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ABSTRACT This article proposes an efficient phenomenological inversion method to determine the
depth profile of a surface-breaking crack in a metal from the output signal of an alternating current field
measurement (ACFM) probe. The proposed method utilizes a conjugate gradient algorithm to minimize an
objective function, representing the difference between the probe predicted and actual signals in an iterative
manner. The objective function is derived explicitly in terms of crack depth variables by considering
a polynomial function for the field distribution in the depth direction and applying appropriate Green’s
functions. This approach enhances the accuracy and computational efficiency of the inversion process,
regardless of the choice of the initial crack depth profile or the presence of noise in the measurement system.
The validity and efficiency of the proposed method are demonstrated by comparing the reconstructed
depth profiles of several simulated and machine-made cracks with their actual data, and those obtained
using the conventional phenomenological approach based on an efficient stochastic optimization scheme
along with a fast pseudo-analytic ACFM probe output simulator.

INDEX TERMS Conjugate gradient algorithm, depth profile, eddy current (EC) testing, fatigue crack,
phenomenological inversion method.

I. INTRODUCTION

THE EARLY detection and sizing of fatigue cracks in
metallic elements can play an important role in the

prevention of catastrophic structural collapse [1]. The for-
mation of these cracks is often initiated from the metal
surface where high-stress concentrations exist. They do not
have a constant predetermined shape since their propaga-
tion is a stochastic process due to the inherent uncertainties
originating from environmental conditions, cyclic mechan-
ical loads, etc. The initial tiny cracks tend to join each
other and form a longer crack with multiple-hump depth
profile [2].
The ac field measurement (ACFM) technique, derived

from the principle of eddy-current (EC) testing, is widely
used for the detection and sizing of surface cracks in met-
als. In this technique, interrogating ECs are induced in the
specimen under test by an alternating-current-carrying wire,
and the resultant magnetic field variations around the crack
are monitored with a magnetic field sensor [3], [4], [5], [6].
While sharing the merits of the conventional EC testing [7],

the ACFM method offers additional features as follows. The
output signal in the EC probe, measuring the changes in the
impedance of the inducing coil, represents a global varia-
tion of magnetic field distribution around a crack, whereas
an ACFM probe provides the actual magnetic field perturba-
tions, containing more information about the crack. Besides,
in the ACFM technique, the inducer and the sensor are sepa-
rated from each other as opposed to the EC probe where the
inducer is usually part of the sensing system. The separation
of the inducer and the sensor enables one to examine vari-
ous incident field distributions produced by arbitrary-shape
inducers.
Like all other nondestructive evaluation (NDE) meth-

ods, the main objective in ACFM testing is solving the
so-called inverse problem where information about the geom-
etry of a crack (i.e., length, direction, and depth profile) is
sought, using probe output signals. Although crack length
and direction can be readily determined by performing
a two-dimensional (2-D) scan of the specimen surface [8],
the determination of the crack depth profile in a real-time
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application requires an efficient solution to the inverse
problem.
The methods for the solution of the inverse problem

can be categorized into two different types, namely, algo-
rithmic and phenomenological. In algorithmic methods, an
appropriate signal processing technique is used to map the
crack signal to its geometrical parameters. Calibration curves
and artificial neural networks (ANNs) are typical algorith-
mic methods. Calibration curves are used to relate features
of the crack signal to various parameters of crack geom-
etry. Although this method can be accurate and fast, its
application is limited to characterization of cracks with
known geometries, such as long [9], [10], circular-arc [11],
or rectangular [12]. For cracks with complex geometries,
ANNs are often used to map the crack signal to its geome-
try parameters [8], [13], [14]. Despite its fast operation, the
accuracy of an ANN depends largely on its proper training.
Such a training procedure requires a large database of crack
signals which is often difficult to obtain. Another issue is
the deficiency of ANNs when experiencing noisy data, even
in the presence of a large database of crack signals.
Phenomenological methods, on the other hand, use a phys-

ical model into an iterative inversion process for solving the
problem. They require a crack signal simulator (i.e., for-
ward problem solver) and an optimization algorithm that
minimizes an objective function. The objective function is
the difference between the measured crack signal and its
model-reconstructed counterpart. When the objective func-
tion reaches a predetermined minimum value, the respective
reconstructed crack depth profile will be considered as the
solution.
There are two distinct methods that can be used to solve

