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Abstract

This article proposes using the maximum entropy method (MEM) for processing the ultrasonic echo signals in
order to restore the deflectors images with high signal/noise ratio and small lateral petals of the point scattering
function. When processing the ultrasonic echo signals, it is possible to take into consideration the pulses
propagation paths, together with both their deflections from uneven boundary of inspected object and the
respective wave type transformation. In model experiments the images of deflectors were received in two
registering modes: in the combined mode - by using the conventional single element probe; in double and triple
scan mode - by using the antenna array. The deflection from uneven surface during the echo signals acquisition had
been taken into account in both modes. The restored images had a resolution exceeding the one required by
Rayleigh criterion. MEM allows obtaining the defect images of low-level lateral petals by processing less than
10 % of echo signals full set.

Keywords: automated ultrasonic nondestructive testing, dual scanning, Full Matrix Capture (FMC), triple
scanning, antenna array, maximum entropy method (MEM), SAFT, C-SAFT, Total Focusing Method (TFM),
digital focusing array (DFA)

1. Introduction

Getting the information on the internal structure of industrial facilities is an actual problem belonging to a class of
problems inverse to that one of scattering, which is to determine the quantitative characteristics of unknown flaws
on the basis of observing the scattered irradiating field. The most important problem of nondestructive testing is
the found deflectors classifying and determining their sizes. This information may be used by experts on strength
calculations to assess the operating life of the inspected objects.

In practice, coherent systems of ultrasonic nondestructive testing are being widely used. These systems register the echo
signals by means of several single-plate probes moving over the surface of the inspected object. To restore the flaw
images from the acquired echo signals, the algorithms based on the Born approximated solution of reverse scalar
problem of scattering are normally used. Here are some of them: Synthetic Aperture Focusing Technique (SAFT)
method (Hall, Doctor, Reid, Littlefield, & Gilbert, 1987; Erhard, Lucht, Schulz, Montag, Wiistenberg, & Beine, 2000;
Osetrov, 1991), the method of angular spectrums (Goodman, 1968) and the method of Projection in the Spectral Space
(PSS) (Mayer, Markelein, Langenberg, & Kreutter, 1990; Badalyan & Bazulin, 1988). Practical realization of the last
method is especially effective in 3D-option due to high speed of getting the image. SAFT method provides images of
alike quality. But in this case data processing takes place not in a spectral space with its fast Fourier transformation, but
in time sphere and, therefore, takes more time. However, SAFT method enables to consider the multiple deflections of
ultrasonic pulse from uneven boundary of the inspected object and, in the same time, the effect of wave type
transformation, and thus has a very important advantage over PSS method, especially today that rapid development of
computer engineering allows restoring deflector images with a frequency of more than 10 Hz.

Recently the equipment exploiting the antenna arrays (AA), or matrixes, for emitting and receiving the ultrasound
has become actively used in practice of ultrasonic testing. As a rule these devices operate in the mode of phased
antenna arrays (PA) providing instrumental (hardware) focusing the ultrasound due to multichannel emitting and
receiving the pulses with timed delays. However, PA-flaw detectors have a number of disadvantages (Bazulin,
2013), one of them being the defocusing and the shifting of deflectors glares from their actual locations
proportionally to the distance from the focusing line. The increasing the antenna array or matrix aperture leads, on
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the one hand, to the improving of the image quality in the focusing area, and, on the other hand, to decreasing of
dimensions of this very area. This problem is particularly acute in inspecting the thick-walled objects with help of
32-element PA (Braconnier, Okuda, & Dao, 2009). A technology of dynamic depth focusing (DDF) (Olympus,
2007) was developed in order to partially eliminate such a negative effect.

One of the ways to obtain the deflectors images of higher quality is to initially receive the echo signals by antenna
array operating in the dual scan mode (Bazulin, Golubev, & Kokolev, 2009) in which the echo signals are being
registrated by all pairs of array elements. In the article (Chatillon, Fidahoussen, lakovleva, & Calmon, 2009) such
a mode of echo signals acquisition is called the Full Matrix Capture (FMC). As the dimensions of antenna matrix
elements are commensurable with the wave length, each element forms a field of wide directional diagram
(Danilov, Samokrutov, & Lyutkevich, 2003) that enables acquisition of lots of pulses at longitudinal and
transverse waves running from the deflector either directly or after they have been deflected by the borders of the
inspected object. At the second stage the deflectors images are being restored by combined SAFT (C-SAFT)
(Kovalev, Kozlov, Samokrutov, Shevaldykin, & Yakovlev, 1990) method using the echo signals measured in dual
scan mode. In article (Bazulin, 2011) this method, designated as TS-M-C-SAFT, is generalized for cases of
multiple deflections from uneven boundary of the inspected object; the method also takes into account the
transformation of wave type, it is applicable to the mode of triple scan when antenna array operating in the mode of
dual scan moves along the inspected object. The C-SAFT method is also referred to as Total Focusing Method
(TFM) (Holmes, Drinkwater, & Wilcox, 2005).

