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Abstract. Based on the proposed methodology, the essence of which is to identify
the profiles of electrophysical parameters of planar objects of eddy-current testing by
means of surrogate optimization in the active PCA-space of reduced dimensionality,
the effectiveness of the approach is proved by modeling the process of measurement
control using apriori accumulated information about an object, in particular, multifre-
quency probing. The particularity of these studies is the consideration of previously
collected information not only on profile variations, but also on the effect of vari-
ous object probing frequencies on the signal of the surface probe. The functions of
the storage device and information carrier were performed by a neural network meta-
model, characterized by a high computational efficiency. Numerical experiments have
determined the accuracy indicators of the proposed improved method for determin-
ing the distributions of magnetic permeability and electrical conductivity along the
subsurface layer of a metal object with changes in a microstructure. The analysis of
the modeling results indicates a significant reduction in the level of computational
resources required to solve the problem and an increase in the accuracy of profile
identification.
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1 Introduction

Eddy current structuralscopy is a specific type of non-destructive testing of
products and materials, which is characterized by the use of mathematical
modeling both at the preparatory stage and during the measurement opera-
tions. It is due to a considerable difficulty in determining structure-dependent
parameters, in particular magnetic permeability (MP) and electrical conductiv-
ity (EC), directly during physical measurements as not their integral values for
the test objects (TO) are recorded, but, accordingly, their distributions in the
subsurface layer of the object material, i.e., their profiles. The simultaneous
reconstruction of both of profiles of electrophysical parameters based on the
results of a single measurement by an eddy-current probe (ECP) allows, based
on the relationships between electromagnetic properties and microstructural
changes in metals, to draw conclusions about the purity of their composition,
the state of heat treatment, the state of internal stress, hardness, temperature,
etc. Thus, due to the extreme importance of ensuring product quality and
normal trouble-free operation of equipment, the problem is relevant for many
industries and has always been the focus of researchers’ attention [1, 13]. The
problem is quite extraordinary, belongs to the incorrectly posed ones and can
be classified as an inverse measurement problem.

The general current state of research conducted in this area is analyzed
in detail by the authors in [7, 17], where the main directions for further im-
provement of approaches are identified. However, there has recently been a
tendency to use physical multi-frequency measurement techniques and their
specific varieties, that makes it possible to obtain more additional informa-
tion on the interaction of the electromagnetic field of probes exciation with
the TO [9, 14, 15], which is one of the methods to improve the conditions for
solving the inverse problem. The swept-frequency measurements in time are
used with the same purpose [11, 22, 23]. A main disadvantage of these ap-
proaches is a drastic complexity of physical measurements, and, accordingly,
signal processing algorithms, and the increased time to establish testing results.
However, the advantages of this approach can be achieved without conducting
a series of physical measurements directly on the TO if the collection and ac-
cumulation of additional apriori information about the TO is transferred to
the modeling stage, preceding the measurement procedures, and stores it in
the metamodel [7]. In addition, another function of the metamodel is a high-
performance, without time spending calculation of the ECP signal, which is
used as a component for constructing the target function within the framework
of the proposed surrogate optimization method for solving the problem under
study.

Thus, the aim of the article is to reseach, by means of computer simulation,
the process of eddy-current determination of profiles of material properties of
planar test objects based on the implementation of surrogate optimization in
an active compact subspace of reduced dimensionality using apriori accumula-
tion of information in the metamodel obtained by preliminary simulation with
varying profiles and multifrequency modes of operation of probes.

The advantages of the proposed method are: simultaneous determination of
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profiles for one measurement at one fixed frequency when taking into account
the hidden patterns of the ECP signal formation in the metamodels, which take
into account, in addition to electrophysical parameters, the influence of sensing
frequencies; reduction of errors in profile reconstruction compared to studies
where only EC and MP were taken into account in metamodels at a fixed ECP
excitation frequency; simplification of the conditions for finding an extremum
by an optimization algorithm and obtaining better solution values compared
to the search in the full-factor space by using the method PCA (Principal
Component Analysis) to reduce the dimensionality of metamodels.

