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Abstract

In this study de-noising results of the ultrasonic echo-signals using the discrete wavelet transform with level-dependent
thresholds is presented. The proposed technique has been applied for simulated and measured ultrasonic signals, obtained from
austenitic steel sample and glass fiber reinforced plastic composite pipe. It was obtained, that “Symlet-10 mother wavelet using
“Minimax” threshold selection rule provides significant improvement for ultrasonic grain noise reduction in the case of detection
of intergranular stress corrosion cracks in austenitic steel samples (in the case of numerical simulation). However, the detection of
the defects in composite plastic pipe using the proposed technique for de-noising experimentally obtained signals is enough
complicated. The signals reflected by regular discontinuities, like interfaces between adjacent layers of the multilayered structure
covers the useful signals from the internal defects (like side drilled holes (SDH)). In order solve these problems, the different type
of signal processing technique should be used, for example like the proposed by authors in [17].
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Introduction

Imaging of the internal defects in various constructions
is widely used in many applications of non-destructive
testing (NDT) with ultrasound. This imaging can be often
complicated by the presence of a noise during testing.
Electrical, pulse, ringing and structure noises are the most
commonly encountered noises, which reduces the signal-
to-noise ratio (SNR). Some of the noise sources can be
reduced by time or spatial averaging methods [1]. Presence
of the additive structural noise from grain boundaries and
other microstructures limit detection of small cracks, flaws
or other defects. If these additive noises are described as a
zero-mean Gaussian white noise, than for de-noising of the
signal various signal-processing methods is proposed (split
spectrum processing, adaptive time-frequency
decomposition, Wigner-Ville distribution, wavelet, Hilbert-
Huang transforms and other). Many of them process the
signals in the time and the frequency domains
simultaneously.

If the structural noise due to scattering by the small
reflectors is time invariant and slightly correlated with a
signal, that this type of noise possess a frequency band very
similar to that of the echoes issuing from the defects being
detected. Therefore, classical methods do not reduce this
type of noise essentially. Therefore, specific de-noising
methods have been proposed for processing of these
signals, which are based on either spatial or frequency
diversity.

The most popular signal processing technique is the
Discrete Wavelet Transform (DWT) [2-5]. The wavelet
transform decompose the original signal by computing its
correlation with a short-duration wave called the mother
wavelet, which is flexible in both time and frequency
domains. Wavelet de-noising methods usually employ a
thresholding operation and/or pruning of the wavelet
coefficients in the transformed domain. The efficiency of a
structural noise reduction has been evaluated by
enhancement of the signal-to-noise ratio.
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This paper demonstrates the de-noising capabilities of
the DWT using level-dependent thresholds. The proposed
method has been employed to several experimental pulse-
echo ultrasonic signals, obtained from glass fiber
reinforced plastic composite pipe and for simulated
reflections from the austenitic steels sample also.

Reduction of the structural noise by wavelet
transform

The DWT may be intuitively considered as a
decomposition of a original signal s(n) following
hierarchical steps (levels) of different resolution. At the
each step the signal is decomposed into low and high
frequency coefficients [6]:

Ajs1 (k)= hn=2k)2; (n), )
V1) =Y g(n=2k)2;(n), 2

where j indexes the scale or the resolution of the analysis; &
indexes the spatial location of the reflection being
analyzed; /i(n) and g(n) are the impulse response of a low
and high-pass filter respectively. The ultrasonic signal has
been decomposed into separate frequency bands (scales).
Thus the original signal can be represented as the finite
summation of the coefficients calculated of the shifted and
dilated mother wavelet:

J
s(n) = z Z ViV jx(m)+ zﬂJ,ka,k(n), 3)
Jj=l k k
where J is the maximal decomposition level, ¢p(n) is the
low-pass scaling function, w(n) is the band-pass wavelet
function.

De-noising of the ultrasonic signals by the wavelet
transform is motivated by the different ways in which the
wavelet coefficients are calculated according to the
appropriate threshold or extraction procedures. The signal



having a lower noise level can be reconstructed by
selecting the large coefficients which essentially contain
the signal information and rejecting the small coefficients,
which are dominated by noise. This process can be carried
out by hard or soft thresholding rules [7].