The dark side of the simplicity of the algorithms being used is that the quality of flaws images is not always
sufficiently high. They oftenly have many glares formed by re-scattered pulses and by pulses appeared in result of
wave type transformation during the re-scattering on heterogeneities. Besides this, it is not always possible to
make definite conclusion on the deflector’s form, as it is the restored image of only the part of the deflector’s edge
which actually had reflected the pulses received in acquisition area. Therefore, there must, with not claim of
completeness, be mentioned the existing methods of getting scatterers images based on a more precise solution of
the inverse problem of scattering. Here are some of them: the MUItiple SIgnal Classification (MUSIC) (Devaney,
2000), the iterative algorithm for solving the inverse boundary problem of ultrasound scattering on the cavity in an
isotropic solid body (Buro & Prudnikova, 1999), Novikov-Henkin algorithm (Novikov, & Henkin,1987; Novikov,
1986; Burov, Vecherin, Morozov, & Rumyantsev, 2010), methods based on the acquisition of echo signals
appearing due to nonlinear effects of second and third order (Burov, Gurinovitch, Rudenko, & Tagunov, 1994;
Burov & Shmelev, 2009). It is worth mentioning a very promising direction for solving inverse problems, which
becomes in more and more demand as far as the computing power grows. The solution of the inverse coefficient
problem for the scalar wave equation (Goncharsky & Romanov, 2011) is based on the possibility of the direct
calculation of the gradient of the function closure via the solution of the so-called conjugate problem for partial
derivatives equation by using the finite difference method. By turning to the vector version of the wave equation, it
seems possible that all effects of propagation and scattering of sound would be taken into account. The appearance
of run-round impulse, multiple re-scattering and wave type transformation of waves types will give information,
which, at unilateral access, will allow to restore the field of density and elastic coefficients values in the inspected
object, by which it will be possible to determine not only the entire boundary of the deflector, but also the
properties of its material. The algorithms mentioned are quite complex in practical implementation, but, with the
increasing of computing power, they will be actively used in the systems of mass ultrasound expert testing.

There is a number of mathematical methods not associated with solving acoustic inverse problem but enabling to
improve the quality of deflectors images. Thus, to produce images of super resolution (exceeding the Rayleigh
limit), the mathematical algorithms based on the extrapolation of temporal and spatial spectra of signals are used.
For example, there is the iterative Gershberg-Papoulis algorithm (Gershberg, 1974; Lasaygues & Lefebvre, 1998;
Papoulis, & Chamras, 1979; Bazulin, 1991; Pickalov, & Kazantsev, 2008), or algorithm of signal spectrum
extrapolation of echo based on building its AR-model (Marple, 1987; Faur, Morisseau, & Poradis, 1998; Box,
Jenkins, & Reinsel, 1994); Bazulin, 1993). Gershberh-Papoulis algorithm is used for both echo signals spectra
extrapolating, which leads to an increase in the longitudinal image resolution, and for extrapolating the complex
spectrum of the image, which leads to the both longitudinal and transverse resolution enhance. As the use of the
Gershberg-Papoulis (Papoulis, & Chamras, 1979) method assumes the use of image-cutting-off operation at about
30 % of the maximum value, this leads to a loss of information on the small amplitude scatterers. Extrapolation of
echo signal spectrum in course of its the constructing of its AR-model leads to an increasing mainly the
longitudinal, but not transverse resolution of the restored image. In article (Wan, Balasundar, & Mandayam, 2003)
a method for processing the echo signals using wavelet technology to achieve super-resolution is offered. The
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mentioned methods belong to the field of signal and image processing without taking into account specific features
of nondestructive ultrasonic testing.

The maximum entropy method (MEM) is an outstanding one among the methods of solving inverse problems. In
article (Freiden, 1972) the possibility is shown of achieving super-resolution in the images obtaining system using
entropy as a stabilizing factor in the Tikhonov regularization method context (Tikhonov & Arsenin, 1986).
Investigations have confirmed the effectiveness of MEM practical application in restoring images tomography,
radio astronomy(Wernecke, & D'Addario, 1977; Baykova, 2008), nuclear magnetic resonance (NMR) (Hore,
1991), as well as in ultrasonic testing (Battle, 1999; Bazulin, & Bazulin, 2005). In article (Bazulin, 2010) MEM is
used for solving the inverse scattering problem in single-dimensional option selected in order to account for
re-scattering pulses at pointlike discontinuities.

This article explores the possibility of using MEM in ultrasonic nondestructive testing for image reconstructing from the
measured set of deflectors echo signals, considering their deflecting from uneven boundaries of the inspected object. In
this paper, the second section is proposed to use MEM for reconstruction the image reflectors during of ultrasonic
testing. In the third section describes the method of calculation of the ultrasonic field from a pointlike scatterer with
account of multiple reflected pulse from the boundaries of the inspected object. The fourth section presents the results of
the application of MEM to reconstruct the image reflectors and for compression of complex signals.

2. Maximum Entropy Method (MEM)

The solving the inverse scattering problem means finding the &(r) function describing the deflective properties of
inhomogeneity within the S, area, by using both the known ¢(r,,7) field sources located within the S, area
and the scattered field p(r,f) measured over the S, area. This reverse problem is nonlinear one (Gorjunov &
Saskovets, 1989), since, besides the unknown parameters of £(r) inhomogeneity, the unknown total field p(r,?)

in the entire region of interest (ROI) has to be determined. In the practice of ultrasonic testing the Born
approximation is commonly used where the scattered field amplitude is assumed much smaller than that one of the
incident field, i.e. p(r,?) << p,(r,t) , which, from a strictly mathematical point of view, is oftenly not true.