Thus, the paper proposes a method for simultaneous reconstruction of the
EC and MP profiles of planar conductive objects under testing based on the
implementation of surrogate optimization in an active compact subspace of
reduced dimensionality obtained by linear transformations, with apriori accu-
mulation of information in metamodels obtained by advance modeling with
profile variation and multifrequency sensing modes.

2 Research methodology

The proposed research methodology is as follows. The measurement process
for reconstructing of the electrophysical parameters profiles of the TO is based
on solving an optimization problem using surrogate modeling techniques. In
other words, a single measurement of the EMF (electromotive force) ECP is
provided when controlling a planar TO. It results in the recorded values of the
signal amplitude and phase, which for further calculations can be conveniently
represented in the algebraic form of a complex number. Then, emes = Cmes +
jDmes, where Cmes and Dmes are the real and imaginary parts of the measured
EMF, respectively. Mathematically, the task of reconstructing the EC and MP
profiles is to minimize the following quadratic function, which is the target
function in the optimization algorithm:

F (σ,µ, f) = (Cmes −Gmetamod)
2 + (Dmes − Zmetamod)

2 → min, (2.1)

where emetamod = Gmetamod+jZmetamod, is calculated using a high-performance
neural network metamodel [6] for the electrodynamic model emod, which de-
pends on the desired profiles of electrical conductivity and relative magnetic
permeability, represented in a discretized form by the corresponding vectors σ,
µ of dimension L each, and f – the excitation frequency of the ECP at which
the measurement is performed. Moreover, L denotes the number of conditional
discretization layers of the continuous distribution of electrophysical parame-
ters along the thickness of the TO. The desired parameters in the optimization
are the components of the EC and MP vectors, on the values of which the value
of the right-hand side of the target function (2.1) depends.

On account of the problem specifics, which is an ill-posed one, the topology
of the hypersurface of the target function response has a problematic topology
with multidimensional ravines for finding the optimum. To overcome these
obstacles, it is necessary to use global optimization algorithms, in particular,
gradientless stochastic algorithms. In view of this, the search for an extremum
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of the target function is performed using a heuristic bionic stochastic global op-
timization algorithm, namely a hybrid multiagent particle swarm optimization
algorithm with evolutionary formation of the swarm composition [8].

The next key point in identifying profiles is the creation of a metamodel
characterized by a high accuracy of approximation of the response hypersurface,
determined by a highly nonlinear analytical functional dependence for calculat-
ing the EMF emod. This dependence is obtained by solving a boundary value
problem based on Maxwell’s equations with appropriate boundary conditions
and is known as the Uzal-Cheng-Dodd-Deeds electrodynamic model [1,12,19].
It contains multiple convergent non-proprietary integrals of the first kind, with
the subintegral function being a complex combination of cylindrical Bessel func-
tions of the first kind of zero, first, and m-th orders of the complex argument.
A feature of the model is the piecewise constant distribution of electrophysi-
cal parameters according to certain experimentally established laws for most
technological processes.

2.1 Electrodynamical model

Previous articles by the authors [3,17] contain information on the thorough ver-
ification of a software product implemented on the basis of the analytical elec-
trodynamic model Uzal-Cheng-Dodd-Deeds as interpreted by Theodoulidis [16]
for a conditionally multilayered representation of TO, which is:

e mod = −j · ω · wmes ·
∮
Lc

A(P )dlp,

where:

A(rδ, zδ) =

∫ ∞

0

J1(κrδ) · [Cs · eκzδ +Dec · e−κzδ ]dκ,

Cs =
µ0 · i0

2
· χ(κr1, κr2)

κ3
· (e−κz1 − e−κz2),

Dec =
(κµt+1 − λ1)V11(1) + (κµt+1 + λ1)V21(1)

(κµt+1 + λ1)V11(1) + (κµt+1 − λ1)V21(1)
Cs,

i0 = WI(r2 − r1)
−1 · (z2 − z1)

