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Abstract

Error minimizing methods for discrete wavelet filtering of ultrasonic meter signals are considered. For this purpose,
special model signals containing various measuring pulses are generated. The psi function of the Daubechies 28 wavelet is
used to generate the pulses. Noise is added to the generated pulses. A comparative analysis of the two filtering algorithms
is performed. The first algorithm is to limit the amount of detail of the wavelet decomposition coefficients in relation to
signal interference. The minimum value of the root mean square error of wavelet decomposition signal deviation which is
restored at each level from the initial signal without noise is determined. The second algorithm uses a separate threshold for
each level of wavelet decomposition to limit the magnitude of the detail coefficients that are proportional to the standard
deviation. Like in the first algorithm, the task is to determine the level of wavelet decomposition at which the minimum
standard error is achieved. A feature of both algorithms is an expanded base of discrete wavelets — families of Biorthogonal,
Coiflet, Daubechies, Discrete Meyer, Haar, Reverse Biorthogonal, Symlets (106 in total) and threshold functions garotte,
garrote, greater, hard, less, soft (6 in total). The model function uses random variables in both algorithms, so the averaging
base is used to obtain stable results. Given features of algorithm construction allowed to reveal efficiency of ultrasonic signal
filtering on the first algorithm presented in the form of oscilloscopic images. The use of a separate threshold for limiting
the number of detail coefficients for each level of discrete wavelet decomposition using the given wavelet base and threshold

functions has reduced the filtering error.
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Introduction

Ultrasonic methods are widely wused for
measurements, testing and diagnostics [1] in various
fields of industry. Recently, a number of new testing
methods have appeared, which have significant
economic advantages [2, 3] in comparison with
traditional ultrasonic methods, for example, the
possibility of contactless measurements and testing [1,
3, 4]. However, they usually have a lower sensitivity
[1]. This issue requires the use of modern methods for
processing the received information [5, 6]. One of the
effective methods of dealing with noise is the method
of discrete wavelet filtering [7—10].

A significant advantage of discrete wavelet filtering
methods is its adaptive properties to the information
component for the signal of an ultrasonic measuring
device, which retains the noise component, which
may exceed the informative component. The noise
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component contains external noise, instrument
interference, transducer interference and false signals.
False signal pulses differ in spectrum and therefore
create detail ratios that are limited by wavelet filtering.

In addition, a double frequency reduction at
each level of signal wavelet decomposition provides
a digital conversion of the analog signal according to
the Nyquist criterion. That is, the sampling period
should be half the period of the measuring signal.

Discrete wavelet transform of reflected signals,
for example, from a defect, is dual, i.e. holds two
components: high-frequency, which is responsible
for the noise effect and is determined by the detail
coefficients, and low-frequency, which is responsible
for the signal information component and is determined
by the approximation coefficients.

A number of publications are devoted to the use
of discrete wavelet filtering in design of automated
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ultrasonic meters and flaw detectors [7—10]. But all
of them are based on a limited number of investigated
wavelet functions, usually Daubechies, Symlet up to the
8™ order and Coiflet up to the 5" order, as well as the
hard and soft threshold functions. There is no unified
approach to choosing the value of the very threshold
for zeroing the wavelet detail coefficients. Comparison
of filtering efficiency with a common threshold for all
levels of wavelet decomposition and universal threshold
for each level of wavelet decomposition has not been
performed.

A significant contribution to the theory of discrete
wavelet filtering was made by prof. Voskoboinikov Yu.Ye.
with colleagues. In one of their recent articles, they
considered the issues of wavelet filtering for noises of
various statistical nature [11].

Considering the issue of creating an algorithm
for minimizing wavelet filtering errors, especially for
1D signals, has not been fully resolved, it is advisable
to increase the base of computational experiments by
introducing additional wavelet and threshold functions
using the PyWavelets library, which is highly specialized
for DWT analysis [12]. The library is distributed under
a free license from MIT with an expanded base of
discrete wavelet and threshold functions, which made
it possible to perform a full-fledged computational
experiment.

Brief theoretical information about wavelet filtering
methods with general and universal thresholds

The discrete wavelet transform of a “pure” sample
of a local measuring signal is determined by the
relation [13]:
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and detail of a non-noisy signal, respectively;
Q. 5,50, () — maternal and paternal wavelets,
respectively; j,,j,k — the initial and current levels
of the wavelet decomposition and the serial number
of the wavelet coefficient; f(r) — wavelet transform of
a “pure” sample of a local measuring signal.