an optimization problem, namely, the stochastic and the
gradient-based methods. In the stochastic methods, the solu-
tion in each iteration is improved by a systematic search
algorithm that is performed within the solution data set. The
search algorithm can be done heuristically by a variety of
evolution strategies [15], [16], [17], [18], or more efficiently
by a pattern search algorithm through a local exploration of
the cost function on the points in the vicinity of the current
solution [19].
The gradient-based optimization methods are preferred

to their stochastic rivals that suffer from slow conver-
gence speed due to their intrinsic time-consuming searching
mechanisms [20]. In these methods, the gradient of the
objective function is used to update the solution in each
iteration [21], [22], [23], [24], [25]. The convergence speed
and the avoidance of trapping in local minimums depend
strongly on the number of equations and unknowns, the
initial choice of solution, and how to calculate the gradi-
ent of the objective function. In other words, the merits
of the gradient method may not be achieved if it is
not implemented appropriately in the inverse problem at
hand. For example, the objective function, representing the
error between the predicted and actual probe output sig-
nals, includes multiple unknown electric and magnetic field

variables, thus increasing the likelihood of trapping in local
minimum points for noisy signals. In fact, one cannot obtain
an explicit relation for the objective function in terms of the
unknown parameters of the crack depth profile, although
several pseudo-analytical forward problem solvers methods
have been developed for various ACFM testing modali-
ties [26], [27], [28], [29]. Besides, the computation of the
error gradient in each iteration requires the solution of the
forward problem which imposes additional computational
costs.
Referring to the challenges described above, we propose

an efficient phenomenological technique for reconstructing
the depth profile of a surface-breaking crack in a metallic
slab from the output signal of an ACFM probe. The proposed
technique is based on an iterative inversion algorithm that uti-
lizes a recently developed pseudo-analytical technique [29]
in conjunction with a gradient-based optimization algorithm.
By assuming a polynomial function for the field distribution
in the depth direction and applying appropriate Green’s func-
tions, the objective function can be derived explicitly in terms
of depth variables as a matrix equation. The crack depth pro-
file is reconstructed by minimizing the objective function in
an iterative fashion, using a conjugate gradient optimization
algorithm. Since there is no need for a repetitive solution
to the forward problem, the speed of convergence to global
minimum points significantly increases. This feature can be
more evident for noisy signals and improper choices of the
initial depth profile.
The remainder of this article is organized as follows.

The general formulation of the proposed inverse technique,
including the derivation of the objective function and the
implementation of the conjugate gradient optimization algo-
rithm, is discussed in Section II. The validity and efficiency
of the proposed technique are demonstrated in Section III
where the actual and reconstructed depth profiles of several
simulated and machine-made cracks with no predetermined
geometries are compared.

II. FORMULATION
The geometry of the problem is shown in Fig. 1(a) where
a conducting half space with conductivity σ1 and permeabil-
ity μ1 contains a surface-breaking crack with an arbitrary
depth profile along the x-axis. The two faces of the crack
are perpendicular to the metal surface, lying in the direction
of the x-axis, with very narrow opening g and length l.
The crack depth profile is specified by the depths of K

discrete points (d1, d2, . . . , dK) at the boundary of the crack
separated by an equidistance of δxk, shown in Fig. 1(b). An
ACFM probe (containing a current-carrying wire inducer
and a magnetic field sensor) scans the metal surface. The
inducer is excited by an ac current source of frequency f and
magnitude I. It induces ECs with an arbitrary skin depth in
the metal, and the sensor measures the z-component of the
magnetic field at the metal surface. The sensor is attached to
the inducer and can move automatically along the x- and y-
directions by the scanner, and manually in the z-direction.
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FIGURE 1. (a) ACFM probe (containing an inducer and a magnetic field sensor)
scanning an arbitrary surface crack in a conductive specimen. (b) 1-D discretization of
the crack with cubic cells.