Let the solution of the direct problem, i.e. the calculating the scattered field p(r,.f) by the known ¢(r,,#) and
&(r) functions be formally written down as follows

px.,0)=P(e(r),q(x,1)), (1)

£(r) — the function describing the deflective properties, ¢(r,,¢) — the known field sources, p(r,f) — the
scattered field. As the direct problem is linear or, as in the case of the Born approximation, can be linearized, the
equation (1) can be written in the following matrix form:

p=Ge+n, 2)

where matrix G describes the propagation of ultrasonic waves from their sources belonging to S, area to the
pointlike deflector and then to the S, acquisition area, the vector 7 being the noise of measurements. Since G
matrix is usually poor-conditioned, there are, besides simple matrix inversion, some other solution options. One of
them is finding an € estimate as the solution of unconstrained optimization, a criterion of the quality of the
reconstructed image being the square of discrepancy solution

1 (&)=|Gé~p| = (Gé- pY (Gé-p), 3)
where symbol 7' denotes the transpose operation. Estimate £ can be written as

£ =argmin(y’(£)) . “
é:ERNiAxNi%z

The solution of the inverse problem in the form of (4) is called the method of least squares (Helstrom, 1967). To
solve the problem of finding out the (4) minimum with the maximum speed, it seems better to use the second-order
methods (Letova & Panteleev, 1998). Their application requires a knowledge of the gradient and Hessian of the
formula (3), which is calculated by the following formula

Vi (e)=2G" (Ge-p), (5)
VVii(e)=2G"G. (6)
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In terms of article(Tikhonov & Arsenin, 1986), the solving the degenerated system of linear algebraic equations
(4) with respect to £, provides a minimum ){2 discrepancy and is called pseudosolution. There may be the
infinite number of pseudosolutions, and their parameters such as resolution, speckle noise level and etc. in general
case may appear to be far from ideal. In article (Lingvall, Olofsson, Wennerstrom, & Stepinski, 2004) the LSM
method was applied to restore the images of the scatterers by their echo signals in the numerical experiment, and
that was called Extended Synthetic Aperture Focusing Technique (ESAFT).

The clear regularized solution of equation (4) does exist, the one valid for the case of non-square matrixes being

GT
£= —— D> @)
GG' +yE
where E is the diagonal matrix, }/ is spectral density of the noise energy. This formula is structurally
equivalent to the formula describing Wiener filter (Vasilenko, 1986) in the frequency domain. Using (7) allows to
obtain high-quality images, but in cases of low level of noise. In matrix form the evaluation of function € can be
represented analogously with a correlation formula
£=G"p. @®)
The inverse problem is considered incorrect in the Hadamard sense (Tikhonov & Arsenin, 1986), unless all of the
three conditions are not fulfilled: for any element pe P there is a solution £ € E, the solution is determined
unequivocally and the problem is stable within the spaces (E,P) Unfortunately, the problem (2) is incorrect
(Devaney, 2000). To solve alike problems, Tikhonov (Tikhonov & Arsenin, 1986) has developed a method of
regularization which justifies the replacement of the problem in the form (2) by the optimization problem stable to
small changes in input data p

g, =argmin( (&) + a¥(d)), ©)

R etz

where 7°(€)=|P(&(r),q(x,,H)) - p(x,.0)| is the square of solution discrepancies in the metric defined by the specifics
of the problem, Q (&) is a stabilizing function. The sense of using the stabilizing functions lays in possibility to
consider any a priori information about the solution and thereby to narrow the area of searching for solutions.

The entropy of € function can be used as the stabilizing function Q(£) . Initially statistical physics concept of
entropy, with symbol S especially assigned for it, was introduced in 1865 by R. Clausius to denote a function
describing the state of a thermodynamic system. In 1948, Shannon (Shannon, 1984) used the notion of entropy to
assess the information volume of messages consisting of a finite set of characters of a certain alphabet. The text
message of finite length contains the maximum amount of information, provided any sign of the message is followed
by any alphabet character in arbitrary way and with equal probability. From a combinatorial point of view, such a
message allows to create the maximum number of different character combinations with a limited set of alphabetic
symbols. From the point of view of increasing the images resolution, using the entropy function as regularizing one
allows to transfer the search for solutions on a set of images, in which the count with any value may be with any
count, that is, the limitation on the solution front steepness is removed. Thus, restoring the image by linear method
using the formula (4), the resolution remains practically unchanged, i.e. letter «z» will never be followed by letter
«x», but after regularization the front steepness can rise — this means that next to the letter «x» there may appear any
letter of the alphabet. In case the entropy is applied as a stabilizing function, formula (9) can be rewritten as

£, = arg min (;{f2 (&)-aH (5‘)) .

£&R
where H(€) is the entropy of a set of discrete independent random variables. This is defined for the case of real,

non-negative £, as

"Vi X A”i £
H(gy=~ g lng =—Ne),, (10)
=1
where N, N, is the number of points in the reconstructed image along the axis X and axis z . In practice, the

ixt iz

so-called cross-entropy (Kullback, 19668) is oftenly used
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A ~
. L&

H(&)=— Z gi.ln};;«rv , (11)
i=1 i

where m 1is either an priori model or an estimation of the form of solution & . In the simplest model a constant
ell can be used, where £ is understood as the estimated mean intensity of the image background. In this article
entropy of variable sign € function was calculated by the formula (Maisinger, Hobson, & Lasenby, 2004)

z, =& =4,

NN, . (12)
H (&)=-)] (zi—2/1—€,.1n i2 i].

i=1

For efficient searching for the minimum of multivariable function by the second-order methods, the gradient and
Hessian expressions (12) are to be calculated in the form

OH, (8) —Mln(% +:§f} FH(E 1
g, 2u ;) (3(&)2 5

It is clear from equation (13) that Hessian represents a diagonal matrix. This obstacle can speed up optimization
algorithms execution and, besides this, lower RAM volume requirements.

