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Abstract: The technique of acoustic emission (AE) source localization is critical for studying material
failure mechanism and predicting the position of potential hazards. Most existing positioning meth-
ods heavily depend on the premeasured wave velocity and are not suitable for complex engineering
practices where the wave velocity changes dynamically. To reduce the influence of measurement error
of wave velocity on location accuracy, this paper proposes a new algebraic solution for AE source
localization without premeasuring wave velocity. In this method, the nonlinear TDOA equations
are established and linearized by introducing two intermediate variables. Then, by minimizing the
sum of squared residuals of the linear TDOA equations with respect to the AE source coordinate and
two intermediate variables separately, the optimal algebraic solution of the AE source coordinate
in the least squares sense is obtained. A pencil-lead breaks experiment is performed to validate the
positioning effectiveness of the proposed method. The results show that the new method improves
the positioning accuracy by more than 40% compared with two pre-existing methods, and the mini-
mum positioning accuracy of the proposed method can reach 1.12 mm. Moreover, simulation tests
are conducted to further verify the location performance of the proposed method under different
TDOA errors and the number of sensors.

Keywords: acoustic emission (AE); source localization; wave velocity; sum of squared residuals;
algebraic solution; time-difference-of-arrival (TDOA)

1. Introduction

Acoustic emission (AE) source localization, as an important non-destructive testing
technology, is widely used to study material failure mechanism and predict the position
of potential hazards [1-10]. There are many traditional positioning methods, including
Taylor-based methods [11], Inglada method [12], spherical-interpolation method [13],
spherical-intersection method [14], and plane-intersection method [15]. The localization
accuracy of these methods strongly depends upon the measurement precision of wave ve-
locity [16]. However, it is very hard or impossible to determine the wave velocity exactly in
real engineering practices due to the complex geological structures and dynamic variations
in engineering environments. Specifically, due to the complex geological structures (e.g.,
fault, cavity, joint, fracture), the average wave velocities of each region are different, and
the location of the real AE source is not necessarily within the range of the pre-determined
wave velocity [17-19]. Moreover, as the construction operations progress, the engineering
environment will change dynamically, causing stress adjustments and rock mass structure
changes, in turn leading to changes in the regional average velocity. It was reported that
the positioning error might be over 100 m when the existing positioning methods with
premeasured wave velocity were applied to an underground mine with complex geological
structures [20,21]. Furthermore, Dong et al. [22] compared the accuracy of the localization
methods with and without the premeasured wave velocity by performing the virtual posi-
tioning test. Their results showed that the 1-5% floating of the wave velocity could result

Sensors 2021, 21, 459. https:/ /doi.org/10.3390/521020459

https:/ /www.mdpi.com/journal/sensors


https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0002-6884-298X
https://orcid.org/0000-0002-0908-1009
https://orcid.org/0000-0002-3905-5514
https://doi.org/10.3390/s21020459
https://doi.org/10.3390/s21020459
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21020459
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/21/2/459?type=check_update&version=2

Sensors 2021, 21, 459

20f18

in large location errors. Therefore, there is an urgent need to eliminate the dependence on
the wave velocity measurement to improve the accuracy of AE source localization.

In recent years, several localization methods that are free of premeasuring wave
velocity have been developed [23]. For instance, Dong et al. [22] first proposed three non-
linear mathematic functions for AE source localization without premeasuring wave velocity,
in which the average wave velocity could be jointly inversed with the source coordinate.
Ciampa and Meo [24] exploited Newton’s iterative method to calculate the coordinate of
the AE source location and the average wave velocity. Dehghan Niri et al. [25] considered
the uncertainties in arrival measurements and average wave velocity using the extended
Kalman filter algorithm, which further improved the location accuracy. All these methods
can avoid the influence of the measurement deviation of the average wave velocity and
are more suitable for practical applications. However, the requirements of a proper initial
location and velocity estimate that is close to the true solution are rarely met in situ practice,
leading to the problem of no convergence or slow convergence [26]. This problem leads to
restraint in the extensive application of the iterative methods. In comparison, the algebraic
methods are more computationally attractive [27,28]. Kundu et al. [29] gave the algebraic
solution of the AE source coordinate with unknown wave velocity based on specially
arranged sensor clusters. This localization method is efficient, since the solving process can
avoid the above-mentioned drawbacks caused by iterative algorithms. However, placing
sensors in such a special array is difficult and time-consuming in most scenarios. To avoid
the use of such sensor clusters, Li et al. [30] derived the algebraic solution of spatial source
by using six randomly arranged sensors. Nevertheless, the use of only six sensors makes
this method unsuitable for positioning problems with more sensors. To comprehensively
utilize more sensor data, the localization method using the extended principle of spherical
intersection (ESX) was proposed to locate the AE sources [31,32]. However, the cost function
constructed in this method is not optimal, leading to low location accuracy, especially when
the AE source approaches the sensor array [33,34]. Moreover, the priori solution of the
wave velocity solved by a quadratic equation might cause the phenomena of no-solution
and multi-solution. To address the above problems, Dong et al. [20,35] proposed the new
method requiring initial positioning. In this method, the initial positioning was conducted
first to obtain the initial AE source coordinates, and then they were fitted by the logistical
distribution function. Zhou et al. [36] further improved this by using a more advanced
kernel density estimator (KDE). However, the positioning results of this method are still not
optimal, because there is no optimization ability in the initial positioning [37]. Moreover,
the real-time performance of this method tends to be poor, because of the requirement of
intensive initial positioning.