−1,

χ(x1, x2) =
{
x1J0(x1)− 2

∞∑
m=0

J2m+1(x1)
}

−
{
x2J0(x2)− 2

∞∑
m=0

J2m+1(x2)
}
,

V (1) = T (1, 2) · T (2, 3) · · · T (L− 2, L− 1) · T (L− 1, L) ,

T11 (t, t+ 1) = 1
2e

(−λt+1+λt)dt
(
1 +

(
µt/µt+1

)(
λt+1/λt

))
,

T12 (t, t+ 1) = 1
2e

(λt+1+λt)dt
(
1−

(
µta/µt+1

)(
λt+1/λt

))
,

T21 (t, t+ 1) = 1
2e

(−λt+1−λt)dt
(
1−

(
µt/µt+1

)(
λt+1/λt

))
,
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T22 (t, t+ 1) = 1
2e

(λt+1−λt)dt
(
1 +

(
µt/µt+1

)(
λt+1/λt

))
,

λt =
(
κ2 + j · ω · µ0 · µt · σt

) 1
2 .

A(rδ, zδ) is the azimuthal component of the vector potential, Wb/m; V(1) – a
matrix, whose elements are V11, V21; T() – matrix with elements T11(), T12(),
T21(), T22(); µ0 = 4 ·π · 10−7 is the magnetic constant in vacuum, H/m; Jm() –
cylindrical Bessel functions of the first kind of m-th order, m = 0, 1 , . . . ; rδ, zδ
are the coordinates of the observation point P in the cylindrical coordinate
system, m; (r2 − r1) is the width of the cross-section of the ECP excitation
coil, m; (z2 − z1) is the height of the cross-section of the ECP excitation coil,
m; wmes is the number of turns of the ECP measuring coil; emod is the EMF
induced in the ECP measuring coil, V; Lc is the contour of the ECP measuring
coil; t is the current number of the conditional layer out of L possible; µt,
λt are, respectively, the relative magnetic permeability and the computational
parameter of the t-th conditional layer.

2.2 Creating metamodel

A neural network metamodel (surrogate model) is created using the specified
software product. It is rather difficult to approximate the model dependence
due to its significant nonlinearity. To avoid creating a complex-valued neural
network, we split it into two real-valued deep neural networks with common
inputs in the form of σ and µ and f , and separate outputs for the real and
imaginary parts of the EMF modeled by the electrodynamic model. Taking
into account the generalizing ability of neural networks, the metamodel de-
termines the characteristic behavior of the ECP output signal in accordance
with changes in these inputs during training. To ensure a high accuracy of the
electrodynamic model approximation by the surrogate, the nodal points of hy-
perspace at which the EMF was calculated by the electrodynamic model were
determined according to a computerized uniform DOE (design of experiment)
[2, 10]. In this study, a design based on a set of modified LPτ -quasi-Sobols se-
quences was used, which is characterized by low discrepency values both in the
volume of the hyperparallelepiped of the search space and in 2D projections [4].

This makes it possible to place nodal points with a fairly high probability
in such places of hyperspace where complex changes in the behavior of the
multidimensional response surface are observed [21].

2.3 Surrogate optimization in an active compact subspace

Finally, we also specify that the optimization algorithm for this problem is
characterized by a large number of variables. This is due to the need to split
the subsurface layer of the TO into conditional layers with a sufficiently high
discreteness in order to obtain realistic piecewise constant analogs of continu-
ous profiles of electrophysical parameters. An increase in the number of search
variables, i.e., the dimensionality, in surrogate optimization problems leads to
the costly creation of a metamodel, requiring an increase in the sample of
training data. In addition, under these conditions, the “curse of dimensional-
ity” begins to manifest itself in optimization with the corresponding significant
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consequences for the accuracy of the search for an extremum. Therefore, the
creation of the metamodel and optimization is performed in a low-dimensional
representation of the design space, i.e., the active subspace, which is actually
an encapsulation of the high-dimensional space into its compact representa-
tion [18]. To do this, we use the PCA method, which allows us to find the
main directions in a high-dimensional space that have the greatest impact on
data variation by linear transformations.

