
1. INTRODUCTION

Expressway pavements require the improvement 
of surface smoothness according to users’ demand to 
keep both driving and riding safe and comfortable.  
In today’s socio-economic situations, as pavement 
infrastructures have aged, road agencies need to 
constantly monitor pavements to locate unaccept-
able and severe surface irregularities for the welfare 
of road users.

Although maintenance criteria for overall surface 
smoothness are satisfied, the localized surface ir-
regularities due to road structures, distresses, etc., 
have reduced the ideal qualities of pavements. In 
cold regions including Hokkaido, Japan, frost heav-
ing particularly causes a major factor of localized 
distress that yields surface cracks and bumps. A 
technique for detecting localized irregularities ac-
tivities is highly required for daily pavement moni-
toring. 

A distress survey commonly uses visual-based 
methods. Conventional techniques subjectively sur-
vey the distress by visual inspections, which can be 
implemented simply and inexpensively, but  are not 

objective and require too much time. More current 
approaches objectively record the distress by use of 
automated detection equipment based on video/
photographic images, which are generally more ex-
pensive to carry out than the subjective method. 
Thus, the objective techniques are only used once in 
three years by expressway agencies in Japan due to 
the initial and running costs of the equipment.

Since modern technologies improve road surface 
condition survey with better sensors, many 
response-type profilers to estimate the International 
Roughness Index (IRI) as the standard scale of pre-
dicting roughness conditions have been intro-
duced1),2). As response-type profilers are intended to 
measure the IRI, the question arises as to how the 
users of the profilers could identify the location and 
type of surface distress in measured profile data.

The objective of this study is to develop a method 
for detecting the location and type of severe surface 
distress due to frost heaving measured by use of a 
response-type mobile profilometer (MPM). Al-
though the MPM uses accelerometers, it  can meas-
ure the surface profile. This function helps to extract 
the information about  distress characteristics of the 
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profiles.
A technique conventionally applied to extract  the 

information of interest in roughness profile data is 
the signal processing called “filtering”. Unlike the 
conventional convolution- and Fourier-based filter-
ing techniques, the wavelet  transform (WT) operates 
as directional filters that  treat  downward waveforms 
differently from upward ones. The WT has found 
various applications in engineering fields including 
surface profile analyses3),4). 

A major remaining problem in the use of the WT 
has been the selection of a basic function suitable 
for profile analyses. Since second generation 
wavelets based on the lifting scheme theory were 
proposed 5), this problem has been solved. A concept 
of the lifting scheme concentrates on the improve-
ment of an existing WT  by adding controllable free 
parameters to original basic functions6). This tech-
nique enables us to develop customized lifting 
wavelet filters extracting desirable waveform char-
acteristics. In this study, we construct the lifting 
wavelet filters to detect  the surface distress due to 
frost heaving.

2. ROAD SURFACE MONITORING BY 
USE OF THE MPM

(1) Overview of the MPM
The MPM consists of two small accelerometers, 

which can be simply attached to a suspension sys-
tem for any passenger and commercial vehicles. The 
principle of this profilometer is faithful to the stan-
dard quarter-car (QC) model used for the IRI calcu-
lation. Fig. 1 shows the measurement  principle of 

the MPM. As shown in the figure, a surface profile 
can be measured by back calculation analyses after 
the pre-processing that  removes the noise, direct 
current excitation, and velocity dependence factors 
of vehicle vibrations. Then, the standard QC model 
is applied to the measured profile data to calculate 
the IRI. Fig. 2 shows the profiler classification and 
the target  of the MPM. The measurement algorithm 
of the MPM combines the accuracy of Class 2 
measures and the convenience of Class 3 meas-
ures2). 

(2) QC model
The QC model is a mathematical model of a ve-

hicle that represents a body and a single wheel as 
shown in Fig. 37). The QC model predicts the spatial 
derivative of suspension stroke in response to a pro-
file using standard settings called Golden Car Pa-
rameters for speed and the vehicle properties8). The 
IRI can be calculated by use of the QC model ap-
plied to a measured longitudinal surface profile. 

(3) Roughness profile calculation
The mathematical procedure in calculating IRI 

can be described as a filtering algorithm using QC 
filter of which response is shown in Fig. 4. The QC 
filter weighs the wavelengths of a slope profile be-
tween 0.1 and 100m to gain the roughness charac-
teristics. The filtered profile is generally called 
roughness profile. The IRI is an accumulation of 
absolute values of a roughness profile normalized 
by a certain driving distance. Thus, a roughness pro-
file clearly reflects the functional perspectives of 
surface characteristics such as ride quality and driv-
ing safety. The automatic distress detection executed 
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by using a roughness profile contributes to the plan-
ning of maintenance and rehabilitation projects for 
improving the serviceability to road users. This 
study discusses a potential application of the MPM 
to detect the surface distress due to frost  heaving in 
the roughness profile measurements.