Various authors operate with different wavelet signal
de-noising methods and DWT is being used across a
variety of fields showing its universality. Legendre ef a/ [8]
proposed a wavelet-based method to perform the analysis
of NDE ultrasonic signals received during the inspection of
reinforced composite materials. They proposed a selection
process of the wavelet coefficients, followed by an
interpretation procedure based on a windowing process in
the time-frequency domains. Yan ef al [9] studied damage
detection of local and tiny delamination in a laminated
composite plate using the piezoelectric patches embedded
in a composite plate and the energy distribution of
structural dynamic responses has been decomposed in
various frequency bands by wavelet packet analysis.
Oruklu et al/ [10] analyzed signal decomposition properties
of the discrete wavelet transform for enhanced ultrasonic
flaw detection. They have presented the performance
analysis of different wavelet kernels with respect to
ultrasonic NDE applications and the wavelet selection
criteria for optimal flaw detection have been developed.
Fan er al [11] applied stationary wavelet transform with
kurtosis and universal de-noising to analyze ultrasonic
signals in an attempt to identify the weak signals obtained
during testing of metallic materials.

For more general situations, Johnstone et al [12]
introduced the idea of level-dependent thresholds, which
are more adaptive to noise and signal characteristics.

In the case of the noise coefficients correlations,
thresholds have been estimated for each decomposition
level from the computed wavelet coefficients by different
threshold selection rules, like Universal, Minimax and
SURE [13].

The approach for de-noising of the ultrasonic signals
covered by a grain noise is also presented in this work.

Simulation and experimental study

Synthetic ultrasonic grain noise signals have been used
for the evaluation of wavelet de-noising procedures. These
signals have been simulated according to the NDT
simulation algorithm presented in [14]. In this algorithm
the numerical simulation of the inspection of an austenitic
steel structure with an intergranular stress corrosion crack
has been performed. The algorithm is based on an extended
diffraction model of the ultrasonic transducer. To simulate
a vertically oriented intergranular stress corrosion crack, a
fractal theory has been applied [15]. The wedge-type shear
wave transducer with a radius 4 mm and frequency 4MHz
has been used for the simulation. During simulation the
sampling frequency has been assumed to be 50 MHz and
the ultrasound velocity of the shear waves to be 3120 m/s.
The thickness of the object has been 25 mm and the
scanning length over the object has been 50 mm. The
contact scanning technique has been simulated. The
simulated B-scan image is presented in Fig.1. In this figure
skip reflected (corner effect) and multiple crack edge (tip)
diffraction signals can be seen.
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Fig.1. Simulated B-scan image of the intergranular stress corrosion
crack, which is covered by the background of the structural
noise

The A-scans without and with simulated crack at the
fixed points of the raw B-scan image are presented in Fig.2.
It can be seen from the Fig.2, b, that the simulated crack
has been covered by the structural noise of the granular
structure of the austenitic steel. The signal-to-noise ratio
for a single A-scan signal has been calculated in the
selected time window (a rectangularly shaped) equal to the
position of the reflection from the crack (Fig.2, b) by
expression [16]:
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where N is the total length of the signal s(n) (N=1024), N,
and N, are the time window points around the zone of the
crack (Fig.2,b). The SNR;, of the presented A-scan is 10.35
dB. The proposed NDT simulation algorithm [14] enables
to change artificially the SNR in a wide dynamic range. In
order to improve the SNR of these ultrasonic signals, the
signal processing technique based on the discrete wavelet
transform with level-dependent thresholds has been used.