Consequently, the dimensionality of the space can be reduced while retain-
ing a significant part of the complete information [20]. It should also be noted
that the actions in the algorithm with the variables contained in the target func-
tion and represented in the normalized form are quite decisive in the proposed
approach. This eliminates a significant difference of six orders of magnitude
in the values of the desired EC and MP indicators during the search for the
optimum, which allows the optimization algorithm to work adequately. The
back projection from the PCA space of the principal components to the orig-
inal space is performed to obtain the actual profiles after the optimization is
completed. Finally, it should be noted that due to the stochastic nature of the
applied optimization algorithm, the multi-start technique was used to eliminate
the relevant problems in the study, followed by averaging the obtained variants
of the electrophysical parameter profiles.

3 Numerical experiments

The construction of metamodels by means of the DNN is based on a large sam-
ple size, which is calculated at the points of the multidimensional DOE [4] based
on LPτ -Sobols sequences. As it has been noted above, the study takes into ac-
count three factors σ, µ and f when creating a metamodel, then to implement a
homogeneous DOE, a combination of LPτ -sequences ξ1, ξ6, ξ14 is used, which
provides acceptable indicators of centered CD and wrap-around WD, mixed
MD, and weighted symmetrized centered WSCD discrepancies [4], which to-
gether indicate the homogeneity of the created DOE. This design creation is
due to the much higher accuracy of the hypersurface response approximation.

Figure 1(a) shows such a DOE on a unit scale on the LPτ -Sobols sequences
ξ1, ξ6, ξ14 with improved homogeneous two-dimensional projections. The total
number of DOE points is equal to Nprofile = 8191, but for the convenience
of visualizing the homogeneity of the DOE, only a limited number of them,
namely 128, are shown in Figure 1. In addition, the perfection of the created
design can be assessed using Voronoi diagrams by the area of each formed
segment of the diagram Figure 1(b).

On the basis of the generated DOE, a scaling transition from a unit cube to
a parallelepiped of the real factor space was made. Usually, the profiles are con-
trolled for compliance with the ideal distribution of electrophysical parameters
characteristic of the primary technological processes. However, minor devia-
tions of the profiles from the ideal ones within certain technological tolerances
are also considered normal. Therefore, the dimensions of the parallelepiped
were determined within the technological tolerance δT = ±15% relative to the
ideal values of the profile parameters on the TO surface with a maximum change
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a) b)

Figure 1. Visualization of a homogeneous three-factor DOE: (a) spatial representation;
(b) one of the two-dimensional projections (ξ1,ξ6) of the design.

in them. The boundary numerical values of the electrophysical parameters of
the EC and MP at the DOE points in the real factor space are given in Table 1.
Note that σ is measured in S/m. In this case, the ideal profile is the profile of
the EC, the minimum and maximum values for which are σmin = 2× 106 S/m,
σmax = 9.2× 106 S/m, and for the MP profile – µmin = 1, µmax = 26.1, respec-
tively (for example, point 1 of the DOE in Table 1). Then, the ranges of change
in the EC parameters, taking into account 15% of the technological tolerance,
will be 7.82×106 ≤ σmax ≤ 10.1×106 S/m; and MP – 22.185 ≤ µmax ≤ 30.015,
with σmin and µmin being unchanged for any profile, since they characterize the
TO material in the zone without microstructural changes.

In addition to the values of the electrophysical parameters, the creation of
the DOE requires knowledge of the range of changes in the excitation current
frequency 1 ≤ f ≤ 20 kHz, which is informative for observing the signal re-
sponse at different depths of penetration of the EMF probing. Within the limits

Table 1. Initial data for the creation of DOE for the three-factor space.

DOE point
Design in a unit cube Design in real space

ξ1 ξ6 ξ14 σmax × 106, S/m µmax f, kHz

1 0.5 0.5 0.5 9.2 26.1 10.5
2 0.25 0.75 0.75 9.89 24.1425 15.25
3 0.75 0.25 0.25 8.51 28.0575 5.75
4 0.125 0.125 0.125 8.165 23.1638 3.375
5 0.625 0.625 0.625 9.545 27.0788 12.875
... ... ... ... ... ... ...
8188 0.249878 0.379761 0.497925 8.868248 24.1417 10.4601
8189 0.749878 0.879761 0.997925 10.24825 28.0567 19.9601
8190 0.499878 0.629761 0.747925 9.558248 26.0992 15.2101
8191 0.999878 0.129761 0.247925 8.178248 30.0142 5.7101

