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Automatic Detection Method of Localized Pavement Roughness
Using Quarter Car Model by Lifting Wavelet Filters

Kazuya Tomiyama'", Akira Kawamura', and Tateki Ishida®

Abstract: Causative pavement cracks in surface roughness require the functional evaluation derived from road profile data. This study

examines an automatic detection method of transverse cracks on a surface profile in terms of a quarter car (QC) filtered roughness profile

by lifting wavelet filters. Lifting wavelet filters are adaptive biorthogonal wavelet filters containing free parameters. In this study, we

design a set of lifting wavelet filters for detecting severe cracks from the roughness profile. The set of filters includes free parameters that

are intended to emphasize causative crack characteristics in the roughness profile. According to the results of adapting the filters to the

roughness profile, the locations of severe cracks are identified, whereas locations that are not related to the QC response are not detected.

Therefore, we conclude that the performance of the lifting wavelet filters contributes to automatic distress detection using response type

profiling systems.
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Introduction

Surface roughness of a pavement is an important factor for
determining maintenance and rehabilitation needs of road networks.
Rough pavements seriously reduce the performance of a road in
respect of the response from road users regarding ride quality.
Localized surface distress such as cracks may lead to increase
pavement roughness by shaping steps around them. Road
administrators are required to identify locations that need the
maintenance and rehabilitation of localized roughness condition
based on the quantitative monitoring of the surfaces. Many road
administrators have developed profiling systems based on the
vehicle vibration response called RTRRMS (Response Type Road
Roughness Measuring System) since the International Roughness
Index (IRI) has become the standard scale of predicting roughness
condition in many countries in the world. This type of profiling
system is usually intended to measure the IRI based on a quarter car
(QC) model [1]. Although modern technologies of profiling with
better sensors have contributed to measure surface profiles and to
calculate the IRI, the application method for detecting localized
surface distress are not well established.

Conventional detection algorithms for detecting localized surface
distress such as convolution- and Fourier- based filters can pass the
sinusoids keeping positive (e.g. bumps) and negative (e.g. cracks)
amplitude for target wavelengths, that is, these algorithms are
non-directional. A potential way to overcome this inadequacy
concerning the detection algorithm is the wavelet transform. The
algorithm of the wavelet transform is correlating and comparing the
signal with various shifted and stretched versions of small waves
localized in both time/distance and frequency called wavelets that
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are constituted from a basic function [2]. By choosing a suitable
basic function for an analyzed wave, this algorithm allows us to
detect only wanted profile features and eliminate unwanted
information of the profile by using a directional algorithm. A major
remaining problem in the wavelet transform has been wise selection
of a basic function suitable for profile analyses. The basic function
affects the result of the transformation. Its design is, however,
difficult for the sake of satisfying various restrictions such as an
orthogonal condition [3]. Although the wavelet transforms have
found many applications in evaluating road surface properties [4, 5],
an optimum basic function for the purposes has been unknown.
Since second generation wavelets based on the lifting scheme were
proposed [6], this problem has been solved. A concept of the lifting
scheme concentrates on the ability of lifting to enhance an existing
wavelet transform by adding desirable properties to original basic
functions [7]. This enables us to construct lifting wavelet filters that
are adaptive biorthogonal wavelet filters containing controllable free
parameters [8].

This study examines an automatic detection method of localized
surface roughness by developing lifting wavelet filters appropriate
for pavement monitoring using QC-based response type systems. In
this study, we design a set of lifting wavelet filters for detecting
causative transverse cracks in quarter car filtered roughness profile
as an practical example. Cracks do not necessarily affect a vehicle
because they are usually very narrow compared to the length of a
tire contact patch. However, severe cracks may lead to increase
roughness by shaping steps around them. In any pavement
monitoring activity, the latter type of crack must be detected. For
the purpose of this study, profiles of asphalt concrete pavements
obtained from the Specific Pavement Studies 5 (SPS-5) project in
the Long Term Pavement Performance (LTPP) program are used.