(13)

The main methodological problem of MEM practical application is the selection of the following algorithm
parameters: evaluation of the background amplitude £ and the regularization parameter ¢ . There are both exact
and empirical methods for selecting the regularization parameter: residual method (Tikhonov & Arsenin, 1986;
Morozov, 2003), the method of cross validation (Van Kempen & Van Vliet, 2000), the problem of generalized
minimization (Morozov, 2004), L-curve method (Hansen, 2001), adaptive method (Valyashko & Strakhov, 1981)
and others. However, some methods are iterative and, therefore, require significant computing resources, while
others need additional information, for example, the value of the noise variance ¢(n) which cannot always be
measured with sufficient accuracy. And the authors of the article (Francini, Hoft, & Santosa, 20006) after having
carried out a set of numerical experiments just compiled a table that relates « to the magnitude of the noise
variance o(n). An algorithm called adaptive estimation was used in the article (Bazulin, & Bazulin, 2005).
However, in many practical works on the application of MEM, the problem (9) is solved for a set of «¢ Lagrange
coefficients, then the best solution is selected from a set of estimates éa according to a predetermined criterion.
I{n this article the image having maximum focusing was chosen from a set of estimates £, for a set
00,0

3. Calculation of Matrix G Considering Multiple Reflections From the Boundaries of the Inspected Object

t(x)=0

x2)

h(x)

Figure 1. Illustration for the calculating the G(r,r.7) function for the emitter and the G(r,r,7) function
for the receiver
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Suppose that for the emitting and receiving the ultrasonic waves an antenna array mounted on a prism is used
which hasa g tilt angle and is made of the material featuring velocities of longitudinal and transverse waves and
a density of {c,,.c,,,p,} (Figure 1). The antenna array consists of N, =N, elements of Ox size located ata Ax
distance from each other. Let us designate sound velocity and density of the inspected object as {c,,c,,p,} . The
location of transmitters and receivers relative to the center of the prism front edge are described by r, and r,
vectors shown in Figure 1 with blue arrows. The prism front edge is shifted from the center of the xz coordinate
system by the value of r,=(x,,0). The antenna array with a single element N, =N =1 can be regarded as a single
element transducer.

To determine the elements of matrix G in the formula (2), it is necessary to calculate the field in the S, area of
acquisition for the case when the pointlike deflector is placed at any arbitrary point of ROI and the transmitter is
putin § area, ROI being shown with pink rectangle in Figure 1.

The trajectory of pulse movement in case of emission (shown in Figure 1 with red arrows) can be described as a
sequence of vectors {r}={r,.r,,,...1,, .}, Where m, is the number of deflections from the boundaries of the
specimen, in case of acqulsltlon — as a sequence {r,}={r,.r,,,...r,, .}, where m, is the number of deflections
from the boundaries of the specimen in course of acquisition (1n F1gure 1 the trajectory is shown with green
arrows). The first vector of such a sequence always corresponds to the path of sound propagation in the prism. In
case of emission the velocity of pulse propagation long the path is defined by the list {c,}={c,.¢c,,...c,,, .}, and in
case of acquisition — by list{c,}={c,,¢.,,---¢.,, 1} . The first element in these lists is in all cases G. — the
longitudinal wave velocity in the prism. The remaining elements can take a value of either longitudinal ¢, or
transverse ¢, velocity of sound in the inspected object, thus allowing taking into account the effect of the
transformation of the wave type once it is reflected from the boundary. The minimally possible rates list for the
case m, =0 or m =0 looks like {c}={c,,.c,;} or {¢}={c,.c} and corresponds to the option of working with a
transverse wave in a direct beam.

For describing the acoustic schemes in which the reflection of ultrasonic pulses from both the bottom and surface
of the inspected object take place, we will use the following designations: such events as surface refraction and
surface deflection will be designated by letter T, and the deflection from the bottom will be denoted by letter B.
Type of waves after the event is occurred will be denoted by the letters L (longitudinal) and S (shearing).
Expression T(S)-T(L) denotes a common direct beam on a transverse wave in case of emission and the direct beam
but on the longitudinal wave (m, =0, m,=0) in case of acquisition. Acoustic scheme TB(LL)-TBT(SSS) describes
a situation where, in case of emission, only the radiation beams once reflected on the longitudinal wave are
considered, and, in case of acquisition — only the ones doubly reflected on the transverse wave (m =1, m =2);
acoustic scheme T(L)-TB(SL) corresponds to that one called «self tandem» (Ermolov & Lange, 2004) (m, =0,
m.=1). The beam shown with the solid line corresponds to transverse wave propagation, and the dashed line
longitudinal wave propagation. Figure 1 represents a scheme of the rays propagation in correspondence with
acoustic scheme T(*)-TB(**).

To build either a function G(r,r,r) for m, reflections from the inspected object boundary at emission or function
G(r,r,t) for m deflections at the acquisition, one may use the geometrical optics approximation (Kravtsov &
Orlov, 1980; Gengembre, 2003). Since the sizes of the antenna elements are comparable to the wave length, they
may be considered to be the pointlike emitters — receivers with the ©() directivity diagram in prism, where o, o,

is beam angle to the normal of piezoelectric element of the emitter or receiver. Having taken into account these
approximations, the functions G(r,r,r) and G(r,r,r) can be written as

m+1

G(r,,r,0)= A(r,,r)s(t—t,(x,,r;m,)), 1,(r,r;m)=> ="

nlc

tn

m,

O(@) D, (%3¢, ,I)HV( 13 Cn>Crnt)

A(r,, 1) = SN ) ’

