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Abstract: Acoustic emission (AE) source localization technology, since the early application to one-
dimensional structures, has been extended to a wide range of applications to two-dimensional
(2D) structures, including isotropic and anisotropic materials, which are currently the most widely
studied and the most mature. With the development of AE source localization technology, more
and more significant challenges have arisen for three-dimensional (3D) structures, which are mostly
anisotropic and have complex propagation paths. This paper summarizes and discusses the AE
source localization methods in different dimensions as well as their applications, including the main
methods for 2D AE source localization, such as the triangulation method, beam forming, strain rosette
technique, modal AE, artificial neural network, optimization and the time reversal technique, as well
as state-of-the-art AE source localization methods in isotropic and anisotropic structures utilizing
these methods. Recent advances in AE source localization in complex 3D structures are also reviewed.

Keywords: acoustic emission; beam forming; source localization

1. Introduction

Sound source localization refers to the process of recording and analyzing the acoustic
signal of sound propagation through an elastic medium from a source that radiates sound
waves to deduce the location of the sound source. Sound source localization technology
is widely used in aerospace, military, medical, seismic, intelligent voice recognition and
non-destructive testing applications. Sound source localization technology utilizes acoustic,
signal detection, digital signal processing and many other technologies.

Acoustic emission (AE) source localization technology is an important part of struc-
tural health inspections. AE is a physical phenomenon in which a localized source in a
material rapidly releases energy to produce elastic waves. AE is ubiquitous in daily life,
since both fracture and deformation of materials can produce AE phenomena. Sources re-
lated to the fracture and deformation of materials are called AE sources, which include pipe
leakage, friction, collision and combustion. Sources that are not related to the fracture and
deformation of the material are called secondary AE sources. AE source signals contain im-
portant information about material deformation, crack extension and damage location and
extent. The process of recording, processing and analyzing the AE signals and deducing
the location of the AE source from the AE signals is known as AE localization technology.

This article mainly summarizes the methods of acoustic emission source localization
in different dimensions and provides a detailed solution process for acoustic source local-
ization using one-dimensional, two-dimensional and three-dimensional time difference
methods. As dimensions increase, positioning becomes increasingly complex and difficult.
The three-dimensional positioning method is currently a key research direction which
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helps to apply acoustic emission source positioning technology to practical engineering. At
present, there is no detailed review and comparison of the localization methods for three-
dimensional structures in research. This article classifies the current three-dimensional
sound source localization methods and compares the sound source localization methods
for three-dimensional structures. Notes on this research direction are proposed at the end.

2. Sound Source Localization Methods for One-Dimensional (1D) Structures

The one-dimensional positioning method mainly utilizes time difference to locate the
sound source (Figure 1).
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Figure 1. One-dimensional time difference methods.
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x is the distance from the crack to sensor 1, where x represents the position of the
acoustic emission source, L is the length of the detection section, c is the wave velocity, ¢,
represents the time when the crack begins to form, ¢; represents the time when sensor 1
receives the signal and ¢, represents the time when sensor 2 receives the signal.
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3. Sound Source Localization Methods for Two-Dimensional (2D) Structures

Research on AE source localization in planar materials was initiated as early as the
last century. AE source localization for 2D planar surfaces is often applied in the aerospace
industry for wing fuselage damage detection, and damage localization in civil and marine
structures. Nowadays, acoustic emission damage localization is applied to many industries,
such as the construction industry, geotechnical industry and materials industry. The main
methods for 2D sound source localization (Figure 2) can be classified into the triangula-
tion method, beam forming, strain rosette technique, modal AE (MAE), artificial neural
networks, optimization and the time reversal technique. Many proposed new positioning
methods are based on the above methods.

3.1. Triangulation Method

The triangulation method uses the time difference between the sound wave and
different sensors to locate the sound source. It is an extension of the one-dimensional time
difference positioning method, which essentially involves solving a system of equations,
but two-dimensional methods require solving more systems of equations.

Since the 1960s, triangulation technology has been used for AE non-destructive testing
of rocket motorcycles. Tobias [1], Sachse and Sancar [2] and others studied sound source
localization technology in isotropic plates. For the triangular time difference localization
method in an isotropic plate using the difference in the AE signal arrival times (TDOA) at
the three sensors (Figure 3), obtain the sound emission source position S0 by calculating
the difference between several matrices.
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Figure 2. Method for 2D sound source localization.
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Figure 3. Triangular time difference localization method.

The triangulation method has the following requirements: (1) wave velocity is constant
in the medium; (2) arrival of the wave signal can be caught perfectly; (3) a straight wave
path; (4) sensor locations are accurately determined; and (5) it requires a lot of sensors.

By improving the above limitations, many scholars have also proposed new methods
based on triangulation. We can classify the new methods based on the limitations of
the improvements.

3.1.1. Triangular Positioning Method with Few Sensors

In order to save costs and improve efficiency, many scholars have proposed methods
using fewer sensors for positioning.