To further improve the positioning accuracy and efficiency, a new algebraic solution for
AE source localization without premeasuring wave velocity is proposed in this study. First,
the linear TDOA equations of unknown wave velocity are established, and the residuals
of the linear equations are calculated. Second, the sum of squared equation residuals is
minimized with respect to the source coordinate and two intermediate variables separately,
and the least squares algebraic solution can be obtained efficiently. The pencil-lead breaks
experiment and simulation analysis are performed to verify the improvement in the location
performance of the proposed method.

2. Related Works

To overcome the disadvantage of premeasuring the wave velocity, as mentioned
in Section 1, scholars have given a series of algebraic solutions of AE sources. Among
them, the AE source localization method for unknown wave velocity system proposed by
Li et al. [30] is one of the most popular localization methods. Most of the existing velocity-
free methods are developed based on this method. The basic principle of the existing
method is derived as follows.

First, assume that the AE source and six sensors are located ato(x, y, z) and s;(x;, v;, z;)
(i=1,2, 3,4, 5, 6), respectively. According to the proportional relationship between
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distance and time traveled from source to sensors, the nonlinear governing equations of
AE source coordinate can be constructed as

J@rmf+(w—w?ua—@2:vm—ryi:ngL¢a6 (1)

where ¢; is the arrival time detected by sensor s;. The symbol T represents the trigger time
of the AE source, and v denotes the average wave velocity in the propagation path.
Square (1) to give a new expression

2 2 2

(xi = x)* + (i —y)* + (z1 —2)* =% (t; —7)° )
Subtract the equation of i = 1 from the others (i = 2, 3, 4, 5, 6), and the following

equations can be given as
2x(x; = x1) + 2y(yi — y1) +22(zi — z1) + 2077 (t — 1) + 07 (f% - tzz) =lp )
where liy = (x2 —x3) + (Y2 —y3) + (22 —zf) and i = 2, 3, 4, 5, 6.

Replacing 0?7 and v? with S and V, respectively, (3) becomes the following linear
equations

2x(x; — x1) +2y(y; —y1) +2z(z; —z1) +2S(t; — ) + V(t% - tlz) = li,lr i=23,456 4)

Equation (4) can also be reconstructed as
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By solving the above-determined linear equations (i.e., the number of equations is
equal to the number of unknowns), the AE source coordinate (x, v, z), wave velocity v, and
trigger time T can be determined.

The above method is used under the condition that the number of sensors is six.
However, there always are more sensors available in the engineering practice. From the
viewpoint of error control, one method should use as many sensors as possible when
performing source localization. There are two main reasons for this. First, the positioning
accuracy is highly dependent on the geometry array of the AE sensors. Generally speaking,
the more sensors are used, the better the sensor array is arranged [37]. Second, when
more sensors are used, datasets will be statistically more reliable. Therefore, to obtain
more accurate location results, it is essential to make full use of all the available sensors.
Dong et al. [20,35] proposed the multi-sensor localization methods by using the prior
logistic distribution function to fit the initial AE source coordinates, which further improved
the location accuracy. The results showed that the absolute distance errors of three events
in Dongguashan Mine were 6.85, 16.09, and 23.01 m, respectively, which are lower than
the errors of the STT method (12.90, 16.17, 24.90 m) and TT method (10.99, 20.32, 32.43 m).
However, the actual engineering conditions are complex, and a precise prior distribution of
AE source coordinates is difficult to obtain. Moreover, the AE source coordinates x, y, and
z are fitted separately, disregarding the correlation among them. Zhou et al. [36] further
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improved this by utilizing the principle of the tri-variate kernel density estimator, which is
referred to as the KDE method in this paper. The KDE method considered the correlation
among the AE source coordinates x, y, and z, and a more reasonable density function was
obtained by extracting the information from the data themselves rather than assuming a
classic distribution in advance. The KDE method was verified to give a better estimate
of the probability density of the AE source coordinates, and the location accuracy was
further improved, especially when outliers existed in the arrival measurements. The basic
process of the KDE method is described as follows. Six sensors are randomly selected from
the positioning system with n(n > 6) sensors, and the initial AE source coordinates are
obtained by solving Equation (5). For a positioning system with 1 sensors, there will be C§
sensor combinations to generate C§ sets of algebraic solutions. After filtering the imaginary
solutions, m groups of initial source coordinates can be obtained. Then, the tri-variate
kernel density estimator is used to fit these initial solutions. The tri-variate kernel density
estimator of the unknown density f can be constructed as

