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Abstract —

Pavement industries in Japan enhance the appli-
cation of three-dimensional (3D) modeling as a part of
the policy called "i-Construction" which applies 3D
point cloud data to pavement works. However, dis-
tinctive approaches in terms of signal processing are
required in practical applications of 3D point clouds
to pavement surfaces. An effective and efficient filter-
ing algorithm is then necessary for the analysis. The
purpose of this study is to verify the ability of the dual-
tree complex wavelet transform (DTCWT) applied to
the 3D point clouds measured for pavement surfaces.
Unlike conventional continuous and discrete wavelet
transforms, the DTCWT allows nearly shift invariant
and directional decomposition in two and higher di-
mensions with less redundant manners. This study
conducts a field experiment at a test site paved with
precast concrete blocks for the verification. The result
shows that the DTCWT provides superior decompo-
sition algorithm to the discrete wavelet transform by
enabling effective filtering based on the directional
multiresolution analysis. Finally, the performance of
DTCWT is proved for the identification of pavement
distress and deformation effectively and reasonably
in terms of wavelengths and locations in this study.
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1 Introduction

Pavement industries in Japan enhance the application
of three-dimensional (3D) modeling as a part of the pol-
icy called "i-Construction" which applies 3D point cloud
data in design, construction, maintenance, and rehabilita-
tion stages of pavements [1]. An advantage of the i-Con-
struction is capable of improving productivity and quality
of pavement works by use of Information and Communi-
cation Technologies (ICTs). The use of terrestrial laser
scanner (TLS) which is one of the unique applications of
i-Construction has been studied in terms of establishing
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technical standards [1], measurement accuracy [2], and
measurement efficiency [3,4]. The demand for 3D meas-
urement has also been increasing in the implementation
of area-based pavement management rather than line-
based one by detecting localized distress and deformation
of pavement surfaces [5-8].

On the other hand, distinctive approaches in terms of
signal processing are required in practical applications of
3D point clouds. For example, the approaches include re-
moving unwanted noises [9], generating a reference
plane [10], and detecting information of interest [11]. In
other words, an effective and efficient filtering algorithm
is necessary for the analysis of 3D point clouds measured
for pavement surfaces in practice. Various filtering tech-
niques to identify features of a signal have so far been
developed with convolution digital filters (CDF) [12],
short-time Fourier transform (STFT) [7], continuous
wavelet transform (CWT) [13], and discrete wavelet
transform (DWT) [14]. However, the CDF needs to de-
sign different specifications corresponding to different
wavebands of interest. It results in the increase of the
number of calculations. The STFT allows the simultane-
ous identification of wavelengths and locations whereas
it requires the stationarity assumption of a signal for the
analysis. Unlike the CDF and STFT, the CWT and DWT
realize efficient filtering and feature identification in the
wavelength and location information simultaneously
without the assumption of stationarity [ 15]. Nevertheless,
the calculation redundancies of CWT and the shift variant
properties of DWT are still remaining as issues in the de-
composition of a signal [15,16]. Against the properties of
these methods, the dual-tree complex wavelet transform
(DTCWT) has been developed to achieve nearly shift in-
variant and directional decomposition in two and higher
dimensions with less redundant manners [16, 17]. This
advantage was applied to a pavement distress analysis
based on photographic images [18].

In the light of this background, the purpose of this
study is to verify the ability of DTCWT applied to the 3D
point cloud rather than photographic images acquired for
pavement surfaces. For this purpose, this study con-
ducted a field experiment at a test site paved with precast
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concrete blocks as an example to verify the diagnostic
performance of DTCWT applied to the pavement sur-
faces.

2 Theory of DTCWT

The basic theory of DTCWT obeys the manner of
DWT [15] whereas the DTCWT introduces the concept
of complex numbers for the scaling and wavelet func-
tions as same as the Fourier transform [17]. This chapter
reviews the theory of DTCWT with describing the differ-
ence from DWT. The details can be seen elsewhere [15-
17]. Note that when point cloud data of pavement sur-
faces are defined as function of length, the frequency of
cycle per length is called wave number. However, the
term frequency is used in this chapter unless otherwise
specifically noted.