The signal processing technique, based on the wavelet
transform with level-dependent thresholds, has been
applied for analysis of the experimental signals also. These
signals have been obtained from three-layer plastic pipe
sample with an internal inhomogeneous layer [17]. All
three layers were made of polypropylene, however the
middle layer was with a fiberglass infusion. The wall
thickness of the multi-layered pipe sample was d=10.8 mm.
In the internal fibre-reinforced layer side-drilled holes
(SDH) were machined. The measurements were taken with
ultrasonic imaging system “IZOGRAF”, developed at the
Ultrasound institute of the Kaunas University of
Technology. As an ultrasonic transmitting/receiving
transducer the panametrics transducer V308 (the frequency
5 MHz, the aperture 19 mm) was used.
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Fig.2. The simulated A-scans at the fixed points of the simulated B-

scan image (Fig.1.) without (a) and with presence of the
reflection from the intergranular stress corrosion crack (b)

This transducer is spherical in shape and is focused at the
distance of 48 mm away from the centre of the emitting
surface. The signals have been sampled at 50 MHz and the
total length of the signals as N=512 samples. The pipe
sample was tested along its length. The B-scan image
obtained by scanning of the transducer along the pipe axis
is presented in Fig.3. It is clearly seen, that strong
ultrasonic signals reflected by the front surface exist. In
order to eliminate these signals the rectangularly shaped
window has been used in the time and the spatial domains
for selection of the appropriate reflections (Fig.3).

The measured data show the effect in the echo-signal
of the structural noise related to the inhomogeneous II layer
of the plastic pipe (Fig.4). The 4-scan with artificial defect
(Fig.4, a) shows, that the SNR is low and detection of the
artificial defects is complicated. In A-scan signal without
defects (Fig.4, b) the structural noise of the II layer can be
clearly seen.
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the presence of the artificial defect in an internal layer (a) and

without defects (b)



Results of the signal processing

The performance of the used DWT procedures with
level-dependent thresholds and different threshold selection
rules has been determined using interdependence between
the SNR before (SNR;,) and after (SNR,.) signal
processing. The signal-to-noise ratio for a single A-scan
before (or after) processing has been calculated by Eq.4.

The each analyzed A4-scan has been decomposed into a
sum of elementary contributions called wavelets. Such
wavelets included in the presented study belong to the
following families: Daubechies (Haar, Db2-20), Symlets
(Sym2-20) and Coiflets (Coifl-5). Wavelets coefficients
have been set, which depends on the used mother wavelet.
For each combination of the mother wavelet the soft
thresholding operation with Universal, Minimax and SURE
threshold estimators at each resolution level has been used.
The maximal level J of decomposition (Eq.3) has been
calculated according to the length of the signal in samples
[18]:

J=logyp N-1. (5)

The analysis of the ultrasonic signals de-noising by
application of the level-dependent thresholds wavelet
procedure has been performed according the criterion
max(SNR,,) and the optimal mother wavelet has been
chosen.

The analysis of various mother wavelets indicates, that
the optimal mother wavelet for simulated ultrasonic echo-
signal from an intergranular stress corrosion crack (Fig.2,
b) is “Symlet-10” with Minimax threshold selection rules
(Table 1). The improvement of the SNR with this
procedure is about 13.5 dB (from 10.35 dB up to 23.88
dB).

Table 1. The SNR,,(dB) of the processed ultrasonic signals, which are

reflected from the intergranular stress corrosion crack (SNR;,=10.35
dB)

Mother Universal Minimax SURE
wavelet threshold threshold threshold
Db4 14.84 18.83 16.23
Db5 13.71 19.01 16.26
Dbl10 14.08 17.15 16.46
Db13 7.28 17.81 14.26
Dbl14 12.34 17.02 15.78
Sym6 19.42 20.11 17.49
Sym7 14.35 20.15 16.96
Sym8 18.73 20.89 17.67
Sym9 19.58 20.16 18.29
Syml10 16.97 23.88 18.91
Syml1 17.02 20.67 16.18
Syml13 18.56 22.95 22.81
Sym15 15.29 23.29 18.38
Syml17 19.89 22.16 18.59
Sym20 18.68 21.33 15.60
Coif3 8.99 19.79 15.57
Coif5 11.95 19.66 15.25
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The A-scan and the B-scan images after application of
the de-noising procedure, which has been based on the
threshold dependent “Symlet-10” wavelet, are presented in
Fig.5. The “Minimax” rules have been used for selection of
the appropriate threshold for de-noising of the simulated B-
scan and A-scan images (Fig.1).
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Fig.5. Processed simulated data after the level-dependent threshold
estimation by “Minimax” threshold selection rules of the
“Symlet-10” mother wavelet: a - A-scan, b — B-scan