Although at least three sensors and two sets of time differences can determine the
two-dimensional coordinates of the acoustic emission source, in order to obtain a single
accurate solution, four sensors and three sets of time differences are often used to locate the
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acoustic emission source, such as in the four-probe rhombic localization method proposed
by Shen et al. [3], and the planar square-triangle localization method, shown in Figure 4a,c.
The normalized square localization method proposed by Ma et al. [4] is shown in Figure 4b.
Although these acoustic emission source localization methods based on time difference
require a small number of sensors, they are only applicable to materials with known
constant velocity and isotropy.

y
y 1
—t Sa 2
~— 7] /
S3(0,A)
b 03
S 0 Ss Al '
T a T X Qx.y)
So(0,0)
N
— S Sl( 1 B) 5 S”(l -B)

(a) (b)

y
2(-1,1) /\ 1(1,1) y

C(t1+At2) ><

0
t#AL) Cti+Ats)

\

PZTI Sis

3(¢-1,1) \ /4(-1,-1) 0 ¥
(c) (d)

Figure 4. Positioning methods based on time difference method: (a) rhombic AE localization

method [3]; (b) normalized square localization method [4]; (c) planar square—triangle localization
method [3]; (d) triangular time-difference localization method with known velocity.

3.1.2. Triangular Positioning Method under Unknown or Unstable Wave Velocity

For anisotropic structures, the wave speed is not constant. Kundu et al. [5] first
performed sound source localization by the improved time difference method in steel-
reinforced metal plates and proposed an easy-to-implement method for estimating the
location of sound sources in orthogonal anisotropic plates, which was based on the energy
of the recorded signal.

Subsequently, Liang et al. [6] proposed a sound source localization method based on
the triangular time difference method applied to anisotropic materials with known wave
velocities, which solved a system of nonlinear equations to obtain the location of the sound
source, as shown in Figure 4d.

Dong et al. [7] presented a multi-step localization method (MLM) which does not
require the wave velocity to be known in advance for heterogeneous media. But this
method requires more sensors.
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Sen et al. [8] used a cluster of four closely positioned sensors forming the four vertices
of a square and facing different directions. They proposed a formula for estimating the
angle of incidence from the signals acquired by the square cluster. A method based on the
shape of the wavefront can then be applied to estimate the sound source location.

Haywood-Alexander et al. [9] proposed a new method which used the Bayesian
decomposition of single-source signals and required only a priori information about the
surface displacements on the propagation path. The Bayesian decomposition method
returned signals that contained only reflected waves and obtained parametric features to
be used to assess damage.

Zhou et al. [10] proposed a new method for localization of sound sources, which
required only six sensors to quickly predict the damage location in both isotropic and
anisotropic materials with the help of the L-shaped coupled sensor clusters. Li et al. [11]
presented a new approach to damage assessment based on empirical wavelet transform
and long- and short-term wavelet decomposition.

Lietal. [11] used an AE source localization method based on empirical wavelet trans-
form and long and short-term memory neural networks for crack monitoring in ortho-tropic
anisotropic steel plates.

Since the traditional time difference method does not consider the structural complex-
ity that may change the wave propagation path and velocity, Al-Jumaili [12] proposed a
new and improved fully automated delta T mapping technique, where a clustering algo-
rithm was used to automatically identify and select the highly correlated events at each grid
point, while a minimum-difference method was adopted to determine the source location.

3.1.3. Triangular Positioning Method under Uncertain Arrival Time Difference of
Sound Waves

Cantero-Chinchilla et al. [13] proposed a new fully probabilistic method for estimating
time-of-flight based on a Bayesian inverse problem that provided a reliable estimate of the
time-of-flight for each sensor independently. The prediction was then used as an input to
the Bayesian inverse problem for damage localization.

Zhao et al. [14] proposed an improved AE-based damage source localization method
for wind turbine blades and used five methods to determine the most reasonable TDOA to
improve the accuracy of the damage source localization.

Jones et al. [15] proposed a Bayesian source localization strategy which was able to
cope with complex situations. In this new framework, a Gaussian process was first used to
model the relationship between the source location and the corresponding TDOA values
for multiple sensor pairs. When an AE event of unknown origin was observed, a mapping
was generated that quantified the likelihood of the emission location across the surface of
the structure.

Zargar et al. [16] proposed an autonomous analysis of the wavefield for impact di-
agnostics based on computer vision, i.e., identifying the location of the impact and recon-
structing the impact force time-course.

Hao et al. [17] proposed a machine-learning method for localizing composite panels
within a five-peak narrowband modulated sinusoidal signal excitation source and a back
propagation (BP) neural network. The idea was to use the arrival time of the first wave
packet of the five-peak wave signals to locate the AE source.

Jang et al. [18] used the magnitude of fiber optic sensor signals to estimate the distance
between each sensor and the impact location. To achieve a higher correlation between
signal magnitude and distance, the former was calculated using a rough estimate of the
signal near the arrival time. Then, the accuracy of estimating the signal magnitude distance
was improved by neural network training. Finally, triangulation was used to localize the
impact source.

Mirgal et al. [19] proposed a simplified and robust arrival-time-based iterative planar
source (IPS) localization algorithm for identifying arbitrarily selected multiple damage
source locations for rectangular, circular and sawtooth otoacoustic emission sensor network
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arrangements. The outcomes of the proposed localization algorithm were then compared to
the results of an evolutionary particle swarm optimization (PSO) algorithm for each sensor
network arrangement to evaluate the performance of the AE source monitoring strategy.
Feng et al. [20] extracted the arrival time features at different frequencies from time
domain signals by continuous wavelet transform, mutual correlation and Hilbert transform.
Two techniques, namely, image fusion and artificial neural network, were proposed to fuse
multi-frequency features to detect impact defects in large aerospace structures.

3.2. Beam Forming

Another classical method for sound source localization is beam forming. It is a wireless
communication technology that employs a sophisticated strategy during data transmission.
The core principle is that the transmitting end will weight the data to be sent and then
form a focused narrow beam, which is like a laser beam and directly points towards the
target receiving user. The main purpose of doing so is to enhance the signal strength sent
to the target user, reduce signal attenuation during propagation and significantly improve
the demodulation signal-to-noise ratio of the target user, especially for users located at the
edge of the cell with relatively weak signals. This technology can significantly improve
their data throughput.