Monitoring Theory Using QC Algorithm

Over View of the QC Model
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Fig. 1. Quarter-Car Model [9]
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Fig. 2. QC Filter.

The QC model is a mathematical model of a vehicle that represents
a body and a single wheel (Fig. 1) [9]. The IRI can be calculated by

use of the QC model applied to a measured longitudinal road profile.

The QC model predicts the spatial derivative of suspension stroke in
response to a profile using standard settings called Golden Car
Parameters for speed and the vehicle properties for Fig. 1. Since
QC-based surface measurement systems have been developed, an
automatic distress detection theory can contribute to efficient
pavement monitoring activities.

QC Filter

The mathematical procedure in calculating IRI includes two filters:
a moving average filter that reduces tire envelope characteristics and
a QC filter shown in Fig. 2 that weights the wavelengths of a slope
profile between 0.1 and 100m to gain the roughness characteristics.
The QC filter removes the influence of individual suspension
response for any profiling systems. As the result, the filtered profile
indicates a QC filtered slope profile (a roughness profile) that has
units of slope (mm/m, in/mi, etc.). This study examines a method
for detecting severe cracks in a roughness profile that needs to be
evaluated from functional viewpoint.

Distress Detection Method by Lifting Wavelet
Filters

In the wavelet transformations, a profile is analyzed at different
frequency bands with different resolution by decomposing the
signal into components consisting of a coarse approximation (low
frequency component) supplemented by detailed information (high
frequency component). The approximation can be then further
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decomposed to provide more detailed information. This means that
wavelet transforms, especially for discrete transform, can perform
multiresolution analysis using a fast pyramid algorithm. Lifting
wavelet filters are biorthogonal wavelet filters containing
controllable free parameters constructed from initial biorthogonal
wavelet filters based on the lifting scheme theory. Free parameters
can be learnt from training signals that include desired profile
features such as pavement cracks. The following are the details of a
detection theory based on the lifting scheme theory.

Wavelet Decomposition of a Profile.

Let (! denote a profile with distance parameter /. Using

multiresolution analysis in a wavelet theory, the profile can be
decomposed into low frequency and high frequency components as

follows:

61(7)1 = 21172111011’ (1)
!

& =Tt @)

where 7 and g are called decomposition filters. Conversely,

the original profile can be reconstructed from the low frequency and
high frequency components é"l and jo by the formula

cl :2/11 2m m +zﬂ1 2m m, (3)

where A, and W, are called reconstruction filters. For later

convenience, the decomposition and reconstruction filters are
denoted as

old _ old _ Told _ 7 ~old _ ~ 4
hk,l - /11(721’ Eni = Hiam ’hk,/ - A’{k—zl’ i = Hiaw: ( )

The tuple of these filters {h,flf,hf,,g:;ld, ,g";/d ) satisfies the

following conditions
old 7 old old 77 old
th,z by = Oy ng iy =0o
!
old ~old __ old ~old __
;hk,l gm 1 O ng lgm N mm’ : (5)

which are called biorthogonal conditions. Where § indicates
Kronecker delta.

Lifting Wavelet Filters

old 7old old ~old E :
Let {hk,lﬂhk,l’gvn,l’gm,l} denote initial biorthogonal wavelet

filters. A new set of Dbiorthogonal wavelet filters

{hes ﬁk,l’ G &t is defined as follows:

old 7 old
b, =hy, +Zskmgm N hkl =hy
_ _ ~old old
g =8 8o =80 =25, kM (6)
r

where §  denote free parameters, j and g  indicate low- and
Skm kol &t
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high- pass decomposition filters, and hy, and g indicate low-

and high- pass reconstruction filters, respectively. This algorithm can
create a new filter set suitable for desirable features in a sequence of
analyzed profile data by adjusting free parameters. The learning
method for adjusting the free parameters is described in the next
section. The biorthogonal conditions of a new filter set are as follows:

Zl:hk,lﬁk’,l =0y’ Zl:gm.lilk,t = O’lehk,lgm,z =0 Z[:gm.[gm'./ =9,, ()

Learning Method of Free Parameters

As shown in Eq. (6), high-pass filters, rather than low-pass filters
are modified in the decomposition process. Where an input profile is
again denoted as c}, new high frequency components by applying

the new high-pass decomposition filters can be written as
d, =38, ®
[
This can be substituted based on Eq. (6) as follows:
dy= 2@ - X5 =r,-Xas,, ©)
1 k k

where r, and a, indicate the high and low frequency

components resulted from the decomposition using the old filters,
that is,

~old 1 Zold 1
Tn = Zl:g;,lcl > a4 = Zl:hlf,z G- (10)

Free parameters 5 can be determined so as to vanish the high
frequency component d° in Eq. (9). In other words, desired

features of the input profile can be detected by putting

d,=r,-%a5,, =0 (11)
k

To learn the free parameters S, the algorithm requires 2n
training signals ¢ (v = 1,2,...,2n) that include desired features

such as pavement cracks. Then, the following condition is imposed:

m+n

> a5, =0, v=12,.2n
k=m-n (12)
where
v ~old 1,v v 7old 1,v
Tw = ng;,zcl > a, = Zh/f,/ ¢ (13)
1 1

Although the number of equations in Eq. (12) is 2n, unknown
variables §k n are 2n+l. However, the following equation is

consequentially identified because the summation of a high-pass
filter must be zero, that is,

Y&, =@ X 5.,k =0- (14)
1 1

k=m-n
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Since g*“ satisfy ¥, g% =0, this condition is equivalent to
s m,

Z § k,m = O : (15)
k=m-n
Summarizing Eqgs. (12) and (15) in the matrix form results in the
following equation:

1 1 1 5 1

am—n am—n+1 : am+n m-n,m I/;n
2 2 2 § 2

am—n am—n+1 ' am+n m=n+1,m rm

= | (16)

2n 2n 2n § 2n

amfn am—nH amw m+n—1,m Vm

111 S | L0

This equation can be solved by the Gaussian elimination.

Substituting the solutions § o into Eq. (6), learnt adaptive wavelet

filters can be produced.
Detection Theory

For detecting a profile feature that is similar to the training signals,
first, the high-frequency components a”/fn’ and df”l are calculated by

the old and new high-pass wavelet filters g:;’dl and g from c/l

by use of Egs. (2) and (8). Here, remind that the free parameters
§k ,, Of the new wavelet filters g,, are optimized to vanish d’z

at the locations of the desired profile features. A possible strategy is
to find the location m that makes d,(,), = (0. Unfortunately, this

strategy may detect the distance m other than the desired feature that
their high frequency components are almost zero for both 33, and

d’. To avoid this kind of false detections, Takano et al. [8]
suggested the method that search Cll to find the location m so as to

maximize the quantity

1, =] | an

When the value [m > () is larger than a certain threshold value,

the location m is regarded as the desired feature point. A
schematic description of the detection theory is shown in Fig. 3. A
threshold depends on the grade of a road and its control strategy.

An Application Case Study for Crack Detection

For an application case study, this chapter describes development of
a set of lifting wavelet filters for detecting causative localized
distress such as transverse cracks in quarter car filtered-roughness
profile.

Analyzed Profile Data

A SPS-5 project in the LTPP program includes nine core test
sections. The test sections have the same characteristics for all
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Fig. 3. A Schematic Description of the Detection Theory.
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Fig. 4. Analyzed Profiles (Arrows Indicate the Location of Training
Signals).

SPS-5 sites throughout the LTPP study as well as the same
guideline for construction, maintenance and rehabilitation. Eight test
sections (Section 502-509) are experimental sections, and one
section (Section 501) is the control section that received only
routine maintenance. Each section is about 152.4 m long, and the
profiles are taken at 150 or 152 mm intervals that have been
resampled at an interval of 150 mm in the present study. More
detailed information of the SPS-5 project is given elsewhere [10].
The present study uses the data from Section 509 in Arizona (State
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Fig. 5. QC Filtered Roughness Profile (Arrows Indicate the
Location of Training Signals).