of change in the electrophysical parameters in real space indicated in Table 1,
we calculated the distribution of the EC σ by the typical “exponent” approxi-
mation, and the distribution of the MP µ by the “gaussian” approximation [19]
for all DOE points, which corresponds to the number of profiles in the total
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sample of Table 2. At the same time, to obtain piecewise constant profiles of
electrophysical parameters, the thickness of the subsurface layer D = 3 · 10−4

m was a subject to a conditional division into L = 60 layers. For these “tech-
nological” profiles, the EMF values were calculated using the electrodynamic
model (2.1). As a result, a data set of size Nprofile = (nµ × nσ) was obtained,
where nµ, nσ = 60 is the number of points of approximation of the MP and EC
profiles (Table 2), to which the PCA method based on the SVD-decomposition
was applied to reduce the dimensionality of the factor space. As a result of the

Table 2. Training sample 8191 × 121 for creating a metamodel in the full factor space.

No Re(emod) Im(emod) f,kHz µ1 . . . µ60 σ1×106,S/m . . . σ60, S/m×106

1 -3.737 -3.111 10.5 1.0627 . . . 26.0969 8.834221 . . . 2.073403
2 -4.295 -3.051 15.25 1.0578 . . . 24.1396 9.490569 . . . 2.107756
3 -2.57 -2.872 5.75 1.0676 . . . 28.0546 8.177872 . . . 2.039050
4 -1.569 -2.22 3.375 1.0554 . . . 23.1610 7.849698 . . . 2.021873
5 -4.162 -3.151 12.875 1.0651 . . . 27.0755 9.162395 . . . 2.090580
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
8188 -3.671 -3.117 10.460 1.0578 ... 24.1391 8.518648 ... 2.056886
8189 -4.897 -3.154 19.960 1.0676 ... 28.0534 9.831345 ... 2.125592
8190 -4.441 -3.184 15.210 1.0627 ... 26.0961 9.174997 ... 2.091239
8191 -2.599 -2.974 5.710 1.0724 ... 30.0106 7.862300 ... 2.022533

SVD-decomposition, 62 influential factors in the active compact subspace were
selected for which the eigenvalues are greater than 1. The matrix of parame-
ters G in the active compact subspace of size Nprofile × nactive, where nactive

= 62 is the number of variables g in this space (Table 3) is used to train deep
MLP-neural networks (DNNs). Moreover, out of the total sample Nprofile =
8191, 73% of the profiles were allocated for training neural networks, which is
N = 6012, which in turn were also distributed for training NNs Ntraine = 4206,
testing Ntest = 903, and cross-validation NCV = 903. The rest of the sample
data did not participate in the training, but later some of them were used as
simulation data obtained by the ECP measurements to check the reliability of
the profile determination method.

Table 3. Training sample 8191× 62 for creating a metamodel in active compact subspace.

No g1 g2 g3 ... g60 g61 g62

1 -34344006 -40876.45 -0.0058198 ... -0.1760432 -0.5642135 0.0230887
2 -36406779 469672.51 4751.5623 ... -0.1381319 -0.2716042 0.3864101
3 -32281232 -551426.6 -4751.575 ... -0.3059848 -0.2270135 -0.167599
4 -31249845 -806701.2 -7127.3593 ... -0.4776733 -0.5156286 -0.232562
5 -35375392 214397.8 2375.7778 ... -0.217832 -0.0950621 0.3913253
. . . . . . . . . . . . . . . . . . . . . . . .
8188 -33352224 -286351.9 -40.662234 ... 0.0878661 -0.2773956 0.062138
8189 -37477772 734747.26 9462.4749 ... -0.066291 -0.2335911 -0.069082
8190 -35414998 224197.78 4710.9065 ... -0.177943 -0.4745465 -0.050073
8191 -31289451 -796901.5 -4792.2309 ... 0.6592515 -0.1609488 0.2685339
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The analysis of the average absolute error MAE (Mean Absolute Error),
RMSE (Root Mean Square Error) and coefficient of determination R2 in the
selection of NN architectures shows the feasibility of using a DNN with four
hidden layers, a hyperbolic tangent activation function in each hidden layer
and the Levenberg-Marquardt learning method. Therefore, two real-valued
deep neural networks with common inputs in the form of g-parameters and
separate outputs for the real and imaginary parts of the EMF were created. As
a result, we obtained networks with four hidden layers Re-MLP-13-13-12-11-
1 for the real part of the EMF and Im-MLP-14-14-12-11-1 for the imaginary
part with the corresponding number of neurons in them, as well as the network
output. The validity of the obtained metamodels was evaluated by scatter plots
and errors MAPEmetamod, % (Mean Absolute Percentage Error), separately
for the training, cross-validation, and test samples, the results of which are
shown in Figure 2. The obtained metamodels were verified by a number of