The beam forming method has been successfully applied in multiple fields such as
sonar, telecommunications, radar, sound source recognition and localization. Beam forming
was first proposed by McLaskey for sound source localization.

The advantages of constraint formation technology are high positioning accuracy
and robustness. The limitations are (1) that it requires a large number of sensor groups;
(2) when comparing the shape of signals in beam forming, all sensors in the array should
have similar amplitude and phase responses; and (3) to avoid spatial aliasing, the beam
forming array needs to have a relatively small aperture.

McLaskey et al. [21] proposed an improved beam forming approach for civil engi-
neering structures, as shown in Figure 5. He et al. [22] realized sound source localization
in plate structures by improving the beam forming method, examined the effect of AE
characteristics on the localization accuracy and proposed a method for determining the
localization speed by combining the plate wave theory and wavelet transform, as shown in
Figure 6a.
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Figure 5. Four-sensor beam forming technique.
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Figure 6. (a) Beam forming localization method [22]. (b) Beam forming localization method using

L-shaped sensor array.

Hamid et al. [23] compared the execution time of various time-domain and frequency-
domain beam forming techniques on general-purpose processors as well as their hardware
requirements. Chen et al. [24] proposed a new method working in low-frequency com-
bined with high-frequency secondary AE beam forming localization for internal defects
in thin plates. The signal source position using high- and low-frequency bands was first
determined by analyzing the main flap and sidelobe parameters with the maximum side-
lobe level (MSL), then the low-frequency localization of the signal envelope was used
to determine the range of the main flap and, finally, signal filtering was performed for
high-frequency localization through the narrowing of the scanning scope by the determined
range of the main flap. The results showed that the method avoided the beam formation of
the main flap being wider and the existence of influence of the side flap, and the defects in
thin plates were accurately localized, but it also solved the linear array perpendicular to
the array direction of the localization of the problem of low resolution.

Han et al. [25] applied the beam forming technique to robotic sound source localization
and used the minimum-variance distortion-free response adaptive beam forming algorithm
for sound source localization, which provided a higher localization accuracy compared
to the conventional beam forming algorithm. They proposed an improved cross-shaped
microphone array data processing method to reduce the computational burden of the beam
forming algorithm when used with the 2D microphone arrays. Liang et al. [26] proposed
a virtual primitive localization method based on planar array beam formation, which
symmetrically split a uniform square array into four subarrays projected into virtual primi-
tives through subarray beam formation and constituting a four-primitive cross array. The
direction of incoming waves was calculated by combining the estimated wave directions
by the four-primitive cross arrays. The results obtained by this method are compared with
the results obtained by the beam forming technique and large deviations are discarded;
otherwise, they are used as the reference direction for the next ping data in an iterative
loop improving the localization accuracy. Tai et al. [27] proposed a method to determine
the position of a sound source in an anisotropic structure by using an L-shaped transducer
array, as shown in Figure 6b.

3.3. Strain Rosette Technique

Another classical method for acoustic source localization is the rosette method, in
which the transducer arrays are arranged in the shape of a flower and the intersection of the
propagation directions determined by two rosette arrays gives the acoustic source location
when the transducer array direction is in the same direction as the main strain.

The advantage of this technology is that it is not affected by noise and does not
require the arrival time of waves. The limitation is that this technology is not applicable
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to anisotropic plates, as it requires the principal strain direction to be consistent with the
group velocity (or energy velocity) direction.

Matt et al. [28] proposed a method based on piezoelectric transducer rosette junc-
tions for passive damage or impact localization in anisotropic or geometrically complex
structures. A rosette junction consists of rectangular macro-fiber composite (MFC) trans-
ducers exhibiting a highly directional response to ultrasonic guided waves. Salamone
et al. [29] proposed a method using MFC transducer arrays arranged in rosettes for fast
impact localization in isotropic and composite aircraft panels. Each rosette utilized the
directional response of three MFC transducers to determine the direction of the incident
wave generated by the shock source as the principal strain angle. Two rosettes sufficed to
determine the impact location from the intersection of incoming wave directions.

Langenberg et al. [30] achieved sound source localization in plates by arranging
the sensors in a rosette array. This method requires the propagation direction to co-
incide with the main strain direction without knowing the wave velocity (Figure 7a).
Ciampa et al. [31-33] measured the wave stress differences at six piezoelectric sensors, as
shown in Figure 7b, used continuous wavelet transform to determine the bending Lamb
wave arrival times, and then solved the nonlinear equations to obtain the coordinates of
damage location and bending wave velocity by combining backtracking techniques related
to global line search and local Newton iterative methods. Aljet et al. [34] achieved damage
localization on carbon-fiber-reinforced composite panels by combining arrival times and
wave mode analysis from the data acquired by three closely spaced sensors, as shown in
Figure 7c. Jiang et al. [35] investigated the effect of various rosette configurations, includ-
ing 45° rectangular, 135° rectangular, 60° delta and 120° delta, on the accuracy of wave
propagation direction estimation. The results showed that the 135° triangle configuration
provided the superior results and that the errors depended on the size and position of each
sensor in the rosette.
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Figure 7. (a) Rosette array localization method. (b) Localization method using six sensors. (¢) Three

closely placed AE sensors for AE source localization.
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Kundu et al. [36,37] proposed an acoustic source localization utilizing transducers
arranged in an isosceles triangle, which utilized the arrival time difference. The method
was not only applicable to damage detection in isotropic materials but also to anisotropic
structures. The method’s performance has been continuously improved [38-40] (Figure 8b).