Discrete wavelet transform of a noisy signal is
determined from the relation [13]:
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where: F(A;) — threshold function, which is selected
from the list garotte, garrote, greater, hard, less, soft,
according to the condition of the minimum filtering
error; }»/. — threshold at the j-th level of decomposition.
The universal threshold }\j is determined from the
ratio [13]:
median(|d, ; |)

0,6742 | (4)
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where: 7»;’.”"” — universal threshold; Nj — the number of
detail coefficients dj, , at the j-th level of decomposition;
median| dl,k |) — the median of the array |d11k| of detail
coefficients at the first level.

We use the well-known ratio for the RMS filtering
error in the time domain for “clean” f(¢) and filtered

f(t) signals: - .
E=y 2l /@)= 5)

where - countdown.

Using the db28 “parent” wavelet function to simulate
a model signal

To study the method of wavelet filtering of signals
from ultrasonic flaw detectors, we will numerically
simulate special functions by sweep type on oscilloscope
(Fig. 1). Let us consider a simple example of a sweep
containing pulses: probing, reflected from a defect, and
bottom with additive noise overlay (Fig. 2), containing
a mixture with a normal and logistic distribution of
random numbers.

Using the numerical method, it is possible to set
time intervals, signal attenuation in the material of the
controlled sample, taking into account the nature of
the defect and the type of ultrasonic wave. The article
provides a simple example for demonstration.

Implementation of two discrete wavelet filtering algo-
rithms

For each complete cycle of a noisy signal
decomposition (Fig. 2) transformed according to
relation (2) to the maximum level, we choose a wavelet
of Biorthogonal, Coiflet, Daubechies, Discrete Meyer,
Haar, Reverse Biorthogonal, Symlets families, and
threshold functions from the list of garotte, garrote,
greater, hard, less, soft. With 106 wavelets and 6 thre-
shold functions, we get 636 options. Considering the
average number of levels of wavelet decomposition is
5, we have 3183 options for choosing the parameters.
Since the noise is a random variable, it is necessary to
average at least ten results, and finally we are provided
with 31830 variants. Mixed random noise with normal
and logistic distributions in equal proportions is to be
used. The effect of noise on the filtering error for
two values of the noise standard deviation (0.1; 0.2),
comparing the results of the two algorithms, is to be
investigated. According to the first algorithm proposed
by the authors, marked (R), the number of detail
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Fig. 1. Simulation of signal reflected from the defect by the db28
“parent” wavelet
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Fig. 3. R-filtered model signal for noise (sigma = 0.1)
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Fig. 5. R-filtered model signal for noise (sigma = 0.2)

coefficients for all levels of DWT decomposition is
reduced with the same threshold value, which is selected
from the conditions for minimizing the filtering error.
According to the second algorithm marked (UNIVER),
which is the most used in practice, the threshold at
each level of decomposition is calculated by relation (4)
and decreases with each level of DWT decomposition.
At each stage of the DWT decomposition, we need to
determine the error according to (5) and compare the
filtering results numerically considering the error and
visually — using time base models (Fig. 3—6).

Data obtained from a numerical experiment:

averaging base — 10; root-mean-square deviation of
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Fig. 2. Model function of the digitized sweep of the measurement
pulses: a — relative amplitude; n — number of samples during
digitizing; 1 — probing pulse; 2 — impulse reflected from the defect;
3 — additive noise; 4 — bottom impulse
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Fig. 4. UNIVER filtered model signal for noise (sigma = 0.1)
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Fig. 6. UNIVER-filtered model signal for noise (sigma = 0.2)

noise 0.1; the average error of the R algorithm is
-0.009% at the first level of the DWT decomposition;
wavelet — db35; threshold function — garotte; the
minimum error of 10 averaging is 0.009%; the general
threshold is 0.8 for the garotte function.

Data obtained from a numerical experiment:
averaging base — 10; root-mean-square deviation of
noise 0.1; the average error of the UNIVER algorithm
is -0.001% at the seventh level of DWT-decomposition;
wavelet — bior2.6; threshold function — garotte; the
minimum error of 10 averaging is close to zero; the
threshold at the seventh level is 0.03 for the garotte
function.
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10 +

Fig. 7. Dependence of the logarithm of the sum of squares of the detail coefficients on the level j of the wavelet decomposition:

2
y — logarithms of the sum of squared detail ratios logZ(djy,{) ; x—level jDWT; 1 — for a signal filtered by the R algorithm; 2 — for a signal

kez

filtered by the UNIVER algorithm; 3 — for a non-noisy signal; 4 — for a noisy signal

Data obtained from a numerical experiment:
averaging base — 10; root-mean-square deviation of
noise 0.2; the average error of the R algorithm is
-0.019% at the second level of the DWT decomposition;
wavelet — coifl7; threshold function — garotte; the
minimum error of 10 averaging is 0.019%; the general
threshold is 0.8 for the garotte function. Data obtained
from a numerical experiment: averaging base — 10;
root-mean-square deviation of noise 0.2; the average
error of the UNIVER algorithm is 0.002% at the
seventh level of DWT decomposition; wavelet —
bior2.6; threshold function — garotte; the minimum
error of 10 averaging is 0.002%; the threshold at the
seventh level is 0.06 for the garotte function.