21 DWT

Any finite- energy analog signal x(t) as a function of
time or distance t can be decomposed in terms of wave-
lets 1 (t) and scaling functions ¢(t) via

[oe]

()= ) cmet—n)

B +§: i d(j,n)Z%lp(th—n)

j=0n=-oco

(1)

The scaling coefficients c(n) and wavelet coeffi-
cients d(j, n) are computed by the following equations

c(n) = f x(©)p(t - n)dt @)
d(j,n) = 2//? fwx(t)l,b(th —n)dt 3)

Where j and n denote the scale factor and the shift
parameter corresponding to the frequency content and
time/distance, respectively. That is, the DWT transforms
an original signal into low-pass “approximation” compo-
nents via the scaling functions and high-pass “detail”
components via the wavelets, which can be seen in the
first and second term, respectively, on the right-hand side
of Equation (1). With this representation, the DWT al-
lows multiresolution analysis using a fast pyramid algo-
rithm.

However, the DWT lacks the property of shift invar-
iance. As a result, the energy of the wavelet coefficient
changes significantly against a small time/distance shift
in the phase of an input signal [16]. For instance, Figure
1(a) shows step functions which had offsets longitudi-
nally at an interval of 2 m. The steps can be decomposed
into level 2 as shown in Figure 1(b) on the basis of 7th
order Symlet wavelet [19]. As can be seen in the figure,
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Figure 1. Wavelet Analysis Results for Step
Functions with Longitudinal Offset

the oscillations of steps clearly depend on the location.

22 DTCWT

The signal processing with DTCWT follows that with
the DWT shown in Equation (1)-(3). However, the
DTCWT involves the concept of complex numbers for
the scaling and wavelet functions as same as the Fourier
transform [17]. That is, the DTCWT employs complex
valued wavelets 1.(t) and scaling functions ¢, (t)
shown in Equation (4) and (5), respectively.

Y. @) = Py ) + i )
@ (t) = @ (8) +ig;(t)

4)
©)

Where i denotes the imaginary unit. In Equation (4),
Y. (t) and ;(t) are the real part and the imaginary part
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Figure 2. Directional Wavelet Analysis of an Oc-
tagon Image

of the complex wavelet functions, respectively. Here,
Y,(t) and ¥;(t) are Hilbert transform pair to each other
which is supported on only a Nyquist frequency range.
Same is true for the complex scaling functions shown in
Equation (5). The complex wavelet coefficient and the
magnitude can be computed by Equation (6) and (7), re-
spectively.

d.(G,n) =d.(,n) +id;(j,n) (6)
ldc G, )| = V[d: G, ]2 + [d; (G, n)]? (7

In practice, the DTCWT can be simply implemented
with two real DWTs: the first DWT gives the real part of
the transform while the second DWT gives the imaginary
part [17]. Figure 1(c) indicates the result of level 2
DTCWT with a filter bank based on 9/7 biorthogonal
wavelet [20] applied to Figure 1(a). As shown in the fig-
ure, the effect of shift variance obviously decreased in
comparison with the result of DWT shown in Figure 1(b).

2.3  Directional Analysis

When the transform is expanded in multi-dimensions,
the DTCWT performs directional decomposition toward
the angles of +15°, +45°, and +75°. This ability allows
analyzing and processing oriented singularities such as
edges, joints and unevenness in 3D pavement surfaces
[17]. Although the DWT is possible to directional de-
composition toward the horizontal (4 0°), diagonal
(£45°), and vertical (+90°) directions, it brings the alias-
ing for the diagonal orientations.

Figure 2 illustrates the level 3 decomposition of an
octagon image by the DWT and DTCWT. As shown in
the figures, the DWT produces a checkerboard artifact on
the diagonal orientation whereas the result obtained with
DTCWT is free of it. The directional decomposition re-
sult of DTCWT can be reconstructed for any combina-
tions of orientations. The applicability of this perfor-
mance to a 3D measured pavement surface is described
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Figure 4. TLS (RIEGL VZ-400i)
in the rest of this paper.