Wave Propagation

(a) (b)

Figure 8. (a) AE source localization method with rhombic wavefront [41]. (b) AE source localization
method with elliptical wavefront.

Park et al. [41] introduced a localization method for an AE source that produced a
rhombic or elliptical wavefront surface, as shown in Figure 8a.

3.4. Modal Acoustic Emission (MAE)

Modal acoustic emission is a waveform analysis method. Common waveform analysis
methods include Fourier transform, wavelet analysis, neural networks and full wave-
form analysis.

In 1991, the American scholar Gorman published a study on plate wave acoustic
emission (PWAE), which deepened researchers’ understanding of Lamb waves and applied
this theory more to acoustic emission monitoring. After PWAE, it is also known as modal
acoustic emission (MAE). The MAE theory combines the physical mechanism of the acoustic
emission source with the plate wave theory. The results show that this method is suitable
for monitoring acoustic emission signals of thin sheet metal materials and thin-walled long
pipe corrosion. Due to the typical characteristics of extended waves and bending waves,
the waveform features are significantly different from noise, making it easy to identify the
waveform of the corrosion signal.

The advantage of modal acoustic emission is that it requires fewer sensors and can
be located using a single sensor. The limitations are that (1) it is necessary to identify the
arrival time of the stretching wave and bending wave modes (which is not easy), as well as
(2) separation of wave reflection and multiple AE events.

Jiao et al. [42] introduced a single-sensor sound source localization technique, which
firstly predicted the dispersion characteristics of elastic waves in a thin plate by analyzing
the modes of propagating elastic waves. Then, the Gabor wavelets were applied. The
results showed that the arrival times of different modes can be determined from the peaks
of wavelet transform amplitudes.

Ebrahimkhanlou et al. [43] adopted multimodal edge reflections to identify AE sources
by estimating the distance between the AE source and a single transducer using the
continuous wavelet transform and dispersion curves of the fundamental Lamb wave
modes. This step used the MAE method. Then, an analytical model was proposed to
simulate the waves reflected from the edges using the estimated distance. Finally, the
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correlation between the experimental and simulated waveforms was utilized to estimate
the location of the AE source. The method was applied to isotropic plates.

Roy [44] proposed a method to minimize the effects of geometry, boundaries and edges.
The method was based on identifying the front of the time—frequency representation (TFR)
plot of the AE signal, i.e., the first few high-energy regions in the TFR, and then aligning
these regions according to the contours of the group velocity profile of the Lamb mode.

Jiang et al. [45] used the MAE method to characterize damage in a carbon fiber
composite pressure vessel. Mostafapour et al. [46] proposed a method for continuous
leakage source localization in inflatable pipelines and noisy environments using a single
transducer and wavelet analysis and modal localization theory. Wang et al. [47] applied
an optimized microfiber coupler sensor (MFCS) to acoustic source localization using an
MAE method to apply an optimized microfiber coupler sensor (MFCS) to sound source
localization. Fu et al. [48] used an MFCS in an improved modal analysis method for source
localization. The method employed the least square error to reduce the dependence of
the localization results on frequency selection and to automate the localization process for
contour threshold modal analysis.

Zhang et al. [49] studied complex damage mechanisms and challenging identification
of damage AE signals in carbon-fiber-reinforced composites (CFRP). They proposed a clas-
sification algorithm based on the modal separation method for the identification of CFRP
damage signals, which provided a modal characterization of CFRP damage AE signals.

Aljets et al. [50] developed a new AE source localization method for large slabs
that utilized a combination of time-of-flight and modal source localization algorithms to
evaluate the location of sound sources.

3.5. Artificial Neural Networks

An artificial neural network is an operational model composed of a large number of
interconnected nodes (or neurons). Artificial neural networks abstract the neural network
of the human brain from the perspective of information processing, establish a simple
model and form different networks according to different connection methods.

An artificial neural network (ANN) is a highly effective method for AE source local-
ization. Its advantage is that it does not require knowledge of wave velocity and can be
applied to anisotropic materials, but its disadvantage is that it requires a large amount of
data and high computational requirements.

Determining the position and size of the acoustic emission source from the displace-
ment field is a reverse problem, and Sribar and Sachse [51] and Kosel et al. [52] used
artificial neural networks and pattern recognition techniques to solve this inverse problem.
This method can not only estimate its location, but also estimate the strength of the source,
but it has high computational requirements and requires repeated training.

Kim et al. [53] attempted AE localization in anisotropic plates with nails and small
holes and isotropic aluminum plate pairs using the least squares support vector machine.
The AE source was generated by breaking a pencil lead. The dimensions of the tested
aluminum plates with holes were 900 x 900 mm?, 600 x 600 mm? and 600 x 600 mm?,
while those of the anisotropic plate with a willow nail and holes were 600 x 600 mm?. The
thickness was 11.88 mm. The errors varied between 9.8 mm and 1.9 mm. The advantages
of the method were that it avoided local minima and could be used on small samples
and in nonlinear conditions. The disadvantage was that the method required a large
amount of data for training. Subsequently, Yan et al. [54] utilized a Bayesian approach to
sound source localization in clamped aluminum panels. They introduced a data fusion
scheme combining the identification results obtained from arrival time difference data
at different frequencies. They also improved the prediction accuracy, achieving a mean
error of 2.74%. The disadvantages of this method were that the prediction accuracy was
affected by frequency and it required a large amount of data, making it computationally
intensive. Boniface et al. [55] used artificial neural networks to localize the sound source
and compared the results to those of the time-based arrival difference-based localization
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method. They found that the localization accuracy was improved by a factor of six. By
increasing the amount of data for training, the AE localization accuracy was improved.
Fu et al. [56] used a backpropagation artificial neural network for AE source localization
from the data collected by a prismatically arranged sensor matrix on an anisotropic carbon
fiber polymer plate (300 mm x 300 mm X 1.8 mm). They arranged a sensor array on an
isotropic aluminum plate (300 mm x 300 mm x 4 mm) for a sound source localization test
to verify the effectiveness of the algorithm, the localization accuracy of the method. Among
a total of 21 test points, the error was large for only 5. The maximum error was 10.6 mm.
For the anisotropic carbon fiber polymer plate, the maximum error was only 4.3 mm, and
the test point of the maximum error was 6.4 mm.