(14

m,+1

G(r,,r,t)= A(r,,v)s(t =t (r,,r;m,)), t.(r.,r;m)= Z

n]C

rlz

G(a)Dow(aIZ’ w,l 2 rl)HV( ;n’ rn+l)
Alem) = R 14, 1 () ’
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where s(¢) is the radiated impulse, ¢ (r,,r;m) and ¢ (r,,r;m) — times of impulse travelling along the path of the
radiation {r,} and reception {r,}, D, (e,;c,,.c,,) and D, (e,:c,,.c,,) — pressure transparence coefficients for
the angle of refraction ¢, during the wave propagating from the prism to the inspected object and back, (c,,.c,,)
or (¢,.¢,) —a given pair of sound velocities (Figure 1) (Ermolov & Basatskaya, 1989). Symbol V(e,;c,,.c,,..)
denotes the complex coefficient of deflecting from the inspected object edge, which is dependent of the type of
incident and reflected wave (c,,.c,.,) for reflection with number n (Brekhovskikh & Godin, 1992). Changing of
the pulse amplitude of the is described by the ray divergence function R({r},{c},h(x,»)), the form of which is
determined by the assumption that the flow of energy in a ray tube is constant. Thus, for calculation the elements of
matrix G in equation (2), we can use formula (14) and write the following equation

G(r,,r,,r,t) = B(r)A(r,,r) A(r,,r)s(t —¢,(r,,xr;m,) —t (r.,r;m,)) » (15)
where B(r) is the coefficient of deflection from the scatterer. And here a problem arises that points at the
fundamental limitation of this very approach of deflector image restoration, since neither its shape nor its acoustic
properties are known. Nevertheless, the following approximate solution to this problem seems to be proposed.
Figure 2 is a schematic representation of the rays propagating from the source to the imaginary scatterer and then
back to the receiver, the acoustic scheme being T(S)-TBT(SLL). The surface of the imaginary scatterer is shown
with red line and the normal to it — with dotted black line. Real scatterer is shown with the broken black line.
Having calculated the angle ¢, between the ray fallen on the point ¢, of the imaginary scatterer and the
reflected ray, one can then find the angle of incidence ¢, by formula

Cp 1 SINQY, _ (16)
Co a1 FC 11 COSQY,

t,m+1 r,m,+

o, = o, —arctan

After the evaluation the of the angle of incidence ¢, on the surface of an imaginary scatterer is made, it becomes
necessary to get to know its acoustic properties in order to calculate the reflection coefficient
B(r)=V(ay;c,,,.5¢.. ). Since its acoustic properties are unknown, the reflection coefficient will be calculated
basing on the assumption that the scatterer has absolutely acoustically soft edge. But as for real cracks, there may
occur an uncertain situation, as the crack may be actually filled with water or air, or scoria.

W

Figure 2. Determination of the angle of incidence for the acoustic scheme T(S)-TBT(SLL) on the imaginary
scatterer (shown with red line) that does not coincide with the actual one (shown with a broken black line)

(8]

Formula (2) and (14) allow to calculate the field scattered by deflectors £(r) of known shape in the Kirchhoff
approximation for a given sources function ¢(r,,#). For this purpose it is necessary to add to the formula (2) and
(14) the integration by vector r within the «illuminated» deflector surface. Equation (14) does not describe the
effects of attenuation and dispersion, but these ones can be considered if necessary.

When making calculations using formula (14), there appears a certain problem of determining the ray paths in
course of both emission {r}=1r,.r,,,...r,,.,} andreception {r}={r, .r.,....r,, .} . Some analytical solutions of this
problem for the direct beam are known, but its analytical solution for an arbitrary number of reflections from
uneven boundary of an object seems to be impossible. To determine the path of pulse propagation it is possible to
use Fermat's principle (Born, & Wolf, 1999), which states that the propagation of light or sound in a space of a
given velocity distribution c(x,z) from one point to another is a path along which light or sound passes within a
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minimum period of time. This variational approach makes it easy to take into account effects such as multiple
reflections from uneven boundary of the inspected object and transformation of wave types in course of reflecting
and refracting at the boundaries of different environments. However, it is usually implemented by means of an
iterative procedure, which slows down the calculations rate.

To reduce the amount of echo signals to be processed, let us introduce the notion of switching matrix C of
N, XN, dimensions. The expression C, =1 means that it is the antenna array element numbering , that is
radiating, while the element numbering ; is receiving. For reducing the volume of echo can be measured only
the upper (lower) triangle of matrix C (Samokrutov & Shevaldykin, 2011). The characteristic form of the
switching matrix C for 32-element antenna array at a random choice of 70 pairs (m,n) is shown in Figure 3.

KommyTaumorHas maTpuua (70 us 1024, 6.84 npoueHTOB )

~10.9
408

407

-0.6

5 10 15 20 25 30
X, MM

Figure 3. Typical view of the switching matrix C

4. Model experiments

It should be noted that the more accurately echo signals p are calculated by a given estimate of the function £,,
the better convergents the solution of the problem (9). Errors caused by inaccuracies of matrix G calculation by
formula (14) are called an operating noise. In this paper for calculating the matrix G a simplified version of
formula (14) was used in which the reference signal s(¢) of constant amplitude was shifted for the time
t(r,r;m)+t (r,,r;m) , and for acoustic schemes with an odd number of deflections T(S)-TB(SS) and
TB(SS)-TBT( SSS) the reference signal was assumed to be equal to —s(¢) (Samokrutov & Shevaldykin, 2011).