The amplified amplitude and phase of the sensor output
signal are measured by a lock-in amplifier and saved, using
a digital data logger.
The aim is to provide an inverse modeling technique

for the reconstruction of the crack depth from the sensor
output signal. To this end, first, an initial depth profile is
assumed. Then, an objective function is derived in terms
of the crack depth variables (d1, d2, . . . , dK) from the dif-
ference between the measured signal and the predicted
signal of the initial crack. Finally, the depth profile of
the crack is reconstructed by implementing a nonlinear
conjugate gradient algorithm that minimizes the objective
function.

A. OBJECTIVE FUNCTION
We start by discretizing the crack volume Vc into K cubic
cells of dimensions δxk × g × dk (k = 1 : K), as shown in
Fig. 1(b). Denoting the depth of the kth cell with dk, the
crack depth vector d is defined as follows:

d = [d1, d2, . . . , dK]k = 1 : K. (1)

FIGURE 2. Proposed inversion method based on a conjugate gradient algorithm to
determine the crack depth profile.

The objective function O(d) and its gradient ∇dO can be
expressed as follows:

O(d) =
J∑

j=1

∥∥∥hzprdj − hz
msr
j

∥∥∥
2

(2)

and

∇dO = 2Re
K∑

k=1

(
hz

prd
j − hz

msr
j

)∗∇dhz
prd
j (3)

where hzmsr
j and hz

prd
j denote the normalized sensor measured

signal and its predicted signal at the point of j, respectively.
The normalization factor is the sensor output signal in the
absence of a crack; in practice, it is determined by measur-
ing the sensor output signal in an area far from the crack,
where a constant signal appears at the output of the detection
system.
Taking advantage of the diffusion property of the electro-

magnetic field in the metal and based on the results of [29],
the electric and magnetic field distribution in each element is
assumed a second-degree polynomial for the z-dependence
and pulse for the x- and y-dependence as follows and, hence,
the electric and the magnetic fields inside the crack can be
expressed as follows:

E(r) =
K∑

k=1

χk(x, y, z)
[
a2kz

2 + a1kz+ a0k

]
(4a)

H(r) =
K∑

k=1

χk(x, y, z)
[
b2kz

2 + b1kz+ b0k

]
(4b)

where

χk(x, y, z) =
{

1, (x, y, z)εVk
0, else.

(5)

Here, (a2k , a1k , a0k) and (b2k , b1k , b0k) are, respectively,
the coefficients of the second-degree polynomials associated
with E and H in the kth cell.
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FIGURE 3. Variations of the crack signal hz , when scanning the crack specified in
Fig. 4 along line y = −0.2 mm at a lift distance zs = 0.2 mm.

Using the half-space Green’s functions, the electric and
magnetic fields can be obtained everywhere as follows:

Eprd(r) = Einc(r)

+ g
K∑

k=1

∫ dk

z′=0

{
G
ej(
r, r′

)[
a2kz

′2 + a1kz
′ + a0k

]

+ G
em(

r, r′
)[
b2kz

′2 + b1kz
′ + b0k

]}
dz′

k = 1, 2, . . . ,K (6a)

Hprd(r) = Hinc(r)

+ g
K∑

k=1

∫ dk

z′=0

{
G

hj(
r, r′)[a2kz′

2 + a1kz
′ + a0k

]

+ G
hm(

r, r′)[b2kz′
2 + b1kz

′ + b0k

]}
dz′

k = 1, 2, . . . ,K (6b)

where r and r′ are the position vectors of observation (x, y, z)
and source (x′, y′, z′) points, respectively. The subscript “inc”
denote the induced field in the absence of the crack (the
incident field). Also, G

ej
and G

em
represent, respectively, the

half-space electric dyadic Green’s functions due to electric
and magnetic current sources, and G

hj
and G

hm
represent,

respectively, the half-space magnetic dyadic Green’s func-
tions due to electric and magnetic current sources. The
derivation of the incident fields and the half-space electric
dyadic Green’s functions are detailed in [29]. According to
(4a) and (4b), the coefficients of the second-degree polyno-
mials in each cell can be derived from the fields of that cell
as follows:

a0k = E(xk, 0, 0) (7a)

a1k = ∂E(xk, 0, z)

∂z
|z=0 (7b)

a2k = ∂2E(xk, 0, z)

2∂z2
|z=0 (7c)

b0k = H(xk, 0, 0) (7d)

b1k = ∂H(xk, 0, z)

∂z
|z=0 (7e)

b2k = ∂2H(xk, 0, z)

2∂z2
|z=0. (7f)

TABLE 1. Comparison of the proposed method and its counterpart [19] when using
various initial crack depth profiles shown in Fig. 4(a)–(d) to reconstruct the respective
crack depth profiles, using the simulated crack signal given in Fig. 3.