Hesser et al. [57] utilized convolutional neural networks and deep transfer learning to
identify AE source types. A pencil core break and a steel ball impact were used to excite an
aluminum plate and collect a large amount of data. An artificial neural network, Conv1D,
Conv2D-TF and Conv2D-TF off were used and the AE source type recognition results
were compared.

Mirgal et al. [19] firstly used a time-of-arrival-based in-plane source (IPS) localization
algorithm for AE sources with rectangular, circular and sawtooth sensor arrangements.
Then, the PSO algorithm was adopted to localize the AE sources, which were excited by a
pencil lead fracture on a concrete slab (1000 mm x 1000 mm) and the two algorithms are
compared. The computational time of PSO was 1.23 s, whereas that of the IPS algorithm
was 0.9 s. The IPS algorithm was superior to PSO in terms of algorithmic consistency. A
rectangular sensor array produced better localization results. The maximum localization
error of the IPS algorithm was 125 mm. Hamdi et al. [58] studied the acoustic source
localization method in large reinforced concrete slabs and proposed an algorithm using
a combination of time-of-flight and MAE source localization. Most of the algorithms for
acoustic source localization assume that the algorithm is independent of the nature of
the propagation medium, assuming that the propagation path is a straight line between
the transducer and the source. Gollob et al. [59] proposed a method for acoustic source
localization called Fastway, which accounted for discontinuities in material, including
cracks and voids, and considered the fastest wave propagation path between source and
the transducer, instead of the shortest (straight) path. The experiments demonstrated that
the Fastway method determined the location of the sound source more accurately.

3.6. Time Reversal Technique

Time reversal technique is a commonly used sound source localization method in
complex structures. It is closely related to artificial neural network computing. The steps of
using time reversal technology for sound source localization are as follows: (1) collecting a
training dataset by mechanically impacting multiple points on the structure and measuring
the corresponding impulse response function (IRF) through one or more surface mount
sensors; (2) recording the actual impact event signal on the sensor; and (3) identifying
the IRF in the training dataset, which provides the maximum correlation with the IRF
generated by the actual impact event, in order to determine the corresponding mechanical
impact point.

The advantage of time reversal technology is that it can be used for positioning in
complex structures, but the disadvantage is that the positioning process is complex and
requires high computational requirements.

Kiri et al. [60] and Ribay et al. [61] proposed a method for sound source localization
in inhomogeneous structures called the time inversion technique. Grabec and Sachse [62]
also proposed a similar method for source localization by inverting the impact response
function and avoiding wave mechanics analysis.

Qiu et al. [63] proposed an impact imaging method based on the time inversion
technique and validated it for an aircraft wing box with bolt holes and reinforcements.
Ciampa et al. [64] used a passive transducer and a time inversion technique for detect-
ing the impact source location in reverberant complex composite structures in real time.
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Park et al. [65] proposed a new impact imaging technique using the time inversion concept
with surface mounted piezoelectric transducers and scanning laser Doppler vibrometer to
pinpoint the location of impact events in a complex structure.

Wang et al. [66] utilized the virtual time reversal (VTR) technique to locate a continuous
acoustic source in a cylindrical shell structure and an imaging technique to extract the
wavelet transform coefficients of the AE signals at a specific frequency to construct a
transient abrupt feature of the signals for further processing. They also provided an
algorithm to determine the shortest path between the AE source and a sensor.

3.7. Zonal Location Based on Arrival Time

Using this method requires many single component sensors. These sensors are in-
stalled in appropriate locations that can effectively detect acoustic emission/microseismic
(AE/MS) activity [67]. Then, based on the observed arrival time, velocity model and sensor
coordinates, an arrival time function is established for each sensor. The following is the
simplest form of this function:

V=02 4 @i -y + (z—2)? = o(t — 1)

The equation represents arrival time functions that assume a constant velocity model.
And (x, y, z) are the source coordinates, (x;, y;, z;) are the coordinates of the ith transducer,
t; is the arrival time at the ith transducer, v is the stress wave propagation velocity and i =1,
2,..,N,...,M. (M > N).d. When M = N, we can determine the unknown precisely;
when M > N, the problem becomes overdetermined and a regression method must be used
for the optimum solution.

4. Acoustic Emission Source Localization Techniques for Three-Dimensional
(3D) Structures

The localization of sound sources in three-dimensional structures is relatively complex
and can be roughly divided into the following methods, as shown in Figure 9. The summary
of three-dimensional acoustic emission source localization methods is shown in Table 1.

Extend the 2D source localization

Improvement algorithm

3D

acoustic emission Placing densely distributed acoustic sensors
source localization

Triaxial approach

Non-iterative
method

Point location based on arrival time approach

Iterative
method

Figure 9. Method for 3D sound source localization.