4.1 Specimen With Six Inclined Saw Cuts (Frontal Resolution for Inclined Probe Testing)

To register echo signals from the tops of six crack models each of 15 mm height, 0.05 mm opening and inclined at
60° angle within a duralumin block, there was used a sloping single element probe operating on the longitudinal
wave, with beam width of about 40 degrees and the central frequency of 2.5 MHz. The scan area is shown
schematically in Figure 4 with several probe images.
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Figure 4. Specimen for testing of frontal resolution for inclined probe
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Figure 5. Images of the tops of six inclined saw cuts restored by correlation method and MEM

Figure 5 shows the images of the tops of six vertical saw cuts restored by correlation method using formula (8)
(left picture), and the same ones restored by MEM using formula (2) and (9) in result of 20 iterations at &=0.05
and # =107*. The images obtained by MEM method, if compared with the ones obtained by correlation method,
has a nearly five time greater longitudinal resolution, nearly three times greater frontal resolution and signal/noise
ratio increased by 14 dB. Nevertheless, at a 0,7 level the image obtained by MEM failed to resolve tops of two cuts
spaced 0.5 mm (0.24 ) apart. Images in Figure 5 were obtained from 35 randomly selected echo signals, that is
approximately 18% of the 190 all measured echo signals. Black lines on the figures designate a mask of six
inclined sawcuts.

4.2 Specimen of Pipeline of 800mm Diameter With Nickel Plated Steel Welding

A piece of a real pipeline of diameter of 800 mm, thickness of # =38 mm and with a cladding of about 5 mm
thick was taken as a specimen (Figure 6). Then a nickel plated steel welding was made in the specimen. On one
edge on the border «welding-base metal (perlite)» at the depths of 10, 20 and 30 mm three holes of 2.2 mm
diameter (indicated by the numbers 1, 2 and 3 in (Figure 6) were made by side drilling method.
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A start

Cladding

Figure 6. The scheme of the pipeline specimen of 800 mm diameter, 38 mm thick, with nickel plated steel

welding and three side drilled holes of 2.2 mm diameter

Because of strong ultrasonic wave attenuation in the nickel plated steel welding , echo signals were acquired on a
longitudinal wave by a 20-element antenna array with 1.2 mm spacing and the operating frequency of 2.25 MHz
mounted on plexiglas prism of with the 20° incline. Measurements were carried out in a triple scan mode when
scanning in ten states with 1 mm pace from the point x,, =2.9 mm along the front face of the prism. The scan
area is shown schematically in Figure 6 with several images of antenna array on the prism. Because of the welding,
in course of restoring the images of deflectors by TS-MC-SAFT (Brekhovskikh & Godin, 1992) method and
calculating the matrix G, it was only one acoustic scheme T(L)-T(L) that had been used. Figure 7 shows the
images of the boundaries of side drilling holes and the bottom of the specimen restored by TS-MC-SAFT method.
The left picture shows a partial image made for the first position of antenna array, and the right one — the image
obtainer in result of coherent addition of the partial images of echo signals measured by a triple scan. It is clearly
seen that after coherent summation of the partial image had been made, the signal/noise ratio increased by about 6
dB. All of 4000 (10x20%) measured echo signals were used in restoring by TS-MC-SAFT method, the matrix G
having been formed by the principle outlined in section 4.3. The images of the specimen bottom and the
boundaries of side drilling holes are covered by the mask of black lines.

TS-M-C-SAFT, first position
= = -
y

y, MM

Figure 7. Images of the boundaries of side drilling holes and the bottom of the specimen restored by

TS-M-C-SAFT method by echo signals measured in the triple-scanning mode

The left picture of Figure 8 shows images of the boundaries of side drilling holes and the bottom of the specimen
restored by the correlation method using formula (8) for the random switching matrix C (Figure 3), and the
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right one — by MEM using formula (2) and (9), by the same echo signals after having made 10 iterations at
=150 and g =10". In comparison with the image obtained by the correlation method, frontal and
longitudinal resolution of images obtained by MEM increased improved nearly twice, while the signal/noise
ratio increased by more than 8 dB. Images in Figure 8 were obtained from 300 randomly selected echo signals,
that is 7.5 % of all 4000 measured echo signals. That is, it takes 10 time less number of echo signals to
effectively restore images by MEM, if compared with linear processing methods. Note that special methods were
developed for working with incomplete data, one of them being a Compressive Sensing algorithm that uses Z,
-optimization methods for the so-called sparse signals (Granichin, 2009).

Correlation | | MEM |

False glare

Figure 8. Images of the boundaries of side drilling holes and the bottom of the specimen restored by correlation
method (left) and MEM (right)

Using of a random sampling of echo signals may lead to the appearing of false glares, which can be
distinguished from the glares of deflectors in the way described below. It is necessary to get several random
samples of echo signals for different options of the switching matrix C from the initial set of echo signals, and
then to restore the image of deflector for each option. By comparing these images, it is possible to separate the
false images from the glares corresponding to the real deflectors. The left of Figure 9 represents the coherent
sum of images restored by the correlation method using formula (8), and the right — by MEM using formula (2)
and (9), for seven options of the switching matrix C . In comparison with the images shown on the left plate,
the amplitude of the false images decreased by more than 6 dB.

Correlation

A e :RJ"J o

False glares am-
plitude reduced

Figure 9. Images of the boundaries of side drilling holes and the bottom of the specimen restored by correlation

method (left) and MEM (right), averaged over seven options of switching matrix C
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4.3 The model of near-bottom crack with top at a depth of 12 mm in a specimen with an irregular bottom

To demonstrate the feasibility of reconstructing the shape of deflectors when using the antenna array together with
several acoustic schemes, the following simulation experiment was conducted.