Analyzing the results of calculations and Fig. 4—6,
we can conclude that the UNIVER algorithm at the
seventh level using the bior2.6 wavelet and the garotte
threshold function provides an error by an order of
magnitude less than the R algorithm using the coifl7
wavelet and the garotte threshold function with
a common threshold of 0.8.

Level distribution of the discrete wavelet decomposition
of the sum of squares of the determination coefficients
for the R and UNIVER algorithms

For each level of the wavelet decomposition, we
use the relation for the sum of the squares of the detail
coefficients d/ , at the decomposition level j;

2
s,=y.(d,)- (6)
keZ

Using (6) and relations (1), (2), (3), (4), we
construct a graph in a logarithmic scale for the levels
of DWT decomposition for a pure signal, a signal with
noise and signals filtered by two algorithms UNIVER
and R (Fig.7).

Analysis of the graph shows that the closest to the
non-noisy signal 3 is the distribution 2 of the filtered
signal according to the UNIVER algorithm. However,
the signal compression according to the R algorithm
at all decomposition levels is higher in the R algo-
rithm.

Conclusions

A comparative analysis of the methods of
discrete wavelet filtering of the generated oscil-
lographic signal of ultrasonic flaw detection has
been carried out. The high efficiency of the method
has been determined with a separate threshold for
each level of decomposition using the computational
experiment method. A high-frequency wavelet of
the Biorthogonal family and a garotte threshold
function with nonlinearity in the restricted zones
have been determined have been determined for
the first time ever using the following specified
method.
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AHoTaris

Posrisinyro Metonu MiHimizallii moXubOK NUCKPETHOI BeWBIIET-(ibTpallii CUTHAJIIB YJIbTPa3ByKOBUX BUMiptoBauiB. Jlis
LILOTO T€HEPYIOThCSl CMeliaibHi MOJEAbHI CUTHAIM, 10 MICTATh Pi3Hi BUMIipIOBajIbHI iMIyJabcH. g reHepauii iMImyabCiB
Oys0 BukopuctaHo ¢yHKIo psi BeiiBaeta Daubechies 28. [lo 3reHepoBaHMX iMITyJIbCiB mopaloThbest 3aBaau. IlpoBeneHo
MOPIBHSJILHUIA aHaJli3 ABOX aJiropuTMiB (inbTpaiii. [lepimnii noisirae B oOMeXeHHI BeJIMYMHUM AeTanizaiii KoedillieHTiB
BEIBJIET-pO3KIIalaHHS Ha Mepelmkoau curHaiy. [Ipu 1boMy BHU3Hayaliocs MiHiMaJibHE 3HAYEHHSI CepeIHbOKBAAPATUYHOL
MOXMOKU BiIXWIEHHS BEeMBJIET-PO3KJIAaJaHHs CUTHAJy, BiJHOBJIEHOIO Ha KOXHOMY PiBHi, Bi MOYaTKOBOIO CUTHaiy Oe3
mymy. JApyruit airoOpuT™M BUKOPUCTOBYE OKPEMUI IUTsl KOXKHOTO PiBHSI BEUBIIET-PO3KIaJaHHS TOPIT 0OMEXEHHST BEIMUMHI
JeTali3yrouux KoedillieHTiB, sIKi MPOMOPLiliHi cepeTHbOKBAAPATUYHOMY BiIXWUJIEHHIO. fIK i B MepIIoMy alropuTMi, 3aBIaHHS
TOJISITAE Y BU3HAUEHHI PiBHSI BEHBJIET-PO3KIIANAHHS, TIPU SKOMY MOCITAETHCS MiHIMaJbHA CepeIHbOKBAIpPATUIHA TTOXMOKA.
Oco06MBICTIO 000X aIrOPUTMIB € po3lIMpeHa 0a3a JUCKPETHUX BeiBieTiB — 1e cimeiictBa Biorthogonal, Coiflet, Daubechies,
Discrete Meyer, Haar, Reverse Biorthogonal, Symlets (Bcworo 106) i moporoBux ¢yHKIIiii garotte, garrote, greater, hard, less,
soft (Bcroro 6). Y MomesbHilil (hyHKIIi BUKOPHUCTOBYIOTHCS BUMAIKOBI BEJIMYMHM B 000X aJlrOpUTMax, TOMY JUIsl OTPUMAaHHS
CTabIIbHUX PE3yJIbTaTiB 3aCTOCOBAHO 0a3y ycepenHeHHs. HaBeneHi 0coOJMBOCTI MTOOYA0BU aJrOPpUTMIB J03BOJUIN BUSIBUTU
edekTUBHICTh (GiNbTpallil YAbTPa3BYKOBUX CUTHAJIB IO MEPIIOMY aJrOpUTMY, MONAHUX Y BUIJISAAI ocuujorpadiyHux
300paXkeHb. 3aCTOCYBaHHS OKPEMOTO Iopora 0OMeXeHHs yrcia KoedillieHTiB aeTaizaliii 11 KOXXHOTO PiBHS TUCKPETHOTO
BEIBJIET-PO3KIIaZIaHHS 13 3aCTOCYBAaHHSIM HaBeleHOi 0a3u BEWBJIET i MOPOroBuX (yHKIIiN 3HU3WIO MOXUOKY (inbTparltii.