4.1. Extend the Two-Dimensional Source Localization

The most classic two-dimensional positioning method is the time difference method.
The time difference localization method in three-dimensional structures first assumes
that the sound velocity is known and constant. By calculating the distance difference
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between the sound source and each sensor, the spatial coordinates of the sound source are
determined (Figure 10).

Py
Sensors To(Xo,yo,Zo) T Xl,y1721)
T:(Xﬁ,y:,zz) Ts Xs,yz,Zs)
0 S(x.y,Z X

Acoustic sourceT

z

Figure 10. Time difference positioning method in three-dimensional structure.

Four sensors are located in the same plane (z = 0), and S is the position of the sound
source. Assuming the coordinates of T are (0, 0, 0), Ty is (%o, Yo, 20), T1 is (x1, y1, z1), T3
is (x3, y3, z3) and S is (x, y, z), the distance difference is:

|STo| — |ST| = dna

Substitute the coordinates into the equation to obtain the system of Equation (1)

\/(x—x0)2+(y—yo)2+(z—zo)2—vx2+y2+22:d02
\/(xfx1)2+(yfy1)2+(zle)zf Var 4yt 422 =dyp
\/(x_x3)2+(V—y3)2+(z—z3)2—vx2+y2+22=d3z

Simplify to obtain Equation (2)

2(x0x + Yoy + 202) + 2doa /32 + 2 + 2% = x> + yo? + 20% — do”
2(x1x + y1y + z12) + 2d1p /X2 + Y2 + 22 = 0% + Yo + 20% — d1o?
2(x3x + Y3y + Z3Z) + 2d32\/ x2 + yz + z2 = X()2 + yoz + 202 — d322

Obtain Equation (3) based on the distance formula between two points

x0% + o2 + 0% — dop” = 2dg
2+ 12+ 2% —dip? = 24y
3% + 3% + 232 — dap” = 2d3

Compare the two equations in Equation (2) and substitute Equation (3) into
Equation (2) to obtain Equation (4)

Xox+yoy+zoz—do __ c
X1 x+y1y+z1z—d; 01
XoX+yoy+zoz—do _ .
X3X+ysy+z3z—dsz 03

Simplify Equation (4) to obtain Equation (5)

(x0 — co1x1)x + (Yo — conyr)y + (20 — conz1)z —do + cord1 = 0
(x0 — co3x3)x + (Yo — co3¥3)y + (20 — c03z3)z — do + cozds =0
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Substitute the initial condition z_0 = z1 = z_3 = 0 to obtain the coordinates of the sound

source
y — (do—coud1)(yo—cosys) —(do—cosd3) (Yo —Couv1)
Exo 601X1)(y0—603y3§ (xo— CO3x3§(/0_C01y1)
_ (do— Co1d1)Exo—503X3 go coads Exo—cmxlg

Y = Wo—cory) (xo—c03%3) — (yo—co3¥3) (o—cor 1

5 — \/[do(xOHyoy)} — (224 92)

do2

A. Carpinteri et al. [68] used multiple sensors to localize the damage location in
reinforced concrete beams was based on the time difference method, where the time
difference recorded by multiple sensors was used to localize the damage location (Figure 11).
Subsequently, an improved AIC method was proposed by A. Carpinteri et al. [69]. The
improved AIC (Akaike Information Criterion) method was successfully applied to AE
detection during a three-point bending test of a fiber-reinforced concrete beam to analyze
the crack pattern. Experiments have shown that the deviations in the results obtained by
the improved method ranged from 3% to 4% from the correct results (Figure 12).

_
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E 400 1 L@ e 121 ©
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Figure 11. In situ retrofitted RC beam test. (a) Scheme of the beam cross-section. (b) Photo of a
flexural crack in between transducers 3 and 4 (using an optical microscopy with magnification 100x).
(c) Scheme of the beam indicating localized AE sources. (d) AE counting number for each sensor Si
during the loading test. (e) The b-value during the loading test.
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Figure 12. 3D structural sound source localization based on AIC.
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Baxter, M. G. et al. [70] proposed a new method for locating artificial acoustic emission
sources (named the H-N source [71]) based on the time difference method, called “Delta
T” source location. This method does not require knowledge of the sensor location or
wave spread. Compared with traditional TOA source location methods, this method had
significant improvements, reducing the positioning error from 4.81% using traditional time
of arrival (TOA) technology to 1.77% using “Delta T” location. Ting et al. [72] localized
acoustic sources in cylindrical coal samples in this manner.

Dong and Li [73] simplified the source localization in three-dimensional bodies by
placing sensors at selected corner points of a cube and then deriving an analytical expression
for source localization (Figure 13).

Figure 13. Schematic of three-dimensional location of cube monitoring network: (a) AE sensors at A,
B, C, D, E; (b) AE sensors at A, B, C, D, H; (¢) AE sensors at A, B, C, D, G; (d) AE sensors at A, B, C,
D, FE

Yin et al. [74] proposed a positioning method for a right-angle tetrahedral sensor cluster.
Combining the spatial information of the sensor cluster, the acoustic emission source was
located by collecting the time difference of arrival of the first wave between different
sensors. This method can be applied to anisotropic materials and requires fewer sensors.

There are also some two-dimensional methods that can be applied to three-dimensional
positioning, for example, establishing the objective equation of the error function [75] for
localization methods, using iterative algorithms to locate the acoustic emission source from
the information collected by the sensor array [76,77], three-dimensional beam forming
localization methods [78-84], etc.