0) = S IHIE S K (4o - 0) ©

where T is a tri-variate random vector of the density function f, where the superscript T
represents transposition; 6; is a tri-variate random sample from the density function f for
i=1,2,---,m; K() is the tri-variate kernel function; H is the 3 x 3 diagonal bandwidth
matrix, and its each element is

2
7
Hii:aiz<;n> ,i=1,2,3 7)
and H;; = 0, i = j; 0; is the scale parameter of the ith variable.

From the above processes, the density function f of the AE source coordinate can
be determined, and the AE source coordinate corresponding to the extreme value of the
density function is deemed as the final solution. The results showed that the minimum and
maximum absolute distance errors of the KDE method were 6.16 and 9.92 mm, respectively,
while the errors of the method of Dong et al. [20,35] were 12.34 and 71.58 mm. The
positioning accuracy of this method was further improved; however, it is still not optimal
under the random measurement errors (no outliers). The reason behind this is that the initial
localization uses only a minimum number of six sensors, which is mathematically required
for pin-point localization without optimization ability; therefore, the initial localization is
so sensitive to measurement error that a small error will result in a large initial location
deviation. Although the tri-variate kernel density estimator is further used to fit these initial
location results, the optimal AE source coordinate in a statistical sense is still difficult to
obtain by extracting the information from these poor initial location results. Moreover, the
real-time application of this method is rapidly reduced with the increase in the number of
sensors 1, because the calculation times C§ of the initial positioning will promptly increase.
In order to avoid intensive initial positioning and alleviate the computational burden, this
paper comprehensively utilizes all the sensors in a single calculation. Moreover, to better
utilize all sensors and yield a more accurate positioning result, the equation residuals of
the linear TDOA equations are calculated and then minimized. The detailed derivation of
the proposed method is depicted in the following section.

3. Theory of the Proposed Method
3.1. Transform the Nonlinear Hyperboloid Equations into Linear Ones

Let us reconsider a monitoring system with n(n > 6) sensors. The sensors are num-
bered as s;(x;, vi, zi), i = 1,2,---,n, according to the order in which they receive the AE
signals, as shown in Figure 1. The AE source is located at o(x,y,z). Different from the
method based on the arrival measurements described in the previous section, the new
method will adopt the TDOA measurements to locate the AE source. To obtain the TDOA
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measurements, the sensor that first receives the AE signal is determined as reference sensor.
Then, all the TDOA measurements are calculated with respect to the reference sensor. In
particular, the TDOA measurement between the sensor s;(i = 2,3, - - - ,n) and the reference
sensor s; is expressed as

tip=ti—t = {\/(xix)2+(yi}/)2+(ziz)2\/(x1x)2+(y1}/)2+(212)2 /v. ®)

source o

reference 6, -
sensor, s,

sSensor s;

L]

Figure 1. Source and sensors layout in a monitoring system.

The range difference r; ; is the difference between the distances from the source to the
sensor s;(i = 2,3, -+ ,n) and from the source to the reference sensor s1, which is in direct
proportion to the TDOA ¢;; as

rp = ot = (= 0P+ W= 9P+ (-2 = (11— 02+ (g1 — )P+ (21— ) ©)

The above equation defines a hyperboloid of two sheets with the foci of (s, s;)
and major axis length of 7; ;. Naturally, for a two-dimensional AE positioning system,
Equation (9) will determine a hyperbola with the foci of (s, s;) and major axis length of 7; 1,
as shown in Figure 2. It should be noted that the basic geometric interpretation of the two-
dimensional positioning described in Figure 2 are exactly the same as the three-dimensional
positioning presented in this paper.