Code: 04) that have recorded severe transverse cracks. The profile
data are available from LTPP Products Online [11]. Two profiles as
shown in Fig. 4 which are identified as Profile 1 and 2 in this paper
were extracted from the LTPP Products Online.

Profile 1 was measured in September 1990 that was immediately
after overlay. Thus, no crack is found in the profile. Profile 2 was
measured in December 1997. In 1997, the manual distress survey
was performed as well as the profile measurement, and reported
some transverse cracks.

Training Signals

Fig. 5 shows the roughness profile based on the QC filter of Profile
2. A glance at the figure indicates that the roughness profile
emphasizes the effect of the severe cracks in the profile. However,
detailed locations of the cracks can be hardly identified. To
overcome this difficulty, the shapes of the roughness profile on
severe six cracks (2n = 6) that are marked by arrows in Figs. 4 and
5 are learnt as training signals. The trained cracks appear as narrow

4.0 3.0 0.0
3.0 [ [
20 -1.0f
— 20F — | _
E 1o £ 10F £ 20
S ool s s .
5 0.0 5 00F 5 30-
o -1.0r- i r o F
-1.0f 4.0
20+ | |
-3.0 Il Il Il Il 20 Il Il Il Il 5.0 Il Il Il Il
29.0 29.5 30.0 30.5 385 39.0 395 40.0 405 69.5 70.0 705 71.0
Distance (m) Distance (m) Distance (m)
(@) [=29.7m (b) 1=39.6m (¢) [=702m
1.0 3.0 5.0
[ - 401
0ok 20
_ _ 10F _ 3or
E 10F E b = E 20f
P L = s 1.0r
o o o
T 207 e S o0
& & 20F S
30k -1.0F
I 30F 20F
! ! ! ! 40 ! ! ! ! 30— ! ! !
104.0 104.5 105.0 105.5 121.0 121.5 122.0 1225 126.0 126.5 127.0 1275 128.0
Distance (m) Distance (m) Distance (m)
(d [=1047m () [=1218m () 1=1269m

Fig. 6. Training Signals.

630 International Journal of Pavement Research and Technology

Vol.6 No.5 Sep. 2013



Table 1. Initial Wavelet Filters.
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Table 2. Free Parameters.

k, m hil hf 8 &
0 0.7071 0.9944 -0.9944 -0.7071
I,-1 0.3536 0.4198 0.4198 0.3536
2,-2 - -0.1768 0.1768 -
3,-3 - -0.0663 -0.0663 -
4,-4 - 0.0331 -0.0331 -

and sharp spikes with similar profile shapes that are depicted in Fig.
6.

A set of Initial Wavelet Filters

A wide selection of basic function forms of wavelet transformations
is available for different applications based on the characteristics of
the signal concerned. In the present study, the biorthogonal
reconstruction and decomposition filters with 2 and 4 vanishing
moments were selected as a set of initial wavelet filters. This filter
set consists of comparatively short digital filters, and is associated
with the basic function that has a sharp peak. Although lifting
wavelet filters can be constructed from arbitrary filter sets, the
features of the initial wavelet filters are advantageous to deal with
pavement cracks. Table 1 describes the set of initial wavelet filters.

Construction of Wavelet Filters

Lifting wavelet filters are adaptive biorthogonal wavelet filters
containing controllable free parameters. In the present study, We
learnt free parameters that control the initial filters to be suitable for
the features of cracks using the training signals shown in Fig. 6. As
the ¢ (v=1,2,3,4,5,6) denote the training signals, the
number of free parameters § k,m €N be determined by using Eq.