Beam forming is a commonly used method in two-dimensional positioning. However,
especially in the past few years, there has been an increasing trend in exploring the pos-
sibility of calculating beam forming results in three-dimensional space, but most of them
are focused on locating noise sources in space [85-91]. These methods provide reference
for the application of beam forming technology in three-dimensional acoustic emission
source localization.

4.2. Improvement Algorithm

Gollob et al. [59] proposed a new acoustic source localization method, FastWay, which
used the fastest rather than the shortest propagation path between the source and each
sensor to localize the AE source. This algorithm performs sound source localization by
improving the traditional Dijkstra algorithm (shortest path algorithm). The method was
more accurate and reliable than the conventional acoustic source localization methods. This
method requires 12 sensors and is suitable for anisotropic materials.
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Kocur et al. [92] proposed a three-dimensional positioning method for reinforced con-
crete beams called time reverse modeling (TRM), and confirmed the accuracy of the results
by obtaining three-dimensional crack distribution through X-ray computed tomography.

Kobayashi et al. [93] proposed a three-dimensional AE tomography algorithm for lo-
cating three-dimensional structures. The method was verified by numerical investigations.

Zhou et al. [94] proposed a new algorithm for three-dimensional sound source local-
ization. According to sensor coordinates, the arrival time of acoustic waves, the velocities
of acoustic waves in two kinds of media, the space—time relation equations of the AE source
point and the measuring point were established by the precise coordinates of the AE source
based on Snell’s law.

4.3. Placing Densely Distributed Acoustic Sensors on the Structure

Bi [95] proposed a method that combines the analysis passive time reversal method
(APTRM) with the equivalent sound source method (ESM) for locating sound sources in
arbitrarily shaped shells. An experiment was conducted in a rectangular wooden cabinet
using a spherical array of 48 microphones. This method can only locate sound sources with
frequencies above 1000 Hz.

4.4. Triaxial Sensor Approach

The idea of this method is that if the spatial position of a point is known, then the
spatial positioning of any other point can be represented by its relative distance and azimuth
to the known point [96]. Source S is to be determined in terms of its relative distance, d,
and its azimuth («, B, 7).

The relative distance can be expressed as:

d =315 (ts — )
x = (cosl)_l, B= (cos m)_l,fy = (cosp)_1

_ A, _ 4y _ A
I=%, m="5p="%

A:\/sz‘f'Ayz‘f'Azz

where d is the distance from the source to the sensor, v, and vs are the velocities of P-and
S-waves, and t, and t; are the arrival times of P- and S-waves. The relative azimuth («, 8,
7) can be determined by the amplitude of the received signals, assuming that Ay, A, and
A; are the amplitudes of three mutually orthogonal components of the signal, where I, m
and p are the direction cosines of the signal relative to the sensor.

The triaxial sensor approach requires fewer sensors, and for deep applications it can
reduce the number of boreholes, resulting in significant cost savings. This method has been
used in various deep applications, such as rock burst research, the stability of oil reserve
sites and geothermal engineering. This method also has two technical advantages. Firstly,
as this method uses both P-waves and S-waves to reach, it improves the stability of the
source position solutions for these external array events. Secondly, it allows people to
analyze the ground motion status of sensor locations, which is crucial for studying event
magnitude and source mechanisms.

The main technical issue with this method is the stability of the azimuth angle, as
amplitude is more sensitive to material properties and structure than travel time.

4.5. Point Location Based on Arrival Time Approach

Using this method requires many single component sensors. These sensors are in-
stalled in appropriate locations that can effectively detect acoustic emission/microseismic
(AE/MS) activity. Then, based on the observed arrival time, velocity model and sensor
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coordinates, an arrival time function is established for each sensor. The following is the
simplest form of this function:

V=024 @i -y + (-2 = o(ti — ) M)

where the unknowns, x, y and z are the coordinates of the source, t is the origin time of the
event, x;, y; and z; are the coordinates of the ith transducer, ¢; is the arrival time at the ith
transducer, v is stress wave propagation velocity andi=1,2,...,N, ..., M.

When M > N, the problem becomes overdetermined and a regression method has to
be used for the optimum solution.

When solving this nonlinear equation, it can be solved iteratively or non-iteratively. So,
based on the type of equation being solved, point location can be divided into non-iterative
methods and iterative methods.

Non iterative methods include USBM [97,98] and Inglada [99], while non-iterative
methods include Geiger [100,101], Thurber [102] and Simplex [103]. Ge [67,77] provided a
systematic review of iterative and non-iterative methods.

4.5.1. The USBM Method

This method was developed by researchers from the United States Bureau of Mines
(USBM) in the early 1970s. The development of this method was part of the mining
bureau’s efforts to make acoustic emission/microseismic (AE/MS) technology an effective
engineering tool for determining the stability of rock structures. This method was first
published in 1970 and further revised in 1972 [97,98]. Since then, it has become the primary
AE /MS source localization method used in North America for mines.