TABLE 2. Comparison of the proposed method and its counterpart [19] when using
the simulated crack signals given in Fig. 6 to reconstruct the crack depth profiles
shown in Fig. 7.

By combining the matrix equations obtained from (6)
and (7), and eliminating the coefficients of the second-degree
polynomials, the sensor-predicted signal can be obtained as
a matrix relation, i.e.,

[
hprdz

]
= [A]

[
Cinc

]
(8)

where matrix [Cinc] contains the incident fields and their
derivatives that are known. Matrix [A] contains only the
unknown variables of crack depth that appear at the
boundaries of the integrals.
By substituting (8) in (2) and (3), the objective func-

tion and its gradient are obtained in terms of the crack
depth vector. To determine the crack depth variables,
we need to minimize the optimization problem posed in
(2). This is done by resorting to the conjugate gradient
method.

B. IMPLEMENTATION OF THE CONJUGATE GRADIENT
METHOD
The conjugate gradient method is the most prominent
gradient-based optimization method for its high conver-
gence speed [30]. Using this method, the algorithm shown
in Fig. 2 is developed to minimize the objective function
in (2) by updating the crack depth vector d in an iterative
manner. Referring to Fig. 2, the proposed algorithm starts
by assigning the initial values of the crack depth vector d0.
It then follows an iterative procedure where the vector of
the unknown depth profile at the nth iteration, dn, is used to
obtain the respective value of the objective function, O(dn).
Provided that the value of O(dn) is less than a predetermined
threshold value O0, the algorithm stops and the elements of
dn will be the estimated values of the crack depth vec-
tor. Otherwise, dn is updated to obtain a new value of the
objective function in the next iteration as follows:
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FIGURE 4. Actual and reconstructed crack depth profiles, using the crack signals shown in Fig. 3 and various initial crack depth profiles; (a) rectangular and (b) circular-arc
cracks with a predetermined maximum sizable depth (10 mm), and (c) rectangle and (d) circular-arc cracks whose depths are determined such that the difference between the
actual and predicted probe signals becomes minimum in the least squares sense.

�dn = −∇dO(dn) (9a)

βn = �dTn�dn
�dTn−1�dn−1

(9b)

sn = �dn + βndn−1 (9c)

dn+1 = dn + αsn (9d)

where coefficient α is an adjustable step length and its appro-
priate value is obtained by performing a line search [30].
Also, the value of O0 is determined as follows:

O0 = τ 2
J∑

j=1

∥∥∥hzmsr
j

∥∥∥
2

(10)

where τ is a prespecified value representing the accept-
able relative mean square error between the predicted and
measured crack signals.

III. RESULTS
To evaluate the accuracy and computation performance of
the proposed method, the results of various simulation and
experimental tests are investigated. We also compare the
results of the proposed method with those obtained using the
method presented in [19]. The rival method in [19] adopts
a phenomenological approach where an efficient stochas-
tic optimization scheme along with a fast pseudo-analytic
ACFM probe output simulator is utilized to predict the crack
depth profile.

FIGURE 5. Reconstructed crack depth profiles, using the proposed method applied
to the measured crack signals shown in Fig. 3 for various initial crack depth profiles in
Fig. 4.

Referring to Fig. 1, the ACFM probe consists of a mag-
netic field sensor attached to an N-turn solenoid inducer
with a rectangular cross section. It interrogates the surface
of a metal slab containing a surface-breaking crack with
an arbitrary depth profile. The sensor is a tiny pickup coil
that measures the magnetic field hz, of the surface point by
point. The center of the sensor (xs, ys, zs) is placed at a fixed
position (�xo, �yo, �zo) with respect to the center of the
inducer.
The validity of the proposed method in all cases is

quantitatively evaluated by examining the root mean square
deviation (RMSD) between the actual crack depth profile,
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FIGURE 6. Variations of the crack signals, hz , superposed by additive white Gaussian noise with SNRs when scanning the crack specified in Fig. 4 along line y = −0.2 mm
and zs = 0.2 mm; (a) SNR = 10 dB, (b) SNR = 12 dB, (c) SNR = 16 dB, and (d) SNR = 25 dB.