In the absence of TDOA errors, these hyperbolas will intersect at a single point where
the AE source is located, as shown in Figure 2. However, the errors are inevitably contained
in TDOA measurements in actual scenarios. With the error-containing TDOAs, the highly
nonlinear hyperbolas will not exactly intersect at a single point but enclose a feasible
region where the AE source may appear. Therefore, we cannot find an exact solution to
the position of the AE source, but only a statistical approximate solution. However, due to
the high nonlinearity of the hyperbolic equations, it is of great difficulty to find such an
approximate solution with the highest probability. An iterative optimization technique has
to be used to solve this problem [38,39]. This method starts with an initial guess, and the
initial guess is iteratively corrected to find the final AE source coordinate. However, this
method faces the difficulties of choosing a close enough initial guess and large iterative
calculations. Moreover, its convergence is difficult to guarantee. Therefore, it is necessary
to transform the nonlinear hyperboloids in Equation (9) into a set of linear equations.
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error-free hyperbola with foci (s, ,s,) O feasible region
— error-free hyperbola with foci (s1 ,32) e AE source
error-free hyperbola with foci (s1 ,84) o reference sensor
— — — hyperbola with TDOA error ¢ other sensors
Figure 2. The hyperbolic curves determined by TDOA measurements.
To do this, Equation (2) is shifted first and then squared to obtain
in,lx + zyi,ly + 221'112 + 2ti,1K + tl%lV — li,l =0,i=23,---,n, (10)
where x;9 = Xp — X1, Yi1 = Yi — Y1, Zi1 = z; — z1, and

K = v\/(xl — %)%+ (y1 —y)* + (21 — 2)%. The intermediate variables K and V make
Equation (10) become the linear TDOA equations.

Because the measurements are noisy and the number of sensors is always more than
six, Equation (10) is inconsistent. The left and right sides of Equation (10) are not equal,
and their deviations are called equation residuals and expressed as

N = 2xl-,1x + 2]/1‘,1}/ + 2Zi,1Z + Zti,lK + t%lv - li,l/ i=2,3-,n (11)

3.2. Minimize Sum of Squared Residuals with Respect to x, y, and z

Our goal is to find the AE source coordinate that best fits the linear equations, i.e.,
makes the sum of squared residuals minimal. The sum of the squared equation residuals is
expressed as

y=Y 17 (12)
=2
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To minimize Equation (12), we first take its partial derivatives with respect to the AE
source coordinate (x, y, z)

d
% =4(mx+by+caz+diK+eV—fi), (13)
n n 1 n 1 ¢ 2
where a] = E Xi1Xi1, bl = Z Xi1Yi1, €1 = Z Xi1Zi1, d1 = Z xi,lti,l/ €1 = 5 Z xi,lti’ll
i=2 i=2 =2 =2 =2
18
and f1 = 5 ¥ xjlin
i=2
oY
% = 4(ayx + by + coz + drK+ eV — fo), (14)

n n n n n
_ _ _ _ _1 2
where a; = ‘22_%‘,19(1',1, by = Zzyi,lyi,lf € = 'Zzyi,lzi,lr dy = ,22}/1‘,12‘,1, e =3 'Zzyi,lti,y
= 1= 1= 1= 1=

and f, = %
i

Yiali

L=

0
a—z = 4(azx + b3y + c3z + dz3K +e3V — f3), (15)

n n n n n
_ _ _ _ 1 2
whereas = ¥ zi1xi1, b3 = ¥ ziayin, 3 = ¥ zinzin, d3 = ¥ zigtin,e3 = 5 L ziatiy, and
i—2 i—2 i—2 i—2 i—2

1 n

fs3=3 ,Zzzi,lli,l'
1=

Then, set these partial derivatives to zeros to obtain the following determined lin-

ear equations
ax+bhy+cz=-diK—etV+1f
WX +byy+cz=—dK—eaV+fr . (16)
asx + b3y +c3z = —dzsK —e3V + f3

Finally, the least squares algebraic solution of the AE source coordinate in terms of
two intermediates can be calculated as

£ — MiKENV+P

D
_ MyK+Np V4P, (17)
— MhierYEn
_ M3K+N3V+Ps
z= D
ap b
where D is the determinant with the expressionof D = | a by ¢z |- Mj, Nj, and P;, for
a3 b3 c3

j =1, 2, 3, are also the determinants and like D, but with the jth column of D replaced by
(—dl, —dy, —dg), (—6‘1, —e, —6‘3) and (fl/ fz, f3), respectively.