The algorithm is as follows:

Let D; represent the distance from the source to the ith transducer,

D=/ (xi — 2+ (yi — y) + (2 —2)? = ot — 1)
D; — Dy =o(t; — t)

wherei=2,3, ..., m. Squaring and simplifying the above equation, this yields

e 2(a;x 4+ biy + ¢;z)

di+ = = —2D; 2
a; = X1 — X;
bi=y1—yi
Ci =121 —%Z
di =o(ti —t1)

e = X12 + y12 + 212 — (Xiz + yiz + Ziz)

The non-linear system defined by (2) can be linearized by subtracting the second
equation from the rest of them. This process yields

finx + fi2y + fizz = hi + givz ?3)
where . .
fix = 2(? — i—;)
i2 = Z(i - 7,1)
C Ci
fis=2(%—-%)
gi=t—t
e e;
hi=g -4
1i=3,4,...,m

Equation (3) defines a linear system.
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In matrix notation, the linear system defined by Equation (3) can be written as

Ax=1»
where )
fz1 fzz f33 X hs + g3v
m,1 fm,Z fm,3 z I +gmv2

4.5.2. Inglada’s Method

This method is most suitable for simple source location problems, where the minimum
number of sensors used can be assumed to be a constant velocity model [99].
The algorithm is as follows:

(% =)+ (yi —y)* + (2 —2)° = Pt — 1)’ 4
fori=1,2, 3 and 4, and then the system is linearized by subtracting the first equation
from the three remaining ones, which yields:

aix + by +ciz = e; + fit (5)
where
a; = X; — X1
bi=yi—wn
Ci=2;— 21
ei = 0.5(Ri* — Ry? — 0%(t2 — 1%))
fi =v*(ti —t)
And

R = x? +yi* +z
Ry* = x1? +y1% + 21
fori=2,3and 4.

Three linear equations defined in (5) can be solved for x, y and z in terms of t by using
Cramer’s rule. The solution is as follows:

x_M1+N1t My + Not Z_M3+N3t
B N

(6)

where D is the determinant given by

a by o
D= as b3 C3
ag by ¢y

M; and N;, forj=1, 2,3, are also the determinants. They are similar to D, but with the
jth column of D replaced by (ez, e3, e4) and (f2, f3, fa), respectively.

Substitute three equations defined in (6) back to one of the equations defined in (4).
Since X, y and z in (6) are all expressed in terms of t, this back substitution yields a second
order equation of t with the form

AP +Bt+C=0 7)

where A, B and C are constants.

Equation (7) is a quadratic function of t and there are two solutions, say, tp; and #p;.
Substituting fo; and t( into Equation (6), the corresponding solutions are (xo1, Vo1, Zo1, to1)
and (xp2, Vo2, 202, to2), respectively.
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4.5.3. Geiger’s Method

Geiger’s method uses the first derivative to capture the nonlinear behavior of the ar-
rival time function at the trial solution. Geiger’s method was developed at the beginning of
the last century and is a classic source localization method for all accounts [100,101]. In addi-
tion to its long history, this method is the most famous and widely used source localization
method. In seismology, it is almost universally used for local earthquake localization.

4.5.4. Thurber’s Method

Thurber’s method is an important derivative method that uses information from the
first and second derivatives to determine the correction vector [102]. Thurber’s method is
a more complex derivative method than Geiger’s method because it utilizes a quadratic
model for optimization.

4.5.5. Simplex Method

The simplex method is a sound source localization method that searches for the
minimum value of a mathematical function through function comparison [103]. The
starting point of the simplex method is that for a given arrival time related to a set of
sensors, the error at any point can be calculated by comparing the observed and calculated
arrival times.

The simplex method is an important source localization method. Due to its unique
iterative method, divergence is impossible. This gives this method a significant advantage
over derivative methods. Another major advantage of this method is its flexibility in
handling complex velocity models. Unlike the derivative methods, which require the
establishment of an arrival time function before analysis, the arrival time function used
in the simplex method can be established during data processing, which is a necessary
condition for dealing with many complex problems.

Table 1. Three-dimensional sound source localization methods.

Number of Performance Index

Author Methods/Models Material . Value
Sensors (Unit)
Carpinteri 2006 [68] Measuring time delays RC beam 5 _ _
. . Akaike Information . . o

Carpinteri 2012 [69] Criterion (AIC) Fiber RC beam 7 Location error (%) 3~4
“Delta T” source . . o

Baxter 2007 [70] . An aircraft component 4 Location error (%) 1.77
location

Dong and Li 2012 [73]  Analytical method Rod of granite rock 5 Location error (m) 0.01-0.03

Yin 2020 [74] Raplfi ac.oustlc source Alummum cubes and 4 Mean error (%) 917
localization technique iron cubes

Gollob 2021 [59] FastWay Reinforced concrete 12 Average location 4

beam error (mm)

The time reverse Reinforced concrete

Kocur 2012 [92] modeling (TRM) beam 8 - -

Kobayashi 2014 [93] Ray-trace technique Nume‘rlca'l 8 Location error (%) 10

investigations

The spatiotemporal

Zhou 2017 [94] relationship equation of ~ Granite and iron 4 Average absolute <15

. . error (mm)

acoustic emission source

Bi 2019 [95] APTRM combined with A rectangular wooden 48 Location error (m) 0.05

ESM

cabinet
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5. Conclusions

Through the continuous efforts of several generations of researchers, the localiza-
tion technology for acoustic emission sources has continuously improved and achieved
many results.

It is worth mentioning that there are several directions worth noting in future research.

1.  Research on sound source localization for two-dimensional anisotropic materials, as
materials in practical engineering are often anisotropic.

2. Research on sound source localization in three-dimensional structures. Currently,
there is not much research on three-dimensional sound emission source localization,
mainly due to the complexity of three-dimensional structures, difficulties in localiza-
tion work, the large computational complexity and the need for multiple sensors.

3. Paying attention to the processing of noise signals, as noise is the main cause of errors.

4. Machine learning and many existing algorithms in the field of computer science have
enormous potential in three-dimensional sound source localization.
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