3. LIFTING SCHEME THEORY FOR DIS-
TRESS DETECTION

Convolution- and Fourier-based filters that are 
generally used for profile analyses may detect 
wanted/unwanted geometrical characteristics in-
cluded in a roughness profile. However, these filters 
are non-directional filters that consider positive 
(e.g., bumps) and negative (e.g., cracks) waveforms 
in a target  wavelength as the same sinusoids and 
thus cannot distinguish between upward and down-
ward surface faults. Against the conventional meth-
ods, the WT executes directional filtering using lift-
ing scheme. 

(1) Overview of wavelet transform (WT)
In a general WT, a roughness profile is analyzed 

at  different frequency bands with different  resolu-
tion by decomposing the profile into components 
consisting of a coarse approximation (low-
frequency component) supplemented by detailed 
information (high-frequency component). The ap-
proximation can be then further decomposed to pro-
vide more detailed information. This means that the 
WT, especially for discrete transform, can perform 
multiresolution analysis using a fast pyramid algo-
rithm. 

(2) Lifting scheme
A wide selection of basic function forms of the 

WT is available for different  applications based on 
the characteristics of the signal concerned. However, 
the selection of a basic function is a problem of the 
WT. The second generation wavelets based on the 
lifting scheme, on the other hand,  enhance the WT 
by making lifting wavelet  filters9). A lifting wavelet 
filter set  contains controllable free parameters con-
structed from initial biorthogonal wavelet filter set. 
Free parameters can be learned from training signals 
that include wave form characteristics of a target 
distress for the detection. The following section de-
scribes the mathematical descriptions of automatic 

distress detection based on the lifting scheme. 

(3) Automatic distress detection method based on 
the lifting scheme

a) Theory of wavelet transform5),6),9)

Let  cl
1 denote a roughness profile with distance 

parameter l . Using multiresolution analysis in the 
WT, the roughness profile can be decomposed into 
low-frequency and high-frequency components as 
follows: 

      ĉm
0 = λl−2mcl

1

l
∑                           (1)

d̂m
0 = µl−2mcl

1

l
∑                           (2)

where λm  and µm are called decomposition filters. 
Conversely, the original roughness profile cl

1  can be 
reconstructed from low-frequency and high-
frequency components ĉm

0  and d̂m
0  by the formula:

cl
1 = λl−2mĉm

0

m
∑ + µl−2md̂m

0

m
∑                 (3)

where  λm  and µm  are called reconstruction filters. 
For later convenience, the decomposition and recon-
struction filters are denoted as

hk, l
old = λk−2l , gm, l

old = µl−2m                (4)
hk, l
old = λk−2l , gm, l

old = µl−2m                 (4)

The tuple of these filters{hk, l
old, hk, l

old, gk, l
old, gk, l

old}  satis-
fies the following biorthogonal conditions: 

     hk, l
old h !k , l

old

l
∑ =δk !k , gm, l

old hk, l
old

l
∑ = 0

hk, l
old gm, l

old

l
∑ = 0 , gm, l

old g !m , l
old

l
∑ =δm !m          (5)

where δ indicates Kronecker delta. Note that l  rep-
resents the frequency resolution parameter and  k  
and m  give the parameters of location for low- and 
high-frequency components.
b) Construction of lifting wavelet filters5),6),9)

Let  {hk, l
old, hk, l

old, gk, l
old, gk, l

old}  denote a set of initial 
biorthogonal wavelet  filters. A new set  of bior-
thogonal wavelet filters {hk, l, hk, l, gk, l, gk, l}  is de-
fined as follows:

hk, l = hk, l
old + sk,mgm , l

old

m
∑

hk, l = hk, l
old

gm, l = gm , l
old

gm, l = gm , l
old − sk,m hk , l

old

k
∑                     (6)

where sk,m  denote free parameters, hk, l  and gm, l  
indicate low- and high-pass decomposition filters, 
and hk, l  and gm, l  indicate low- and high-pass re-
construction filters. This algorithm can create a new 
filter set  suitable for the automatic distress detection 
by adjusting free parameters. The biorthogonal con-
ditions of a new filter set are as follows:
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hk, l h !k , l
l
∑ =δk !k , gm, l hk, l

l
∑ = 0

hk, l gm, l
l
∑ = 0 , gm, l g !m , l

l
∑ =δm !m             (7)

c) Learning of free parameters 9)