a) b)

Figure 2. Scatter plots of metamodels: (a) Re-MLP-13-13-12-11-1;
(b) Im-MLP-14-14-12-11-1.

statistical indicators. According to the Fisher criterion, their adequacy and
informativeness (Table 4 and Table 5) were checked at the level of significance of
5%. The obtained experimental values of Fisher’s criterion significantly exceed
its critical value for both metamodels, proving their adequacy. In addition to
that, a large coefficient of determination is considerably significant according to
Fisher’s criterion and shows a high informativeness of the created metamodels.

Table 4. Analysis of the adequacy and informativeness of the Re-MLP-13-13-12-11-1
metamodel.

Average square of
elements

Number of
degrees of
freedom

Adequacy Informativeness

MSD = 156.40629 vD = 62 F total
(62;5949)

= R2 = 0.9999

MSR=8.50126·10−7 vR = 5949 MSD
MSR

= 1.84 · 108 F total
(62;5949)

=

MST = 1.613322 vT = 6011 F table
(0.05;62;5949)

=1.314 R2vR
(1−R2)vD

=1.89·106

Math. Model. Anal., 29(4):767–780, 2024.
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Table 5. Analysis of the adequacy and informativeness of the Im-MLP-14-14-12-11-1
metamodel.

Average square of
elements

Number of
degrees of
freedom

Adequacy Informativeness

MSD = 30.58277 vD = 62 F total
(62;5949)

= R2 = 0.99963

MSR = 7.2247 · 10−7 vR = 5949 4.23 · 107 F total
(62;5949)

=

MST = 0.315558 vT = 6011 F table
(0.05;62;5949)

= 1.314 2.63 · 105

To solve the inverse problem, a heuristic stochastic global optimization algo-
rithm was applied, namely a hybrid multi-agent particle swarm optimization
algorithm with evolutionary formation of the swarm composition. As noted
earlier, in order to improve the accuracy of solutions, the multi-start technique
was used in the study. Thus, a series of starts of the optimization algorithm
were performed and thirty-nine solutions were obtained, inverse transforma-
tions were performed from the PCA-space principal component to the primary
space, and actual MP and EC profiles were obtained for four test EMF mea-
surements. The results of the errors MAPE, % of the profiles in each run are
shown in Table 6.

Table 6. Relative error values for the reconstructed MP and EC profiles based on the
results of starts of algorithm optimization.

No

MAPE, %
emes1 emes2 emes3 emes4

Re(emes)=-1.579 Re(emes)=-0.7463 Re(emes)=-3.539 Re(emes)=-2.267
Im(emes)=-2.197 Im(emes)=-1.474 Im(emes)=-2.92 Im(emes)=-2.73
f = 3.2 kHz f = 1.54 kHz f = 9.64 kHz f = 5.02 kHz
µ σ µ σ µ σ µ σ

1 0.466 0.918 5.072 3.008 1.992 0.292 3.113 3.38
2 1.874 0.617 5.099 2.986 0.898 0.221 2.389 0.813
3 0.436 0.814 2.482 1.441 1.216 1.318 1.238 2.05
4 1.854 0.638 4.456 1.852 3.346 0.219 5.293 1.653
5 3.964 3.04 2.679 1.936 2.021 0.756 1.508 1.143
6 0.184 2.901 2.089 1.547 2.046 0.724 3.789 2.038
7 3.623 1.478 2.472 1.188 2.541 1.992 6.057 4.106
8 1.375 0.412 1.703 3.329 1.795 1.621 4.012 3.743
9 1.327 0.623 2.509 1.894 2.136 0.999 1.509 2.551
10 0.669 0.807 4.038 3.065 1.604 1.572 2.4 4.075
...