However, the AE source coordinate (x, y, z) in Equation (17) has not been completely
determined, because the two intermediate variables K and V are still unknown and variable.
To determine the values of K and V, we substitute Equation (17) into Equation (11) and
minimize the sum of squared residuals again, but this time with respect to K and V. In this
way, a new system of determined linear equations only about K and V can be produced,
and the solutions of K and V can be easily obtained. After finding the minimizing values
of K and V, they are substituted into Equation (17) again, and the AE source coordinate
(x, y, z) in Equation (17) automatically becomes the minimizer of the sum of squared
residuals [33]. The specific mathematical calculations are shown in the following section.
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3.3. Minimize Sum of Squared Residuals with Respect to K and V

Substituting Equation (17) into Equation (11) again, the unknown AE source coordi-
nate (x, y, z) can be eliminated and a new equation residual 7 with respect to K and V can
be obtained as

!/ .
T]i:piK+qu+ri/Z:2/3/"'/n/ (18)
i1My+yi 1 Ma+z; 1M i 1N1+y; 1 Na+z; 1 N:
where p; = 2 X1 My yz,lD h+zi1 3+ti,1), g = 2(?6;,1 1 yz,lDz Zi1 3+2 Zl), and
xi1P1+y;i1Pr+2z;1 P
rpo=2 i1 y%z il 3_%11,,1

The corresponding sum of squared residuals is given by

/!

’)/:

gt

(m) (19)

Take the partial derivatives of Equation (19) with respect to K and V, and this yields

oy

ﬁ = 2(U1K+W1V—k1), (20)

n
where u; = ):sz, w) = 22piqi,andk1:—,zzp,',lri,l.
1=

e

W = 2(u2K+w2V—k2), (21)

where 1y = 22 qipi, W2 = Z qiqi, and k; = — Z qi1tia-

Set the derivatives to zeros and the determlned linear equations about K and V will be

{ M1K+ ZU1V = k1 (22)

ury K4+ woV =ky

By solving Equation (22), the two intermediate variables K and V can be solved as

M/
K=Y
D (23)
V=M
D/
. . Uy w ki w
where D', M/, and M), are the determinants given by D’ = oy 1= ‘ o
uy wy ko wo
uy .
and M), = , respectively.
2 1y k2 P Y-

Substituting the values of K and V into Equation (17), the final AE source coordinates
x, Y, and z can be drawn as

M/
#) +P1

M/
#)H’z , (24)

M/ M)
M3<—}>+N3<D—2>+P3
z =

which minimizes the sum of squared equation residuals. The whole procedure of the
proposed method is shown in Figure 3.
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Construct the nonlinear
hyperboloid equation of
unknown wave velocity.

Collect the data including
TDOA measurements and
sensor coordinates for AE

source |localization. ) ) .
Linearize the hyperboloid

equation by introducing two
intermediate variables K and V.

Substitute the solutions into
the linear TDOA equations
to obtain new sum of

squared residuals. Minimize the sum of squared

equation residuals to obtain
Minimize the new sum of the solutions of AE source
squared residuals to obtain coordinates x, ¥, and z with
the values of K and V. respect to K and V.

\ J
Y

Given the minimizing K and V, the AE source coordinates x, ¥, and z
can be determined.

Figure 3. The whole location process of the proposed method.

4. The Experiment of Pencil-Lead Breaks

To investigate if the proposed method formulated above can improve the positioning
accuracy, the proposed method was applied to the pencil-lead breaks experiment carried
out on a 100 x 100 x 100 mm granite block, as shown in Figure 4. The boundaries of
cubic granite were relatively flat and smooth without an obvious depression and bulge.
Sixteen AE sensors were attached on the surfaces of the cubic granite, and as scattered
as possible to guarantee a good geometry array. Moreover, to ensure that the sensor was
closely coupled with the granite surface, we smeared an appropriate amount of coupling
agent on the sensor and fixed it on the granite surface with adhesive tape. The coordinates
of the 16 sensors were (0, 91, 9), (0, 9, 9), (9, 91, 100), (9, 9, 100), (91, 0, 9), (91, 9, 100),
(91, 91, 100), (91, 100, 9), (50, 50, 100), (0, 50, 50), (50, 0, 50), (100, 50, 50), (50, 100, 50),
(50, 100, 9), (0, 50, 9), and (91, 50, 100), respectively. A broken pencil lead produces the
acoustic waves, and the location where the pencil lead breaks is the location of the AE
source. The HB pencil lead with a diameter of 0.5 mm was adopted in this experiment
and broke at an angle of 30 degrees to the surface of the block. Twelve AE sources were
chosen, and their coordinates can be seen in Table 1. The acoustic waves were detected
by piezoelectric sensors with the main frequency range from 50 to 400 Hz. The acoustic
waves then were amplified by a pre-amplifier with the gain of 40 dB. After that, they were
collected by a DS5-16C Holographic AE Signal Analyzer with the sampling frequency of
3 MHz. Finally, the arrival times were picked using the threshold method embedded in
the signal analyzer, and the threshold was set to 10 mv, which was slightly higher than the
noise. The experimental equipment for collecting the AE signal is shown in Figure 5. After
obtaining the arrival times of each sensor, the sensors were numbered ass; (i =1,2,-- -, 16)
according to the ascending order of arrival times, and the sensor that received the signal
first was deemed the reference sensor s;. Furthermore, the TDOA measurements could be
obtained by subtracting the arrival time of the reference sensor s; from the arrival times
of other sensors s; (i,=2, 3,---,16). In this experiment, no additional errors were added
to the TDOA measurements. Therefore, the errors contained in the TDOA measurements
were mainly caused by the environmental noise and the arrival picking process.
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Figure 4. Layout of AE sensors and sources in the experiment of pencil-lead breaks.