Figure 10 shows a photo of the specimen of /4 =18 mm thickness along with a model of bottom crack of a groove
shape of 0.7 mm width with the top at 12 mm depth. To simulate a cone groove in the welded joint of pipeline, the
steel specimen had an uneven bottom. For receiving the echo signals a 32-element antenna array was used with 1
mm step, working on operating frequency of 5 MHz and mounted on rexolite prism of 35° incline (Figure 10).

TB(SS)

Figure 10. Photo of a specimen with a model of crack of a groove shape with 0.7 mm width with the vertex at a
depth of 12 mm. Red arrows schematically show the paths of three acoustic emission schemes: T(S), TB(SS) and
TBT(SSS)

Figure 11 shows the images obtained by the TS-MC-SAFT method from the set of 1024 echo signals measured
in dual scan mode. In the left panel of figure 11 the image obtained by one acoustic scheme T(S)-T(S) is shown,
and on the right panel — by the addition of the partial images according to acoustic schemes T(S)-T(S),
T(S)-TB(SS) and TB(SS)-TB(SS). The specimen bottom and saw cut contours are masked with the black lines. It
can be stated that the vertically oriented crack is detected.

‘ TS-M-C-SAFT, acoustic scheme T(S)-T(S) TS-M-C-SAFT, three acoustic schemes

False glare by
acoustic schemes
T(S)-T(L)

Figure 11. Boundary images of the model of a vertical crack restored by TS-MC-SAFT method by echo signals
measured in dual scan mode

120



www.ccsenet.org/apr Applied Physics Research Vol. 6, No. 6;2014

Figure 12 shows an image of the boundary of the crack model restored by correlation method using formula (8)
on the left, and on the right - MEM by formulae (2) and (9) after 10 iterations at @=1.0 and x =107 by
acoustic scheme T(S)-T(S). The image of crack model obtained by MEM allows confidently resolve edges of the
groove at a depth of 12 mm, and the signal/noise ratio compared to the image obtained by the correlation method
increased by 11 dB.

2

Correlation, dual scanning MEM, dual scanning

% B -

Figure 12. Boundary images of the model of a vertical crack for acoustic T(S)-T(S)

The left of Figure 13 shows an image of the boundary of the crack model restored by correlation method using
formula (8) on the left, and the right — by MEM using formula (2) and (9), after 10 iterations at ¢=1.5 u
4 =107, When calculating matrix G three acoustic schemes T(S)-T(S), T(S)-TB(SS) and TB(SS)-TB(SS)
were used. The image of crack model obtained by MEM has a higher resolution, and signal/noise ratio,
compared to the image obtained by the correlation method, increased by 12 dB. The amplitude of false glares
which arise due to a large distance between the elements of antenna array, significantly decreased. Images in
Figure 12 and Figure 13 were obtained from 140 randomly selected echo signals, that is approximately 13.7 % of
all 1024 measured echo signals.

Correlation, dual scanning | MEM, dual scanning

MM
]

Figure 13. Boundary images of the model of a vertical crack for acoustic schemes T(S)-T(S), T(S)-TB(SS) and
TB(SS)-TB(SS)

4.4 Side drilling hole of 2 mm diameter at a 12 mm depth in the specimen with an uneven bottom

To demonstrate the feasibility of reconstructing the shape of deflectors using two antenna arrays the following
simulation experiment was conducted. Figure 14 shows a photograph of a specimen of # =18 mm thickness
with a model of volumetric defect in the form of the side drilling hole with a diameter of 2 mm at a depth of 6
mm. For receiving the echo signals in the dual scanning mode there were used two antenna arrays working on
5.0 MHz operating frequency, consisting of 32 elements with a pitch of 1.0 mm and mounted on rexsolite prisms
of 35° incline shown schematically in Figure 14. The notion of acoustic channel involves the setting up of
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equipment describing the way of working with the dual scanning by one or two antenna arrays, the value of the
amplification gain of the receiver, the parameters of the probe impulse, the temporary aperture of echo signals
acquisition and etc. The measurement cycle consists of the emitting and receiving the radiation by antenna array
from both the N-side (blue arrow, N-channel) and P-side (green arrow, P-channel), the emitting the ultrasonic
impulses by the antenna array from the N-side and receiving by antenna array on P-side (two yellow arrows,
NP-channel).

Figure 14. Specimen photo with side drilling hole with a diameter of 2 mm at a depth of 6 mm

Since the prisms were put almost tightly to one another, three acoustical schemes T(S)-T(S), T(S)-TB(SS) and
TB(SS)-TB(SS) were used in course of deflectors images restoring by TS-MC-SAFT method. Figure 15 shows the
image obtained by TS-MC-SAFT method from a set of echo signals measured in the mode of double scanning by
N-, P- and NP-channel. The left panel of Figure 15 shows the image obtained by coherent addition of all partial
images, and the right panel — by adding modules of partial images. The specimen bottom and the boundaries of side
drilling hole are masked with black lines. Small amount of angles of the emitted and deflected field caused the
effect when a coherent picture of side drilling hole boundaries appeared to be fragmented into several glares. On
the right image the contour of boundaries is prescribed without splitting into glares, but with less resolution and
with signal/noise ratio by 3 dB less than the on the left image. To build the image by TS-MC-SAFT method, all
3072 echo signals measured by N-, P- and NP-channel were used.