FIGURE 7. Reconstructed crack depth profiles, using the crack signals shown in
Fig. 6 (a)–(d).

dk (k = 1, 2, . . . ,K), and its reconstructed counterpart, d̂k
(k = 1, 2, . . . ,K), in all cases is given

RMSD =

√√√√√
∑K

k=1

(
d2
k − d̂2

k

)

∑K
k=1 d

2
k

. (11)

A. SELECTION OF THE INITIAL CRACK DEPTH PROFILE
In the first set of results, we present the simulated results
(Fig. 3) of the case where the ACFM probe (N = 3, li =
24 mm, s = 5 mm, and w = 15 mm, f = 200 Hz and
I = 1 A) scans an aluminum metal, containing a two-hump
arbitrary-shape crack (Fig. 4). The z-component of the mag-
netic field, hz is measured by an induction coil magnetic

FIGURE 8. Experimental set up where an ACFM probe (comprising a rectangular
inducer and a pickup coil magnetic field sensor) interrogates the surface of a metal
slab with an arbitrary-shape surface crack.

field sensor that is placed at a fixed position (�xo = 0,
�yo = −2 mm, and �zo = −12.3 mm) with respect to the
center of the inducer.
To study how the initial crack depth profile affects the

efficiency of the proposed method, four cases are examined.
These are: 1) a rectangular and 2) a circular-arc cracks with
a predetermined maximum sizable depth, and 3) a rectangle
and 4) a circular-arc cracks with a depth that is determined
such that the difference between the actual and predicted
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FIGURE 9. Actual and reconstructed depth profiles of two machine-made cracks
with opening g = 0.2 mm; (a) single-hump depth profile and (b) double-hump depth
profile.

probe signals become minimum in the least squares sense.
It is worth noting that the crack length can be readily deter-
mined by a 2-D scan of the metal surface as large discernible
rises and falls appear in the signal from at the two ends of
the crack [8]. The crack signal (Fig. 3) is used to reconstruct
the crack shape, using various initial crack depth profiles.
A study of the results shown in Figs. 4 and 5 demonstrates
the capability of the proposed method for accurate crack
reconstruction, regardless of the choice of the initial depth
profile. For comparison purposes, the values of RMSD and
CPU times required for computation of the results on an
Intel Core i3-370M Processor (3M cache, 2.40 GHz) with
8 GB of RAM (running MATLAB software package) are
shown in Table 1. The values of RMSD in this table indi-
cate that the circular-arc profile (offering the closest signal to
the actual crack signal) is the best initial guess in the recon-
struction process. A further study of the results in Table 1
demonstrates the superiority of the proposed method to its
rival [19] both in terms of accuracy and computation effi-
ciency. This is due to the fact that the forward problem in the
method of [19] must be fully solved in each iteration, requir-
ing a 2-D discretization of the crack face. This is in contrast
with the proposed method where the problem is formulated
in terms of the crack depth variables, requiring a 1-D dis-
cretization of the crack depth profile with a relatively smaller
number of unknowns.

TABLE 3. Computational parameters for reconstruction of two machine-made
cracks from ACFM probe output signals.

B. RESILIENCY TO NOISE
In practice, the probe output signal is always noisy. This is
due to the inevitable electronic noise in the measurement
circuitry and variations in the sensor lift-off as a result of
fluctuations in probe mechanical movement. To evaluate the
robustness of the proposed method in the presence of noise,
the crack signal is superimposed by Gaussian noise with
various signal-to-noise ratios (SNRs), as shown in Fig. 6.