...
...

...
...

...
...

...
...

34 4.027 0.27 0.794 0.636 1.762 1.451 10.019 3.859
35 2.309 0.785 3.238 2.451 3.438 1.144 2.561 1.281
36 2.918 1.885 2.256 0.791 0.329 0.951 1.321 1.798
37 3.627 4.487 2.849 2.759 0.636 0.93 1.761 2.642
38 5.421 1.648 1.436 3.951 1.987 0.574 3.814 0.553
39 4.87 2.082 2.412 2.978 7.499 3.813 9.882 4.395
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Then, the final reconstructed EC and MP profiles were obtained by averaging
the previously determined profile variants. The values of errors MAPE, % for
each of the four test EMF measurements separately for the MP and EC profiles
are shown in Figure 3.

a) b)

Figure 3. Errors MAPE, % for the MP and EC profiles separately for each of the four
test EMF measurements. µ –(a) , σ –(b).

4 Discussion

Similar studies were performed with a priori consideration of the information in
the metamodels only for EC and MP. An identical methodology was used in the
numerical experiments. The results of profile identification at the excitation
frequency f = 2 kHz in the active compact space were 0.352% for the MP
profiles and 0.96% for the EC profiles [5].

Thus, the model calculations for the reconstruction of electrophysical profiles
of planar TOs based on the results of direct measurements of the EMF ampli-
tude and phase, presented in Table 6, indicate the effectiveness of the proposed
methodology for simultaneous determination of profiles in one measurement
when the metamodels take into account, in addition to electrophysical parame-
ters, the frequencies at which measurements are made. Namely, evaluating the
obtained values of the error MAPE, %, it can be noted that its value for the
reconstructed MP profiles is in the range of 0.275% ≤ MAPEµ ≤ 0.689%, and
for the EC – 0.354% ≤ MAPEσ ≤ 0.518%. It should be noted that there is a
tendency to reduce the errors in the reconstruction of EC profiles compared to
studies where only two factors were taken into account in the metamodels at
a fixed excitation frequency. This can probably be explained by a significant
reduction in the number of search variables in the vectors of electrophysical
parameters, which simplified the solution of the optimization problem by the
stochastic method and increased the accuracy of its finding, despite some loss
of information during the corresponding transformations of the search space.
In addition, there is a pattern of a slight increase in errors for measuring MP
profiles at high frequencies.

Math. Model. Anal., 29(4):767–780, 2024.
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5 Conclusions

Thus, the study verifies the method for determining the electrophysical profiles
of planar objects based on computer simulation of the eddy-current testing
process, which is based on the apriori accumulation of information about them
by modeling. The method involves solving an optimization problem using sur-
rogate modeling techniques. The inverse problem of reconstructing the pro-
files of the EC and MP is solved, which consists in minimizing the quadratic
target function in an active compact search subspace of reduced dimension.
The method uses a heuristic bionic hybrid algorithm for finding a global ex-
tremum. The metamodels of the ECP are constructed on the basis of deep fully
connected neural networks, which take into account, in addition to the elec-
trophysical parameters of the TO, the frequencies at which measurements are
possible. The accuracy of the metamodels is ensured by splitting the complex-
valued neural network into two real-valued ones to approximate the real and
imaginary parts of the ECP signal and by applying deep learning. The use of
the PCA method made it possible to substantially simplify the conditions for
finding the extremum by the optimization algorithm and obtain better solu-
tion values compared to the search in the full-factor space, despite some loss
of a part of the complete information about the TO. Numerical experiments
have proved the effectiveness of simultaneous reconstruction of the EC and MP
profiles using additional information on multifrequency measurements, which
made it possible to improve the accuracy of their determination as a result of
a more thorough consideration of the interaction of the electromagnetic field of
probe excitation with the TO.
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