(16). The matrix form in the equation is summarized as follows:

M1 1 1 11 1 1| g 1
amf3 amf2 amfl am am+l am+2 am+3 sm—S,m Vm
2 2 2 2 2 2 2 ~ 2
am73 amfZ am—l am am+l am+2 am+3 sm—2‘m Vm
3 3 3 3 3 3 3 ~ 3
am73 amfZ amfl am am+l am+2 am+3 Smfl,m rm (18)
4 4 4 4 4 4 4 ~ | .4
am—S am—Z am 1 am am+1 am+2 am+3 Sm,m - rm
5 5 5 5 5 5 5 ~ 5
am—S am—z am—l am am+1 am+2 am+3 sm+1‘m rm
6 6 6 6 6 6 6 ~ 6
am—3 am—Z am—l am am+l am+2 am+3 Sm+2,m rm
1 1 1 1 1 1 1 5 0
L B m+3,m | L

Table 2 indicates the leant free parameters Ek - Using these
parameters, a set of adaptive filters { h s ﬁk . has been

created by using Eq. (6) as shown in Table 3.
Detection Result
Fig. 7 shows the result of automatic detection of the severe cracks.

Where arrows mark the cracks. As shown in the figure, the adaptive

filters clearly emphasize the locations that the feature is similar to
the learnt cracks. The figure also indicates the same level of [
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K Skm
m -3 -0.1111
m -2 0.1314
m -1 -0.0023

M 0.0391
m+1 -0.1426
m+2 0.1092
m+3 -0.0237

Table 3. Adaptive Lifting Wavelet Filters.

km A 2 2"
-4 -0.0505 0.0331 -0.0331 0.0505
-3 0.1689 -0.0663 -0.0663 0.1689
2 -0.0150 -0.1768 0.1768 0.0150
-1 0.2143 0.4198 0.4198 0.2143
0 0.7524 0.9944 -0.9944 -0.7524
1 0.4012 0.4198 0.4198 0.4012
2 -0.0172 -0.1768 0.1768 0.0172
3 -0.0078 -0.0663 -0.0663 -0.0078
4 0.0016 0.0331 -0.0331 -0.0016
" I I I
0.6

E 04f

0.2

0.0
0 50 100 150

Distance (m)
Fig. 7. Automatic Detection Result for Causative Cracks in
Roughness.

value as the severe cracks at the distance of 88.2m because the
shape of the profile is similar to the training signals. On the other
hand, the adaptive filters do not respond locations where the cracks
are not related to the pavement roughness cannot be detected. The
locations that can be detected should be treated in respect to the
pavement function as well as structure and materials. According to
this result, we conclude that the lifting scheme is an effective
method for detecting the cracks that have specific features in the
roughness profile. This study contributes to automatic distress
detection using response type profiling systems. Although this paper
demonstrated the case of pavement cracks, adaptive wavelet filters
that have different specifications can be developed by learning free
parameters from various types of pavement distress such as pothole
and patching as well as cracks.

Conclusions
This study illustrated an automatic detection method of localized
surface roughness by developing lifting wavelet filters for the

surface monitoring by use of QC-based response type systems.
Lifting wavelet filters enable us to construct adaptive filters
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containing controllable free parameters. In this paper, we designed a
set of lifting wavelet filters for detecting causative localized distress
such as transverse cracks in the QC filtered roughness profile. The
free parameters were leant from six cracks in the profile stored in
the LTPP database, and then the set of adaptive filters was
developed for detecting the cracks that needs to be evaluated from
functional point of view. This paper also provided an application
case study to demonstrate the availability of the adaptive wavelet
filters for the crack detection. According to the results, the adaptive
filter clearly emphasized the locations of severe cracks that have the
profile features similar to the learnt cracks. This performance of the
lifting wavelet filters contributes to automatic distress detection
using response type profiling systems. Although this paper
demonstrated the case of pavement cracks, adaptive wavelet filters
that have different specifications can be developed by learning free
parameters from various types of pavement distress such as pothole
and patching as well as cracks.
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