Hse TS-M-C-SAFT, coherent sum " TS-M-C-SAFT, the sum of modules

2 = 2 =

X, MM

Figure 15. The images of the side drilling hole boundary restored by TS-MC-SAFT method by echo signals
measured in double scanning mode by N-, P- and NP-channel
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The resulting image was built by correlation method and MEM in the following way: the images had been restored
by N-, P- and NP-channels and then coherently added. The left picture of Figure 16 shows an image of the side
drilling hole edge restored by correlative method using formula (8), and the right one — by MEM using formula (2),
(9) and after 10 iterations at @=3 and u# =107 had been made. When calculating matrix G , three acoustic
schemes T(S)-T(S), T(S)-TB(SS) and TB(SS)-TB(SS) were used for each channel. A set of 280 echo signals were
randomly selected from the total sample, which is about 9 % of all measured echo signals. This caused the fact that
the correlation image of the hole border became almost useless for analysis because of the high amplitude of
glares. In the same time, the signal/noise ratio of an image obtained by MEM increased by 8 dB, thus allowing for
a greater certainty in determining the deflector shape. To reduce the effect of border glare splitting, it is necessary
to increase the number of both the angles of coincidence and the angles of reflection from the scatterer by using
more acoustic schemes and carrying out the echo signals registration in a triple scanning mode. So, in case of a
continuous antenna it is possible to have the directivity diagram of single petal shape, but the main petal of any
antenna consisting of a few elements will certainly have numerous dips.

‘ Correlation, dual scanning MEM, dual scanning ‘

* ° @ N
s 8 4

30 N 30

z, MM

Figure 16. Images of side drilling hole border restored by correlation method (left) and MEM (right) using the echo
signals measured in double scanning mode by N-, P-and NP-channel

4.5 Compressing the complex signals using MEM at high levels of ultrasonic attenuation

MEM can be used for either simple or complex signals deconvolution. Convolution operation can be written in
matrix form as follows

s=Gs" +n, (17)

where S is a vector-column of N counts length, containing measured echo signal, G is circulant matrix
NXN with the columns being formed by the reference echo signal, s,(¢), s~ - the undistorted function which is
to be restored, n is a vector-column of the measurements noise. Using the expression (17) allows to begin seeking
for estimation §” by the maximum entropy method, as was described in section 2 and with accordance with
formula (9)

§7 =argmin (if(ﬁ” - 9!, - oH (§”)) L (18)
seRr™
Thus, to deconvolution the signals (17), one can use both the solution of the optimization problem using the
formula (18) and calculation of the entropy, its gradient and Hessian by the formula (13). At solving the equation
(17), such a deconvolution method should provide the signal estimate §” restoring with a super resolution.

Practical application of the proposed algorithm for echo signals compression is impossible without demonstrating
its resistance to noise. In the model experiment echo signals reflected from 2.0 mm diameter holes in the standard
specimen CO-1 were registered (Figure 17. Measurements were performed with a piezoelectric transducer with
resonance frequency 4.0 MHz, the pitch of 40° and a half opening angle of 20° determined by the level of 10%. The
scan area is shown schematically in Figure 17 by several transducer images. To get a simple signal, a bipolar
impulse of 200 ns was sent to the generator input, while to get a complex signal, the transducer is excited by a
series of 32 bipolar impulses phase-shifted with accordance to pseudorandom M-sequence.
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Figure 17. Fragment of the specimen CO-1. ROI is marked by red rectangle

In the left panel of Figure 18 an image of initial echo signals are shown in raster form, also with the result of
their compressing by matched filtration and by MEM compression. After MEM compression had been applied,
the pulse length became 5 times shorter in comparison with one got by matched filtration compressing, and the
level of noise and «side lobes» decreased by more than 40 dB.
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Figure 18. Initial echo signals, the result of their compression by matched filtration and MEM

Left in the top row in Figure 19 shows the result of a simple visualization of side holes images in case of simple
pulses radiation, while right — the result of restoring by PSS method and with help of the same echo signals the
holes borders images with outlines shown in the figure with black circles. Signal/noise ratio of the images
obtained by the PSS method increased by more than 20 dB if compared to a simple visualization, while the
frontal resolution decreased from 25 mm to 4 mm. The bottom row shows the images of the holes boundaries
restored by PSS method with help of echo signals compressed by matched filtering (left) and echo signals
compressed by MEM (right). It is seen that after MEM compression had been carried out the level of «side
lobes» decreased practically from -10 dB to -50 dB with respect to the amplitude of the «main» lobe, and beam
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resolution also decreased from 0.9 mm to 0.2 mm.
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Figure 19. Images restored by the initial echo signals and ones after their compressing by matching filtration and
MEM

5. Conclusions
Thus, basing on research findings outlined in this article, we can draw the following conclusions:

1) To restore the deflector images by echo signals it is proposed to use the MEM. Its fundamental
differences from the imaging method TS-MC-SAFT are:

a) there is no need in forming a great number of partial images by selected acoustic schemes, and then
combine them into one final image — the MEM provides a single image at once, with all mentioned
acoustic schemes already taken into account;

b) the image restored by the MEM has low noise level and, in the same time, high longitudinal and
frontal resolution;

c) Only about 10 % of echo signals received either in dual or in triple scanning mode are sufficient for
restoring an image by the MEM. Lowering of the minimum sufficient number of echo signals
should increase the rate of their registration, which is very important in automated ultrasonic
testing.

2) Model experiments showed high efficiency of the MEM at restoring of flaw images by echo signals
measured by a single-element transducer working in matching mode, and also at the receiving the echo
signals in dual and triple scanning mode using antenna arrays.

3) The deflector images restoring in materials featuring high level of structural noise showed the
effectiveness of MEM usage.

4) MEM can be used to compress complex signals, which improves the quality of images of flaws in
materials with high attenuation. MEM works less reliably with short signals.

5) Application of MEM can significantly distort the amplitudes of deflector glares.

The author expresses gratitude to Vadim Zotov for correction of the English text of the article, which significantly
improved the quality of its translation.
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