However, the signal processing of the experimental
pulse-echo ultrasonic reflections from the internal structure
of the multi-layered plastic pipe using the proposed
technique cannot eliminate the influence of the structural
noise significantly (Fig.3). The best result of the SNRy,
which has been obtained using this procedure, was
obtained by “Symlet-20“ mother wavelet with “Minimax”
threshold selection rules (SNR,,—=12.21 dB). This result is
presented in Fig.6. It can be seen, that in the analyzed 4-
scan image the signal reflected by II layer surface exist.
This signal having large amplitude partly covers the useful
informal signal from the SDH and complicates detection of
such defect also. In order to solve this problem, the
improved algorithm has been proposed, which eliminates
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the signals reflected by interfaces of the multilayered pipe
[17]. Therefore, the technique presented in [17] clearly
indicates possibility for reliable detection of the artificial
defects in the presence of a structural noise.
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Fig.6. A-scan image after wavelet processing by level-dependent
thresholds, which indicates presence of the artificial SDH
defect.

Conclusions

In this paper the de-noising study of ultrasonic echo-
signals using the discrete wavelet transform with level-
dependent thresholds is presented. The proposed technique
has been applied for simulated and measured ultrasonic
signals, obtained from the austenitic steel sample and the
carbon fiber reinforced plastic composite pipe. The results
presented here indicate, that the proposed technique is
suitable to detect the intergranular stress corrosion cracks
in austenitic steel. It was obtained, that “Symlet-10” mother
wavelet using “Minimax” threshold selection rules provide
great improvements for ultrasonic grain noise reduction.

However, the detection of the defects in composite
plastic pipe using proposed procedure is complicated. The
signals reflected by regular discontinuities, like interfaces
between the adjacent layers covers the useful signals from
the internal defects (like SDH). The proposed wavelet de-
noising procedure cannot eliminate these reflections from
the interfaces. In order solve these problems, the different
type of signal processing technique should be used, for
example like proposed in [17].
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Struktiiriniy triuk§my maZinimas nevienodu bangeliy
transformacijos koeficienty filtravimu skirtinguose lygiuose

Reziumé

Nagrinéjamos struktiiriniy triuk§my, atsirandan¢iy ultragarsiniu
aidoimpulsiniu metodu tiriant nehomogeninj objekta, mazinimo bangeliy
transformacijos metodu galimybeés. Tirti pasirinkti nertidijancio plieno ir
trijuy sluoksniy polimerinio vamzdzio su tarpiniu, stiklo pluostu sutvirtintu,
sluoksniu bandiniai. Bangeliy transformacijos skaitmeniniu signaly
apdorojimo metodu apdoroti, pagal skaitmenini modeli sukurti ir
eksperimentiskai imatuoti ultragarsiniy signaly B vaizdai. Siems
vaizdams apdoroti panaudotas nevienodas bangeliy transformacijos
koeficienty filtravimas skirtinguose lygiuose. Nustatyta, kad struktirinius
triuk§mus, nestipriai koreliuotus su nuo dirbtinio defekto atsispindéjusiais
signalais, nertidijan¢iame pliene galima sumazinti panaudojus ,,Symlet-
10* pirming bangelg ir ,,Minimax“ bangeliy transformacijos koeficienty
filtravimo buida. Tadiau nuo polimerinio vamzdzio tarpinio sluoksnio
atsispindéjusiy  ultragarsiniy signaly struktiirinius triukSmus labai
sumazinti minétuoju metodu nepavyko. Nustatyta, kad struktiirinius
triukSmus mazinti trukdo didelés amplitudés ultragarsiniai signalai,
atsispindéje nuo tarpinio sluoksnio pavirsiaus. Siy signaly jtakai mazinti
naudotinas skaitmeninis signaly apdorojimo algoritmas, aprasytas [17].
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