highway is higher than that from urban roads. The
reason is that the laser MTD can provide a much larger training
database, such that the accuracy can be significantly improved.
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Fig. 15. The histogram of the accuracy on Chongging Inner
Ring Express Way

To visualize the MTD data from the acoustic method in
a user-friendly way and make it easy to understand, a road-
way pavement management system is developed based on a ge-
ographical map. This roadway pavement management system is
a web-based system, which consists of a geographical module
for data visualization and spatial analysis of the pavement in-
formation for the maintenance decision making. The results of
the acoustic MTD are color coded and displayed as a polyline
in this pavement management system. By clicking one specific
point on the polyline, the results of the acoustic and laser tex-
ture depth can be shown in a popup window. The screenshot
of the acoustic MTD accuracy is shown in Fig. 16. It is clear
that the acoustic MTD by the proposed algorithm is accurate on
highway.
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Highway 2 — G210 Provincial Highway

A section of G210 Provincial Highway is also selected for field
tests. The section is 3.74 km long, and the driving speed is in the
range of 20 to 70 km/h. Since the travel speed is not a constant
during the test, it is necessary to eliminate the speed effect. The
MTD is calculated by the proposed algorithm from the tire/road
noise data and compared to that from the laser profiler, which
is considered as the reference.

The MTD difference between the acoustic and laser meth-
ods is calculated, which is shown in Fig. 17. The probability of
the absolute value of the difference under 0.1 mm is 96.27%,
which is similar as the results from Chongqing Inner Ring Ex-
press Way.
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Fig. 17. The difference of the macrotexture depth results between
the acoustic method and laser profiler — G210

Using (6), the accuracy of the acoustic MTD is also calcu-
lated, and its distribution is shown in Fig. 18. The accumulative
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probability of the accuracy above 80% is 0.893. Since the test
section of the G210 is shorter, it is found that the accuracy is
lower than that from Chongqing Inner Ring Express Way due
to smaller training database.
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Fig. 18. The histogram of the accuracy on the test section of G210

Highway 3 — G75 National Highway

The acoustic test is also performed on a section of G75 National
Highway, which is 9.8 km long. Since this is a section of a na-
tional highway and there is not much traffic, the travel speed
during the field test is almost constant. Similarly, the MTD is
calculated by the proposed algorithm from the tire/road noise
data and compared to that from the laser profiler, which is con-
sidered as the reference. From Fig. 19, it is found that the MTD
difference between the two methods has lower standard devia-
tion due to the stable travel speed.
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Fig. 19. The difference of the MTD results between the acoustic
method and laser profiler — G75

The accuracy of the acoustic MTD is also calculated by equa-
tion (6), and its distribution is shown in Fig. 20. The accumula-
tive probability of the accuracy above 80% is 0.881. Similarly,
as the test section of G210, the accuracy from the test section of
G75 is also lower than that from Chongqing Inner Ring Express
Way due to smaller training database.
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Fig. 20. The histogram of the accuracy on the test section of G75

5. CONCLUSIONS AND FUTURE WORK

In this paper, an automatic algorithm is developed, validated,
and applied in engineering work to calculate the MTD from
the tire/road noise data collected at traffic speed. The original
data is collected by the two directional microphones mounted
underneath a test vehicle, one is on the passenger’s side, and
the other is on the driver’s side. The field tests are performed on
multiple urban roads and highways. Several conclusions can be
drawn from the field test results.

1. The proposed algorithm is automatic, accurate and efficient
to calculate the MTD of the pavement from the tire/road
noise data collected at traffic speed.

2. The MTD results from the tire/road noise data are validated
by cross checking the results from the sand-patch method
on urban roads and the laser profiler on highways.

3. The speed effect on the SPL of the tire/road noise data dur-
ing driving is effectively eliminated by PCA and the empir-
ical equation described in this paper, on both urban roads
and highway.

4. The repeatability of the MTD results through the tire/road
noise data is also verified.

5. A training database is necessary to the proposed algorithm,
and the size of the database also has significant influences
on the accuracy of the acoustic MTD — the bigger the train-
ing database is, the more accurate the result will be.

The future research work is in two respects. First, the algorithm
without creating a training database will be developed, such that
the directional microphone can work independently to measure
the MTD. Second, the acoustic sensor can be used for detecting
the surface distresses and evaluating the riding comfortability of
pavement surfaces, through the tire/road noise data. To accom-
plish the missions, further analysis of the tire/road noise data
is needed. For instance, to detect the surface distresses, an au-
tomatic algorithm is to be developed, such as energy spectrum
method. On the other hand, to evaluate the riding comfortability
of the pavement surface, the other sensors have to be involved
in the field tests, such as the dynamic tire pressure sensor, which
is used for evaluating the surface roughness.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 3, p. 140519, 2022
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The future research work will significantly improve the pave-
ment surface condition assessment technology.
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