3 Verification Field Experiment

A field experiment was conducted to verify the diag-
nostic performance of DTCWT applied to the pavement
surfaces. The target surface was paved with precast con-
crete blocks as shown in Figure 3. The point clouds were
acquired with a TLS (RIEGL VZ-400i) shown in Figure
4,

3.1 Pre-processing of Point Clouds

As a pre-processing, measured data are rotated to
obey the mathematical coordinate system for exploiting
the directional performance of DTCWT. Then, since the
density of point clouds depends on the distance from the
TLS to the target object, intervals between each point are
resampled to be a constant value according to the purpose
of analysis. In this study, a constant interval of 1 mm is
set in respect to the interaction between surface proper-
ties and micromobilities [21]. Figure 5(a) shows the con-
tour map of measured point clouds after the pre-pro-
cessing. At a glance, only a slope from the top left to bot-
tom right can be observed in the figure whereas no diag-
nostic findings in terms of pavement surface characteris-
tics are recognized.



40th International Symposium on Automation and Robotics in Construction (ISARC 2023)

500 1 2 1 2
Eos B Zos = Eos g
3 wE T O£ B M E
g w8 008 2 805 = 2
§ g § 04 28 & 04 ?3
= 480 3 ot ] = O &
475 0.2 4 0.2 -4
= + ” 470
2.6 28 3 3.2 34 36 26 28 3 3.2 34 3.6 2.6 28 3 32 34 36
Long. Dist. (m) Long. Dist. (m) Long. Dist. (m)
(a) Original Data (b) Level 2 (wavelength of 4~8 mm) (c) Level 3 (wavelength of 8~16 mm)
- 1
Ty {EX] T . g
1 e [‘ I
i 05 1 e - - 05
: —— A — _
£ OE Eo08 H Eosfp. : . £
p £ = o £ < ks 'prcy £
=} 18 506 s S 0.6 imm—— - e o 5
5 2 ° = & - = . " L4 K]
2 g 5 05 § g 1 e
g ks S04 K] S 04 -3 $ S die 2
< o w 2 - h =
P e eew P e o—— 05
0.2 1 0.2 T . -
J .
St : NS 3 : s v l
2.6 2.8 3 3.2 34 36 26 2.8 3 3.2 34 36 26 28 3 3.2 3.4 36
Long. Dist. (m) Long. Dist. (m) Long. Dist. (m)
(d) Level 4 (wavelength of 16~32 mm) (e) Level 5 (wavelength of 32~64 mm) (f) Level 6 (wavelength of 64~128 mm)
0.6 1
1 W I < 04 1 - 0
- - 05
- -« - - - - -
Eos & e ~ 2%  gos -.. :  gos % 2
£ osj wr—— ."-‘ 05 Eos NS © 5 &os g
é - 4 028 g * g 4 0o %
5 o4 = S 4 “ 3 5 04 3 5 &
2 = £ = 2 &
- - 04 ‘ 05
" . @ ' 0 a® o 02 s
.6 - - o
i N j
26 2.8 3 3.2 34 3.6 2.6 28 3 3.2 34 26 2.8 3 3.2 3.4 3.6
Long. Dist. {m) Long. Dist. (m) Long. Dist. (m)

(g) Level 7 (wavelength of 128~256 mm)

Figure 5. Multiresolution Analysis of Block Pavement

3.2 Result of Multiresolution Analysis

The DTCWT performs a multiresolution analysis by
decomposing an original signal into low-pass approxima-
tion and high-pass detail components The approximation
component is further decomposed repeatedly with the
same manner. This technique contributes to the diagnosis
of pavement surface characteristics in terms of the sim-
ultaneous identification of wavelengths and locations.

Figure 5 indicates the result of omnidirectional mul-
tiresolution analysis from level 2 to 9 without the direct
current component for the measured pavement surface.
Here, the result of level 1 is excluded because no mean-
ingful information is detected. As shown in the figure, the
result provides diagnostic viewpoints based on the de-
composition levels as follows:

e  Level 4 component depicts the edge deterioration of
precast concrete blocks,

e Level 5 to 6 components emphasize the localized
joint faults, and

e Level 7 to 9 components illustrate the unevenness
of the surface due mainly to the irregularity of base
course.