Table 1. The location results of 12 AE sources determined by different methods .

Source No. Method Coordinates Error Source No. Method Coordinates Error
X Y z X Y z
true 2500 000  75.00 - true  100.00 2500  25.00 -
New 2471 —209 7377 244 New 10187 2521 2452 194
1 ESX 2446 —333 7402 351 7 ESX 10173 2523 2455  1.80
KDE 2484 —456 7580  4.63 KDE 9940 2646 2590 182
true 7500 0.00  75.00 - true  100.00 75.00  25.00 -
New 7076 089 7446 437 New 10349 7722 2224 497
2 ESX 7109 014 7496 391 8 ESX 10654 7800 2175  7.89
KDE 7020 032 7472 482 KDE 11752 8366 1432 2227
true 2500 000  25.00 - true 2000 20.00 100.00 -
New 2418 —144 2496  1.66 New 2031 1910 9663 350
3 ESX 2383 274 2476 299 9 ESX 1115 1216 112.88  17.49
KDE 2215 -399 2470 491 KDE 1649 2056 10223 420
true 7500 000  25.00 - true  60.00 20.00 100.00 -
New 7235 —209 2519 338 New 6302 1752 9866 413
4 ESX 7261 —360 2492 433 10 ESX 6252 1882 9687 419
KDE 7318 —375 2493 417 KDE 6674 1238 10622  11.93
true  100.00 25.00  75.00 - true 2000 60.00 100.00 -
New 9954 2120 7557  3.87 New 2218 5941 9154 876
5 ESX 10102 2135 7590  3.89 11 ESX 2664 5757 8521  16.39
KDE 10820 1925 7935  10.92 KDE 1605 5831 9688 531
true 10000 75.00  75.00 - true  60.00  60.00 100.00 -
New 10068 751 7412 112 New 6186 5899 9361 673
6 ESX 10284 7542 7407 3.2 12 ESX 6082 5813 9033 988
KDE 9892 7324 7379 240 KDE 6342 5925 9660 488

1 All data in this table are in mm, and the Error refers to the absolute distance error.



Sensors 2021, 21, 459

11 of 18

Granite
block

Figure 5. The experimental equipment for collecting the AE signal generated by pencil-lead breaks.

According to the TDOA measurements and sensor coordinates, the locations of 12 AE
sources can be efficiently determined by Equation (24). The detailed AE source coordinates
solved by the proposed method are listed in Table 1. The best location accuracy of the
new method is 1.12 mm, while the best location accuracies of ESX and KDE methods
are greater, at 1.80 and 1.82 mm, respectively. At the same time, the maximum absolute
distance error of the new method is 8.76 mm, which is far less than the errors of ESX
(17.49 mm) and KDE methods (22.27 mm). These location results of the 12 AE sources and
their average absolute distance error are illustrated in Figure 6. In this figure, the plus
marker “+” denotes the position of the true source, while the circular marker “e”, triangle
marker “A” and cross maker “x” represent the location results of the new method, ESX
method, and KDE method, respectively. From Figure 6a—c, we can observe that the circular
marker “eo” is generally closer to the plus marker “+” than the triangle marker “A” and
cross marker “x”. This means that the location accuracy of the new method is always
higher than that of the two traditional methods. Figure 6d quantitatively describes the
positioning deviations of the proposed method and compares it with the two traditional
methods. We can observe that the absolute distance errors (4.37 and 1.94 mm) of the new
method at sources No. 2 and No. 7 are greater than those of the ESX method (3.91 and
1.80 mm). At the same time, the new method also has greater absolute distance errors
(1.94, 8.76, and 6.73 mm) at sources No. 7, 11, and 12 than the KDE method (1.82, 5.31,
and 4.88 mm), whereas, for most other AE sources, the absolute distance errors of the new
method are smaller than those of the ESX and KDE methods. Therefore, the proposed
method always has a better positioning performance than the traditional methods.