The noisy crack signals are used to reconstruct the crack
depth profile estimation when the rectangular crack in
Fig. 4(c) is selected as the crack initial depth profile. A study
of the reconstructed crack depth profiles (Fig. 7) further
demonstrates the validity of the proposed inversion method.
As expected, both the proposed method and its rival tend to
deteriorate as the value of SNR decreases. This is clearly
seen in the respective values of RMSD given in Table 2.
A further study of the results in Table 2 shows that as
the value of SNR is reduced from 25 to 10 dB, the value
of RMSD in the proposed method increases from 7.1% to
12.2% (5.1% increase), whereas it increases from 9.4% to
21.4% (11% increase) in the case when the method of [19]
is used. In other words, the proposed method appears to be
more resilient to noise than its rival.

C. EXPERIMENTAL RESULTS
To further evaluate the performance of the proposed method,
the setup shown in Fig. 8 is used. The setup consists of
a motorized 2-D scanner, a current source, an ACFM probe
(consisting of an inducer and a magnetic field sensor), a lock-
in amplifier, and a digital data logger, all of which are
controlled by a personal computer. The inducer, connected
to the current source, induces ECs with a frequency of
80 Hz in the test block. It consists of six turns (N = 6) of
1-mm diameter copper wire with li = 24 mm, s = 5 mm,
and w = 15 mm and is placed at a distance hi = 5 mm
above the metal surface. The magnetic field disturbed by
the crack is measured at a speed of two samples per sec-
ond by a tiny pickup coil sensor, consisting of 5 turns of
0.1-mm diameter copper wire uniformly wound on a cylindri-
cal glass holder whose length and diameter are ls = 0.4 mm
and ds = 0.4 mm, respectively. Because of the small size
of the sensor, it essentially produces a point measurement
of the magnetic field distribution. The center of the sen-
sor (xs, ys, zs) is placed at a fixed position (�xo = 0,
�yo = −0.7 mm, and �zo = −12.1 mm) with respect
to the center of the inducer and its axis is chosen to be
perpendicular to the metal surface in order to measure the
z-component of the magnetic field. The sensor is attached to
the inducer and can move along the x- and y-directions by
the scanner, and in the z-direction, by hand. The amplified
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FIGURE 10. Normalized output signals of the ACFM probe when scanning the metal surface parallel to the crack edge along y = −0.2 mm and zs = 0.4 mm; (a) crack with
single-hump depth profile [Fig. 9(a)] and (b) crack with double-hump depth profile [Fig. 9(b)].

amplitude and phase of the sensor output signal are measured
by the lock-in amplifier and saved in the digital data
logger.
Two steel test blocks (μr = 100 and σ = 6 × 106 S/m),

each containing a surface crack with no geometrical shape
(Fig. 9), are used. The cracks have been manufactured by the
electric discharge machinery technique [31]. Fig. 10 illus-
trates variations of the normalized sensor output signal
associated with the two cracks when scanning the metal
surface parallel to the crack edge at a lift-off distance
zs = 0.4 mm and f = 80 Hz. As can be seen in Fig. 10, there
are discernible rises and falls in the sensor output signals
when encountering the two ends of the cracks from which
their lengths can be determined. Fig. 9 shows the response
of the proposed inverse model for reconstructing the crack
depth profile from the sensor output signals. A compari-
son of the actual crack depth profiles and their respective
reconstructed counterparts demonstrates the accuracy of the
proposed inversion technique. From the figures in Table 3,
the value of RMSD in two cases is less than 9%, which indi-
cates the good closeness of the reconstructed depth profiles
with their respective actual counterparts.

IV. CONCLUSION
An efficient method has been proposed to reconstruct
the depth profile of a surface-breaking crack in a metal
by inverting the output signal of an ACFM probe. The
proposed method is based on a phenomenological inversion
method that adopts a gradient-based optimization algorithm
to minimize the difference between the measured crack sig-
nal and its predicted counterpart in an iterative manner.
The main feature of the proposed technique is its accu-
rate and fast convergence for different choices of initial
profile and noisy signals. This stems from the explicit rela-
tion derived for the objective function in terms of crack
depth variables and the small dimensions of the resultant
matrices in the inversion process. The validity and effi-
ciency of the proposed technique have been demonstrated
by reconstructing the depth profile of several simulated and

machine-made cracks (with no predetermined geometries) in
magnetic/nonmagnetic metallic blocks.
The proposed method can also be used to treat cracks

with a nonstraight narrow opening. Besides, the scanning
direction need not be along the crack opening. The only
prerequisite is knowing the scan direction (with respect to
the crack opening) to predict the sensor output signal in each
iteration.