As shown in Equation (6), high-pass filters rather 
than low-pass filters are lifted in the decomposition 
process. Where an input roughness profile is again 
denoted as cl

1 , new high-frequency components by 
applying the new high-pass decomposition filters 
can be written as 

dm
0 = gm, lcl

1

l
∑                             (8)

This can be substituted based on Equation (6) as 
follows:

dm
0 = ( gm, l

old − sk,m hk, l
old )

k
∑ cl

1

l
∑

= rm − ak sk,m
k
∑                               (9)

where rm  and ak  indicate the high- and the low-
frequency components resulted from the decomposi-
tion using the old filters, that is,

rm = gm, l
oldcl

1

l
∑ , ak = hk, l

oldcl
1

l
∑              (10)

Free parameters sk,m can be determined so as to van-
ish the high-frequency component  dm

0 in Equation 
(9). In other words, surface distress in the roughness 
profile can be detected by putting

dm
0 = rm − ak sk,m

k
∑ = 0                 (11)

To learn the free parameters sk,m , the algorithm 
requires 2n  training signals cl

1,ν (ν =1,2,…, 2n ) 
that include desired profile features. The training 
signals define the type and severity of the surface 
distress that  should be detected. Then, the following 
condition is imposed:

ak
ν sk,m

k=m−n

m+n
∑ − rm = 0, ν =1,2,…2n      (12)

where

rm
ν = gm, l

oldcl
1,ν

l
∑ , am

ν = hk, l
oldcl

1,ν

l
∑         (13)

Although the number of equations in Equation (12) 
is 2n , unknown variables sk,m  are 2n+1 . However, 
the following equation is consequentially identified 
because the summation of the high-pass filters gm, l  
must be zero, that is,

gm, l = ( gm, l
old − sk,m hk, l

old

k=m−n

m+n
∑ )

l
∑

l
∑ = 0         (14)

Since 
 
!gm, l
old satisfy gm, l

old
l∑ = 0 , this condition is 

equivalent to

sk,m
k=m−n

m+n
∑ = 0                        (15)

Summarizing Equation (12) and (15) in the matrix 
form results in the following equation: 

(16)

This equation can be solved by the Gaussian elimi-
nation. Substituting the solutions sk,m  into Equation 
(6), lifting wavelet filters can be produced.
d) Automatic distress detection method 9)

Once lifting wavelet filters are constructed, the 
locations of surface distress in the roughness profile 
that is similar to the training signals can be auto-
matically detected. The high-frequency components 
d̂m
0  and dm

0  are calculated by the old and lifting 
high-pass wavelet  filters gm, l

old  and gm, l  from cl
1  by 

use of Equation (2) and (8). Here, remember that  the 
free parameters sk,m  of the lifting wavelet  filters 
gm, l  are optimized to vanish dm

0  at  the locations of 
target  distresses. A possible strategy is to find the 
location m that makes dm

0 = 0 . Unfortunately, this 
strategy may detect  the location m  other than the 
target  points that  their high-frequency components 
are almost zero for both d̂m

0  and dm
0 . To avoid this 

kind of false detections, a method that  searches cl
1  

to find the location m  so as to maximize the quan-
tity

Im = d̂m
0 − dm

0                          (17)

is suggested. When the value Im > 0  is larger than a 
certain threshold value, the location m  is regarded 
as the learned surface distress; and thus, can become 
a detection index.

4. AUTOMATIC DISTRESS DETECTION 
USING THE MPM

In this study, performance of lifting scheme for 
automatic distress detection using the MPM is ex-
amined by comparing with a result  of rod and level 
survey. The validation experiment was performed on 
a frost-heaved expressway in March 2013 in service 
in Hokkaido, Japan.

(1) Surface monitoring data
For the purpose of the validation experiment, sur-

face distresses were manually recorded by photo-
graphic images. Reference true profile was also 
manually measured by the rod and level as a Class 1 
measure. Fig. 5 shows the overview of  experimen-
tal site and the condition of rod and level survey. 
The surface profiles were simultaneously measured 
by use of the MPM equipped for a passenger vehicle 
with three different speeds of 60, 80, and 100km/h. 
Then, the QC simulation computed a roughness pro-
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file for each profiler. The experimental section was 
400m long, and the measured profiles were sampled 
at  an interval of 100mm for the present study. The 
measured surface and roughness profile data are 
shown in Fig. 6. The profiles measured by the MPM 
are recorded at the driving speed of 80km/h in the 
figure. As shown in the figure, both profiles are 
fairly corresponded closely (the average cross 
correlation-coefficient = 0.80).