When a practical application that identifies blocks de-
viated vertically is considered, level 4 highlighting edge
locations and level 7 to 9 associated with unevenness can
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Figure 6. Reconstruction of Specific Levels As-
sociated with Edge and Unevenness Components

be integrated by the reconstruction of wavelets as shown
in Figure 6. As shown in the figure, the severe vertical
displacement of a block located at the first row of the sec-
ond column from the top left can be identified. This result
demonstrates that the DTCWT achieves the effective vis-
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Figure 7. Result of Directional Multiresolution
Analysis

ualization and evaluation of pavement distress and defor-
mation considering wavelengths and locations.

3.3 Directional Multiresolution Analysis

A distinctive ability of DTCWT realizes a directional
multiresolution analysis of 3D point clouds It allows the
recognition of orientation and spread of pavement dis-
tress and deformation. Figure 7 shows the result of direc-
tional multiresolution analysis for the target pavement.
Here the longitudinal direction is defined with a combi-
nation of the orientations at +75° whereas the transverse
direction consists of a combination between the orienta-
tion at +£15° and +45°.

According to Figure 7, the deviation of the block
identified in the previous section mostly occurs at the
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Figure 8. Reconstruction of Specific Levels As-
sociated with Edge and Unevenness Components

longitudinal direction. This fact corresponds visually to
the actual situation of the site. Thus, the longitudinal cor-
rection of the base course needs to be planed as a possible
rehabilitation activity of the pavement.

3.4 Comparison with Conventional DWT

As theoretically described above, the DTCWT over-
comes the shortcomings of conventional DWT in terms
of the shift variant properties. This section performs the
DWT for the same measured pavement surface. Figure 8
shows the reconstruction result based on the DWT in the
same manner of Figure 6. As shown in Figure 8, trivial
differences with Figure 6 are observed at first glance.
Here, note that the result of DWT is shift variant and suf-
fers from aliasing effects in diagonal orientation compo-
nents. Figure 9 and Figure 10 show the oriented DWT
and DTCWT, respectively. As shown in the figures,
checkerboard artifacts due to aliasing effects can be ap-
parently seen in the diagonal components of DWT unlike
the result of DTCWT. The artifact leads to misinterpreta-
tion on the inspection result of pavement surfaces. Con-
sequently, the capability of the directional multiresolu-
tion analysis with the DTCWT contributes to providing
the evidence for the reasonable decision on pavement
maintenance and rehabilitation activities.

4 Discussion and Conclusions

The pavement engineering fields nowadays widely
attempts to apply 3D measurement technologies against
the demand for improving construction quality as well as
the productivity. However, the effective use of 3D data is
still challenging due to the requirement of distinctive
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Figure 9. An Example of Oriented DWT

analysis techniques apart from conventional 2D-based
methods. In the light of this background, this study has
introduced a novel approach applying the DTC WT to 3D
measured pavement surfaces. The DTCWT overcomes
the shortcomings of conventional DWT by introducing
the imaginary part in wavelet and scaling functions. The
performance of DTCWT allows the effective filtering to
identify pavement distress and deformation based on the
directional multiresolution analysis. This study has vali-
dated the capability of the DTCWT in pavement surface
analysis.

In this study, a field experiment which was subject to
the pavement with precast concrete blocks was con-
ducted to prove the capability of DTCWT. Although the
measured original data provided no diagnostic findings
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Figure 10. An Example of Oriented DTCWT

in terms of the pavement surface characteristics, the mul-
tiresolution analysis based on the DTCWT emphasized
the specific wavelengths and locations related to the edge,
joint, and unevenness. Consequently, the performance of
DTCWT has been demonstrated for the effective visual-
ization and evaluation of pavement distress and defor-
mation.

This study also described the directional multiresolu-
tion analysis of 3D point clouds as a unique ability of
DTCWT. As a result, the DTCWT was able to identify
the orientation and spread of distress and deformation in
the measured pavement. The advantage of DTCWT over
DWT in terms of the oriented transform was validated as
well. Finally, this study concluded that the directional
multiresolution analysis with the DTCWT provides the
evidence for the reasonable decision on pavement
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maintenance and rehabilitation activities.

According to the findings acquired with this study,
the performance of DTCWT has been proved for the
analysis of 3D point clouds effectively and reasonably in
terms of the data filtering.
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