REFERENCES
[1] R. I. Stephens, Metal Fatigue in Engineering. New York, NY, USA:

Wiley, 2001.
[2] W. D. Dover, R. Collins, R. B. Thompson, and D. H. Michael, “The

use of AC-field measurement for crack detection and sizing in air and
underwater,” Philos. Trans. Royal Soc. London A, Math. Phys. Sci.,
vol. 320, no. 1554, pp. 271–283, 1986.

[3] M. Lewis, D. H. Michael, M. C. Lugg, and R. Collins, “Thin-skin elec-
tromagnetic fields around surface breaking cracks in metals,” J. App.
Phys., vol. 64, no. 8, pp. 3777–3784, Oct. 1988.

[4] D. Mirshekar-Syahkal, and R. F. Mostafavi, “1-D probe array for
ACFM inspection of large metal plates,” IEEE Trans. Instrum. Meas.,
vol. 51, no. 2, pp. 374–382, Apr. 2002.

[5] J. Jun, J. Hwang, and J. Lee, “Quantitative nondestructive evaluation
of the crack on the austenite stainless steel using the induced eddy
current and the Hall sensor array,” in Proc. IEEE Instrum. Meas.
Technol. Conf., May 2007, pp. 1–6.

[6] G. Betta, L. Ferrigno, and M. Laracca, “GMR-based instrument for
ECT on conductive planar specimens,” in Proc. IEEE Instrum. Meas.
Technol. Conf., May 2010, pp. 845–849.

[7] N. Bowler, Eddy-Current Nondestructive Evaluation. New York, NY,
USA: Springer Nat., 2019.

[8] M. Ravan, S. H. H. Sadeghi, and R. Moini, “Neural network approach
for determination of Fatigue crack depth profile in a metal, using
alternating current field measurement data,” IET Sci. Meas. Technol.,
vol. 2, no. 1, pp. 32–38, Jan. 2008.

[9] S. H. H. Sadeghi and D. Mirshekar-Syahkal, “A method for siz-
ing long surface cracks in metals based on the measurement of
the surface magnetic field,” in Review of Progress in Quantitative
Nondestructive Evaluation. vol. 9A. New York, NY, USA: Plenum,
1990, pp. 351–358.

[10] S. H. H. Sadeghi, B. Toosi, and R. Moini, “On the suitability of
induction coils for crack detection and sizing in metals by the surface
magnetic field measurement technique,” NDT E Int., vol. 34, no. 7,
pp. 493–504, 2001.

[11] S. H. H. Sadeghi and D. Mirshekar-Syahkal, “Scattering of an induced
field by fatigue cracks in ferromagnetic metals,” IEEE Trans. Magn.,
vol. 28, no. 2, pp. 1008–1016, Mar. 1992.

6000209 VOLUME 1, 2022



[12] M. O. Ravari, S. H. H. Sadeghi, R. M. Mazandaran, and
W. H. A. Schilders, “Field distributions around a rectangular crack in
a metallic half space excited by long current-carrying wires with arbi-
trary frequency,” IEEE Trans. Magn., vol. 49, no. 3, pp. 1008–1018,
Mar. 2013.

[13] J. A. Buck, P. R. Underhill, J. E. Morelli, and T. W. Krause,
“Simultaneous multi parameter measurement in pulsed eddy cur-
rent steam generator data using artificial neural networks,”
IEEE Trans. Instrum. Meas., vol. 65, no. 3, pp. 672–679,
Mar. 2016.

[14] L. S. Rosado, F. M. Janeiro, P. M. Ramos, and M. Piedade, “Defect
characterization with eddy current testing using nonlinear-regression
feature extraction and artificial neural networks,” IEEE Trans. Instrum.
Meas., vol. 62, no. 5, pp. 1207–1214, May 2013.

[15] S. M. Ahmadkhah, R. P. R. Hasanzadeh, and M. Papaelias, “Arbitrary
crack depth profiling through ACFM data using type-2 fuzzy logic
and PSO algorithm,” IEEE Trans. Magn., vol. 55, no. 2, pp. 1–10,
Feb. 2019.