(2) Construction of lifting wavelet filters
a) Training signals

According to the manual distress survey, the ex-
perimental section has a number of severe surface 
distresses due to frost  heaving. The distresses ap-
peared irregularly and consisted of high severity 
transverse cracks around heaved pavement surfaces 
as shown in Fig. 7. They consequently reduce the 
ride quality of traveled vehicles. Thus, this type of 
distress is an important aspect of pavement man-
agement especially for cold regions. This study de-
fines the distress due to frost heaving as the target 
for training signals, which is a good example for the 
experimental validation of the automatic distress 
detection.

In the experimental section, we had twenty-four 
distresses in the pavement surface. Too much longer 

training signals generally lead to missdetection be-
cause a roughness profile is averaged more than 
necessary. In the present research, six high severity 
distresses are prepared as training signals cl1,ν  
(ν = 6 ). Fig. 8 shows training signals that are meas-
ured by the rod and level. Here, the locations 
l=95.2m and l=220m were excluded from the analy-
sis because they were due to the surface patch and 
pavement joint.
b) A set of initial wavelet filters

A wide selection of basic function forms of the 
WT is available for different  applications based on 
the characteristics of the signal concerned. In this 
study, the biorthogonal reconstruction and decom-
position filters with 2 and 4 vanishing moments 
were selected as a set of initial wavelet filters. This 
filter set  consists of comparatively short  digital fil-
ters, 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 surface distress data. Table  1 describes the set 
of initial wavelet filters {hk, l

old, hk, l
old, gk, l

old, gk, l
old} .

c) Learning free parameters and filter design
As a pre-processing, a multiresolution analysis 

based on the conventional WT  examined the domi-
nant  waveband of the target  distress. According to 
the analysis, the target distress occurs in the decom-
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position level 3, as shown in Fig. 9, of which high-
frequency components correspond to the wave-
lengths of 0.8 to 1.6m. Thus, free parameters are 
learned from Level 3 components of the multireso-
lution analysis using the initial wavelet filters. As 
the cl

1,ν (ν =1,2,3,4,5,6 ) denote the training signals 
as shown in Fig. 8, the free parameters for each 
roughness profile measurement can be determined 
by using Equation (16) as shown in Table  2. Using 
these parameters , l i f t ing wavele t  f i l ters 
{hk, l, hk, l, gk, l, gk, l}  have been created based on 
Equation (6). Table 3 and Table 4  summarize lifted 
high-pass decomposition filters and low-pass recon-
struction filters, respectively.

(3) Automatic distress detection result
After the calculation of d̂m

0  and dm
0 , the quanti-

fied index Im  identifies the location of target dis-
tresses. Here, Im  can be easily calculated by sub-
stituting Equation (9) for Equation (17) as follows:

 
Im = d̂m

0 − rm − ak !sk ,m
k
∑                 (18)

 Fig. 10 shows the result  of automatic distress 
detection using Equation (18). In the figure, the ar-

rows designate the locations of the target distresses 
and the Im  values are normalized so that the maxi-
mum Im  for the training location can be Im, max =1 . 
The locations that are Im > 0  potentially correspond 
to the target distress learned as the training signals.  
For the purpose of pavement monitoring activities, 
we suggest  the following two possible ideas to de-
cide a threshold of the quantified index Im .
a) Im > 0 : This means that  all the locations that  are 
Im > 0  are considered as the distress from a fail-
safe perspective.

b) Im ≥ Im ,min : This means that the minimum Im  
value at  the trained location is set as a threshold 
to monitor distressed points severely.
As accuracy evaluation of the automatic distress 

detection results, we evaluated the percentage of  
the following items:

- correct detection: locations of the distress can be 
successfully detected,

- incorrect detection: non-distressed locations are 
detected in error.

In case of a) Im > 0 , the following is also calculated:
- miss detection: locations of the distress are 

missed in the process.
Table 5 summarizes the accuracy evaluation re-

sults. As shown in the table, the severe monitoring 
using the criterion of Im ≥ Im ,min  clearly emphasizes 

k, m hk, l
old hk, l

old gm, l
old gm, l

old

0
1, -1
2, -2
3, -3
4, -4

0.7071
0.3536

-
-
-

0.9944
0.4198
-0.1768
-0.0663
0.0331

-0.9944
0.4198
0.1768
-0.0663
-0.0331

-0.7071
0.3536

-
-
-

Table 1 Initial Wavelet Filters.
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k Rod and 
Level