To further study the distribution condition and probability density of the positioning
errors of the 12 AE sources, a half-violin diagram is plotted, as shown in Figure 7. Half of
this figure is a dot diagram arranged in intervals of the absolute distance errors, and the
other half is a corresponding violin diagram. It can be seen that the error distribution of the
new method is more uniform, and the extreme value of the probability density is higher
than those of the ESX and KDE methods. Therefore, the proposed method holds a more
stable positioning accuracy than the two traditional methods. In addition, the average
absolute distance error (3.91 mm) corresponding to the probability density extremum
of the new method is less than the ESX method (6.61 mm) and KDE method (6.85 mm).
Therefore, compared with the ESX and KDE methods, the positioning accuracy of the
proposed method is improved by 40.88% and 43.00%, respectively.
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5. Simulation Analysis

Due to the existence of environmental noises, the TDOA measurements inevitably
contain errors. Therefore, it is necessary to study the positioning accuracy of the proposed
method under different TDOA errors. However, the TDOA errors in the pencil-lead breaks
experiment in Section 4 are uncontrollable, and quantitative analysis of the influence of
the TDOA errors is difficult to carry out. Moreover, the AE sources can only be generated
on the surface of the granite block in the pencil-lead breaks experiment; therefore, the
positioning performances of the AE sources inside and outside the sensor array are still not
clear. Finally, the repeatability of the pencil-lead breaks experiment is poor, and it is not
easy to generate a large amount of experimental data in one positioning. For these reasons,
three-part simulation tests were carried out to further verify the positioning performance
of the proposed method.

Herein, we established a cubic positioning system with a side length of 200 mm, as
shown in Figure 8. Thirteen AE sensorss; (i=1, 2, - - -, 13) were located at (0, 0, 0), (200, 0, 0),
(200, 200, 0), (0, 200, 0), (0, 0, 200), (200, 0, 200), (200, 200, 200), (0, 200, 200), (100, 0, 100),
(200, 100, 100), (100, 200, 100), (0, 100, 100), and (100, 100, 200) (in mm), respectively. In
this simulation, the media outside and inside the monitoring system were the same. The
true wave velocity of this virtual positioning system was set to 5000 m/s to generate
the virtual arrival times. However, the wave velocity was still treated as an unknown in
the source positioning process. Then, the virtual TDOA measurements can be formed
by subtracting the arrival time of the reference sensor s; from the arrival times of other
sensors s; (i =2,3, - - -, 13). Finally, according to the error-containing TDOA measurements
and sensor coordinates, the AE source coordinates could be determined efficiently. The
positioning results of the proposed method were collected by simulation tests, repeated
100 times and compared with those of ESX, and KDE methods.

350

® AE sensor o]
4+ AE source 2+

300

250

200

(mm)

N 150

100

50

200

100 300
100 200

y (mm) 00 x (mm)

Figure 8. Schematic diagram of virtual monitoring system.

The first part of the simulation test was to verify the location accuracies of the AE
sources inside and outside the sensor array. To do this, we set up two virtual AE sources
in this simulation test: one was set at 07 (200, 100, 200 mm) inside the positioning system,
and the other was set at 0, (500, 200, 200 mm) outside the positioning system. Moreover,
to simulate the influence caused by small environment noise, the random errors with the
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standard deviation of 0.6 us were added to the TDOA measurements. The comparisons of
location errors in the AE sources inside and outside the sensor array are shown in Figure 9.
It can be seen that the average absolute distance errors of all three methods at the source 0;
are less than 4 mm, while the average absolute distance errors at the source 0, are more
than 15 mm. Besides, the standard deviations of the location results at the AE source 07 are
also significantly lower than those at the AE source 0,. Therefore, the location accuracy and
the stability of the AE source inside the sensor array are both higher than those outside the
sensor array. The reason behind this is that the non-uniform distribution of the hyperbolic
field for the AE source position leads to the non-uniform amplification effect of the sensor
array on the TDOA errors. Concretely speaking, because of the existence of TDOA errors,
the calculated AE source falsely falls on the adjacent hyperbola. The distance between two
hyperbolas is the positioning error. The hyperbolic density outside the sensor array is far
lower than that inside the sensor array, which means that the two adjacent hyperbolas
outside the sensor array have a longer distance. Therefore, the positioning error of the AE
source outside the sensor array is, in general, greater than that inside the sensor array [40].
In this paper, it is suggested that the sensor layout should surround the monitored area as
much as possible.
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Figure 9. The comparison of the average absolute distance errors and the standard deviations of
three methods at TDOA errors of 0.6 us.