[16] R. P. R. Hasanzadeh, S. H. H. Sadeghi, M. Ravan, A. Moghaddamjoo,
and R. Moini, “A fuzzy alignment approach to sizing surface cracks
by the AC field measurement technique,” NDT E Int., vol. 44, no. 1,
pp. 75–83, Jan. 2011.

[17] N. Biju, N. Ganesan, C. V. Krishnamurthy, and K. Balasubramaniam,
“Defect sizing simulation studies for the tone-burst eddy current ther-
mography using genetic algorithm based inversion,” J. Nondestruct.
Eval., vol. 31, no. 4, pp. 342–348, Jun. 2012.

[18] A. Noroozi, R. P. R. Hasanzadeh, and M. Ravan, “A fuzzy learn-
ing approach for identification of arbitrary crack profiles using
ACFM technique,” IEEE Trans. Magn., vol. 49, no. 9, pp. 5016–5027,
Sep. 2013.

[19] A. A. Khezri and S. H. H. Sadeghi, “Determination of crack
depth profile in cylindrical metallic structures, using alternating cur-
rent field measurement data,” J. Nondestruct. Eval., vol. 38, p. 57,
May 2019.

[20] S. Koziel and X. S. Yang, Computational Optimization, Methods and
Algorithms. Berlin, Germany: Springer, 2011.

[21] Z. Badics, H. Komatsu, K. Aoki, and Y. Matsumoto, “Inversion
scheme based on optimization for 3-D eddy current flaw recon-
struction problems,” J. Nondestruct. Eval., vol. 17, pp. 67–78,
Jun. 1998.

[22] Z. Chen and K. Miya, “ECT inversion using a knowledge-based for-
ward solver,” J. Nondestruct. Eval., vol. 17, pp. 167–175, Sep. 1998.

[23] J. R. Bowler, “Thin-skin eddy-current inversion for the determi-
nation of crack shape,” Inst. Phys. Inverse Probl. vol. 18, no. 6,
pp. 1891–1905, Nov. 2002.

[24] H. Haddar, Z. Jiang, and M. K. Riahi, “A robust inversion method
for quantitative 3D shape reconstruction from coaxial eddy current
measurements,” J. Sci. Comput., vol, 70, pp. 29–59, Jul. 2017.

[25] Y. Zhao, G. Wei, J. Han, W. Cai, H. Chen, and Z. Chen, “Enhancement
of crack reconstruction through inversion of eddy current testing sig-
nals with a new crack model and a deterministic optimization method,”
Meas. Sci. Technol., vol. 33, no. 5, Feb. 2022, Art. no. 55011.

[26] M. Ravan, S. H. H. Sadeghi, and R. Moini, “Field distributions around
arbitrary shape surface cracks in metals, induced by high-frequency
alternating-current-carrying wires of arbitrary shape,” IEEE Trans.
Magn., vol. 42, no. 9, pp. 2208–2214, Sep. 2006.

[27] T. Heidari, H. Seidfaraji, S. H. H. Sadeghi, and R. Moini, “A fast anal-
ysis technique for electromagnetic interaction of high-frequency AC
current-carrying wires with arbitrary-shape cracks in ferrous metals,”
IEEE Trans. Magn., vol. 49, no. 3, pp. 1101–1107, Mar. 2013.

[28] A. Akbari-Khezri, S. H. H. Sadeghi, and R. Moini, “Field distribution
around surface cracks in metallic cylindrical structures excited by
high-frequency current-carrying coils of arbitrary shape,” IEEE Trans.
Magn., vol. 51, no. 2, pp. 1–10, Feb. 2015.

[29] T. Heidari and S. H. H. Sadeghi, “Output signal prediction of an
eddy-current probe when scanning arbitrary-shape surface cracks in
metals,” IEEE Trans. Instrum. Meas., vol. 69, no. 6, pp. 3761–3769,
Jun. 2020.

[30] N. Andrei, Nonlinear Conjugate Gradient Methods for Unconstrained
Optimization. Cham, Switzerland: Springer Nat., 2020.

[31] J. A. Mcgeough, Advanced Methods of Machining. London, U.K.:
Chapman Hall, 1988.

VOLUME 1, 2022 6000209



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