MPM
@60km/h

MPM
@80km/h

MPM
@100km/h

m-3
m-2
m-1
m

m+1
m+2
m+3

-0.6858 
0.3132 
0.2587 
-0.3072 
-0.0312 
0.4029 
0.0494 

0.4671 
-0.3202 
0.2960 
-0.2518 
-0.1064 
0.0749 
-0.1595 

0.0570 
-0.6760 
0.1036 
0.2468 
-0.0932 
0.2419 
0.1199 

-0.3670 
-0.1640 
0.2097 
-0.1451 
-0.2055 
0.5281 
0.1438 

Table 2 Free Parameters.

k, m Rod and 
Level

MPM
@60km/h

MPM
@80km/h

MPM
@100km/h

-4
-3
-2
-1
0
1
2
3
4

0.0377
-0.1731
-0.0337
-0.8990
0.3767
0.0060
-0.0046
0.0033
-0.0016

0.0700
-0.0140
0.2404
-0.6786
0.5290
0.0719
-0.0307
-0.0106
0.0053

0.1717
-0.0381
0.1096
-0.8652
0.2802
-0.0343
0.0132
0.0079
-0.0040

0.2604
-0.1355
-0.1776
-1.0028
0.3108
-0.0254
0.0079
0.0095
-0.0048

Table 3 Lifted High-pass Decomposition Filters.

k, m Rod and 
Level

MPM
@60km/h

MPM
@80km/h

MPM
@100km/h

-4
-3
-2
-1
0
1
2
3
4

0.0377
0.1731
-0.0337
0.8990
0.3767
-0.0060
-0.0046
-0.0033
-0.0016

0.0700
0.0140
0.2404
0.6786
0.5290
-0.0719
-0.0307
0.0106
0.0053

0.1717
0.0381
0.1096
0.8652
0.2802
0.0343
0.0132
-0.0079
-0.0040

0.2604
0.1355
-0.1776
1.0028
0.3108
0.0254
0.0079
-0.0095
-0.0048

Table 4 Lifted Low-pass Reconstruction Filters.
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the location of target  distress, considering that the 
mean percentage of correct  detection is 77.8% (in-
correct of 22.2%). On the other hand, the mean per-
centages of the correct, incorrect, and missdetection 
are 62.5%, 35.0%, and 2.5%, respectively for 
Im > 0 . Here, note that the acceptable error for lon-
gitudinal profile measurements in Japan is within 
30%. Thus, the performance of the proposed method 
satisfies the practical requirements of pavement 
monitoring and distress survey. These results indi-
cate that the lifting scheme enables us to monitor 
severe surface distresses due to frost heaving by use 
of the MPM without visual-based methods.

Although this paper describes a particular distress 
case, the results demonstrate the significant findings 
of which the lifting scheme is available for the 
automatic distress detection by use of a MPM. A 
threshold value will be improved by further re-
searches that  depend on an employed profiler and its 
operation. This study contributes to the implementa-
tion of more effective daily road patrol. 

5. CONCLUSIONS

In recent  years,  road agencies initiate the devel-

opment of a quantitative, efficient, and economical 
pavement  monitoring method for the  daily inspec-
tion of their pavements. This paper introduced a 
mobile profilometer (MPM) by use of accelerome-
ters to regular monitoring of expressways. In this 
study, we examined the potential application of the 
MPM to automatic distress detection based on the 
lifting scheme theory. The lifting scheme constructs 
custom wavelet  filters that contain controllable free 
parameters, and then performs decomposition and 
reconstruction by use of the filters.

The lifting scheme identifies the locations of sur-
face distress by seeking a distance m of being the 
quantitative index Im > 0 . For the purpose of pave-
ment monitoring activities, we suggested two  crite-
ria for Im , namely, Im > 0  and Im ≥ Im ,min . This pa-
per illustrated the practical demonstration of identi-
fying the distress due to frost  heaving. According to 
the result, the severe monitoring using the criterion 
of Im ≥ Im ,min clearly emphasized the location of target 
distress, considering that the mean percentage of 
correct detection is 77.8% (incorrect  of 22.2%). On 
the other hand, as for Im > 0 , the mean percentages 
of the correct, incorrect, and missdetection were 
62.5%, 35.0%, and 2.5%, respectively. Considering 
the acceptable error for longitudinal profile meas-
urements, the performance of the proposed method 
satisfies the practical requirements of pavement 
monitoring and distress survey.

This study contributes to the distress survey using 
MPMs rather than visual-based methods. Although 
this paper demonstrated a particular distress case, 
the lifting scheme that constructs different  lifting 
wavelet filters can be applied various types of dis-
tress such as pothole, patching, etc. by learning dif-
ferent free parameters.
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