The second part of the simulation test was to verify the location accuracy of the
proposed method under different TDOA errors. The random errors with the standard
deviations of 0.2, 0.4, 0.6, 0.8, and 1.0 us were added to the TDOA measurements. The
simulation results at source 01 and o0, are shown in Figures 10 and 11, respectively. For each
box in the two Figures, the position of the grey solid circle denotes the average absolute
distance error, and the box extends vertically between the lower quartile and upper quartile
of 100 absolute distance errors. The change tendencies of the location results shown in
Figures 10 and 11 are similar. We can observe that with an increase in the error scale, the
positions of the solid circles for all the three methods continue to rise, which indicates
the increase in the location errors of all three methods. In addition, the lengths of the box
and the extension line for the three methods are enlarged with the ascending error scale,
indicating a decrease in the location stability. However, under any given error scales, both
the positioning accuracy and stability of the proposed method are higher than those of the
traditional methods. Therefore, the proposed method always has a better tolerance of the
TDOA error. This is because this method has more reasonable optimization criteria, which
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can make full use of all the TDOA measurements to obtain the statistically optimal solution
in least squares significance.
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Figure 10. The average absolute distance errors of the new method under TDOA errors of 0.2 us to
1.0 ps at inside source 01, versus KDE and ESX methods.
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Figure 11. The average absolute distance errors of the new method under TDOA errors of 0.2 ps to
1.0 ps at outside source 0y, versus KDE and ESX methods.

The third part of the simulation test was to study the influence of the number of sensors
on the location accuracy. A total of 9 to 13 sensors were selected from the monitoring
system to estimate the AE source coordinates. The error scale was set to 0.6 us to simulate
the influence caused by the environment noise. Moreover, in order to better verify the
performance of the proposed method, 100 virtual AE sources inside the sensor array were
randomly generated to perform the localization. The average absolute distance errors
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solved by three methods under different number of sensors are compared in Figure 12. We
can observe that different numbers of sensors have different effects on different positioning
methods. However, the new method can always maintain the best positioning performance
under different numbers of sensors, compared to the traditional methods. Moreover,
with the increase in the number of sensors, the positioning error of the proposed method
decreases from 6.90 to 3.55 mm, the positioning error of ESX method decreases from 16.43
to 3.80 mm, and the positioning error of KDE method decreases from 8.20 to 4.54 mm.
Therefore, we can find that only four sensors are added to the positioning system, and the
positioning accuracy of the new method, ESX method and KDE method is improved by
46.0%, 75.4% and 41.1%, respectively. However, it should be noted that when the number of
sensors is above 12, the positioning accuracy gradually tends to become stable. Therefore,
in the actual positioning system, we suggest that at least 12 sensors are used to ensure the
positioning accuracy, and these 12 sensors should be scattered as far around the monitoring
area as possible.
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Figure 12. Comparisons of the average absolute errors of three methods under different numbers
of sensors.

6. Conclusions

In this paper, an algebraic solution of AE source localization without premeasuring the
wave velocity is proposed. This method introduces two intermediate variables to construct
the linear TDOA equations of unknown wave velocity, and then obtains the algebraic
solution of the AE source by minimizing the residual sum of the linear TDOA equations.
The proposed method highlights the following advantages: (1) the average wave velocity
can be inversed in real-time, avoiding the influence of measurement error in wave velocity
on the localization accuracy; (2) only small determinants are calculated for the final solution,
which avoids the difficulty of solving the pseudo-inverse of singular matrix; (3) a more
accurate algebraic solution is obtained by efficiently fusing all the TDOA measurements by
a single calculation; (4) this method gives a unique algebraic solution, and there is no case
of no solution and multiple solutions; (5) the real-time application is favorable, because
it avoids the initial guess and the convergence difficulties. The experiment of pencil-lead
breaks verifies that the best location accuracy of the proposed method reaches 1.12 mm,
which is higher than those of the ESX method (1.80 mm) and KDE method (1.82 mm).
Moreover, compared with the ESX and KDE methods, the average positioning errors of
the proposed method are reduced by 40.88% and 43.00% respectively. The simulation
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tests under different TDOA errors indicate that with the increase of the TDOA errors, the
positioning errors of both the inside and outside AE sources increase, but the positioning
accuracy of the inside AE source is generally higher than that of the outside AE source;
furthermore, no matter whether the AE source is inside or outside the sensor array, the
proposed method always has a better location performance under any given TDOA errors.
The simulation tests under different numbers of sensors further prove that with the increase
in the number of sensors, the positioning accuracy of the proposed method will be further
improved by 46%; meanwhile, the proposed method always has the highest positioning
accuracy compared with the traditional methods under any given number of sensors.

Actually, the proposed method still has the following limitations: (1) there will be
a large error in locating the AE source in the medium with strong anisotropy, because
the differences among the wave velocities of different directions are disregarded in this
method; (2) the proposed method assumes that the wave velocity travels along a straight
line, which is not suitable for the scenario where the AE signal travels along the refraction
path or other more complicated paths; (3) when outliers exist in the TDOA measurements,
the proposed method will still have a large deviation in the location result. Therefore, it is
necessary to conduct further research on these limitations.
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