Kiouosi ciioBa: yabTpa3ByKOBi BUMipIOBaHHSI; KOHTPOJIb; 1e(EeKTOCKOITisl; YIbTPa3ByKOBUI iMITyJIbC; 3aBaau; TUCKPETHA
BelBIIeT-(DiNbTpallisi; BelBIeT-pO3KIagaHHs; roporoBa (yHKIIis; KoedillieHTH aeTtanizaiii; nmoxuoka ¢iabTpalii.

MunuMu3anys MOrpelHOCTed JUCKPETHON BEHMBJIET-
(uabTpaMM CHUrHAJIOB IPH YJbTPA3BYKOBBIX M3MEPEHHUSIX
U KOHTPOJIE
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AHHOTAIMSA

MUHUMM3UPOBAHBI TMOTPEITHOCTH IUCKPETHOW BelBIIeT-(DUIbTpAllMK YIbTPa3BYKOBBIX CHUTHaAIOB. /[l 3TOTrO
TeHEePUPYIOTCSI KOMIUIEKCHBIE UMITYJIbCHI. JIJIs1 reHepaliu MMITYJIbCOB OblIa UCTOIb30BaHa (hyHKIIMS psi BeiiBieta Daubechies 28.
K wummynbcam nobGasasiercst mym. [IpoBeneH CpaBHUTENbHBIN aHAJIM3 NIBYX alropuTMoB ¢uiabTpauu. [lepBwlii cocTouT
B OTPaHUYCHUY BEJIMUMHBI JeTAM3UPYIONINX KO3(DGHUIIMEHTOB BEHBIIET-Pa3I0oKeHUS 3allyMJICHHOTO CUTHAJIA Ha BCEX YPOBHSIX
pasyioxeHusi. BTopoii airoput™ MCIHoab3yeT OTACIbHBIN ISl KaXIOTO YPOBHSI BEBICT-Pa3ioKEHMSI MOPOT OTpaHUYEHMS
BEJIMYUHBI JIeTATU3NpyoImMMnX KoddduimeHToB. PerieHa 3amava 1o orpenesieHUI0 YPOBHSI BEWBIIET-pas3sioXeHUsI, TPU
KOTOPOM JOCTUTaeTCsl MUHMMAaJIbHasI CpelHeKBaapaTUUHasl MOrpelrHocThb. Mcronb3oBaHa paciivpeHHasi 6aza TUCKPETHBIX
BeiiBIeTOB — 3TO ceMeiicTBa Biorthogonal, Coiflet, Daubechies, Discrete Meyer, Haar, Reverse Biorthogonal, Symlets
U MOpOroBbIX (DYHKIMI garotte, garrote, greater, hard, less, soft. B pe3yabTaTe cHUXXEHA MOTPELIHOCTh BEMBIET-(UIBTPALIMU.
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KimoueBsbie ci0Ba: yIbTpa3ByKOBbIE U3MEPEHUSI; YIbTPA3BYKOBOW UMITYJIbC; TTOMEXH; TUCKPETHAsI BeWBIET-DUIbTpaIs;
BEUBJIET-pa3IOKeHKE; TTOporoBast (hYHKIIMS; KOIGhMUIIMEHTH TeTalu3aliu; MOrPEITHOCTh (UIBTPALINY.
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