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Hanxing Mining Co., Ltd., Handan, China

In microseismic (MS) source localization, it is usually assumed that the sensor coordinates
are accurate. However, there are generally measurement errors for the sensor coordinates
in practical engineering, which severely affect the location accuracy of the MS sources.
Therefore, based on the least square linear inversion equation, the theoretical analysis
shows that the location error is proportional to the sensor coordinate error. To reduce the
systematic error of the MS source location, a calculation method for the sensor coordinate
error threshold is proposed. First, the theoretical arrival time of each sensor is calculated.
Then, the sensor coordinate error is added and combined with the original sensor
coordinate for location. Finally, the sensor coordinate error threshold that makes the
location results reach the source location accuracy is obtained. Furthermore, based on this
method and assuming that the sensor coordinate error is in a normal distribution, a
comprehensive evaluation index of the sensor coordinates is proposed to evaluate the
influence of the sensor coordinates on the MS source location. The application results of
the Beiminghe Iron Mine in Hebei Province show that the farther the source is from the
sensor array, the smaller the sensor coordinate error threshold is. The sensor coordinate
error threshold in the sensor array is larger than that outside the sensor array. The sensor
coordinate error threshold decreases rapidly in the sensor array and slowly outside the
sensor array. After removing sensor No. 201, which has the greatest influence on MS
source location and has a large measurement error, the average location accuracy of
blasting test events is improved by 25.74%. The research results have a certain guiding
significance for the sensor coordinate measurement.

Keywords: microseismic, sensor coordinate error, monitoring area, sensor array center, threshold, comprehensive
evaluation index

INTRODUCTION

With the China’s 13th Five-year Plan on Technology and Innovation strengthening the development
and utilization of deep resources, there are an increasing number of deep-buried mines and tunnels,
and rockburst disasters are becoming increasingly severe. To effectively avoid and prevent loss
caused by deep engineering geological disasters, the microseismic (MS) monitoring technique plays a
key role as a new rock mass microfracture monitoring technique. Multiple mature MS monitoring
systems have emerged, such as the Institute of Mine Seismology (IMS) in Australia, Engineering
Seismology Group (ESG) in Canada, and SinoSeism (SSS) MS monitoring system jointly developed
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by the Institute of Rock and Soil Mechanics, Chinese Academy of
Sciences, and Hubei Seaquake Technology Co., Ltd. (Chen et al.,
2021). The MS monitoring techniques can obtain the MS
information in the process of rock mass disaster preparation
in real time and evaluate the region, probability, and scale of rock
mass instability, providing the basis for early warning and
prevention of rock mass risk. Currently, this approach has
been widely used in many fields, such as mines, slopes, and
tunnels (Le$niak and Isakow, 2009; Xu et al., 2010; Feng et al,,
2015; Dai et al., 2016; Feng et al., 2022; Yu et al., 2022; Zhang et al.,
2022). In the MS research, the MS source location directly affects
the calculation of radiant energy, the analysis of the MS activity,
and the early warning of the rockburst. Therefore, the accuracy of
the MS source location is directly related to the analysis and
prediction of rock engineering disasters.

Scholars worldwide have carried out much research work on
the MS source location and have achieved very fruitful results.
According to the principle of the MS source location, the key
factors affecting the MS source location mainly include the
location method, sensor array, first-arrival waveform pickup,
and velocity model. In terms of the location method, location
methods based on different arrival times are widely used, mainly
including noniterative methods (Liu and Gao, 2012), iterative
methods (Geiger, 1912; Li et al., 2014b), and swarm intelligence
methods (Kennett and Sambridge, 1992; Chen et al., 2009). In
terms of the sensor array, the field mainly has D-optimal design
theory and C-optimal design theory (Kijko, 1977a; Kijko, 1977b),
and layout optimization and evaluation methods of the MS sensor
array based on D-optimal design theory (Gong et al., 2010) and
the influence mechanism of the two-dimensional plane sensor
array (Li et al., 2014a; Li, 2014) have been further proposed. In
terms of first-arrival waveform pickup, there are many mature
methods for P-wave and S-wave arrival time pickups, such as the
correlation method (Bai and Kennett, 2000), energy ratio method
(Saragiotis et al., 2002), and maximum amplitude method (Paige
and Saunders, 1982; Cao and Greenhalgh, 1993; Boschetti et al.,
1996). In terms of the velocity model, most scholars use the
uniform velocity model, which simplifies the velocity of the
regional rock mass and ignores the difference in rock mass
characteristics. In addition, the uniform velocity model
simplifies the calculation process and has strong stability. To
adapt to the stratigraphic conditions, the layered velocity model
(Crosson and Peters, 1974) and the anisotropic velocity model
(Mooney et al., 1998) have been proposed and applied, greatly
reducing the MS source location error.

In addition to the above factors affecting the MS source
location, the sensor coordinates have measurement errors,
which also will affect the MS source location. At present,
research on the influence of sensor coordinate errors on
localization mainly focuses on satellite navigation (Zhang
et al., 2018), missile location (Yang and Ho, 2009; Wei et al,,
2010; Sun and Ho, 2011), radar detection (Wang and Ho 2013),
and communication systems (Rockah and Schultheiss, 1987;
Kovavisaruch and Ho, 2005). Due to the concealment and
mobility of the observation stations, research efforts are
mainly aimed at the development of high-performance
location methods with observation station coordinate errors.

Microseismic Source Location

However, in the MS monitoring field, the influence of sensor
coordinate errors on MS source location is rarely studied. In mine
and tunnel engineering, the sensor is often installed in the
borehole of the sidewall or the vault, which increases the
difficulty of the sensor coordinates measurement. At the same
time, the size effect of the sensor, the accuracy of the
measurement equipment, and the improper operation of the
measurement personnel also lead to large measurement errors
in the sensor coordinates. When there is a measurement error in
the sensor coordinates, the location accuracy of the MS source is
significantly reduced. The sensors installed in different spatial
positions have different effects on the MS source location.
Therefore, to reduce the systematic error of the MS source
location, it is indeed necessary to propose a corresponding
sensor coordinate error threshold and quantitatively evaluate
the influence of different sensors on the MS source location.

Therefore, the influence of the sensor coordinate error on the
MS source location error is theoretically analyzed by the least
square linear inversion equation, and the calculation method of
the sensor coordinate error threshold is proposed. The influence
of different sensors on the MS source location is comprehensively
evaluated, which is applied in engineering. The research results
have a certain guiding significance for installation and sensor
coordinate measurement in actual engineering.

LEAST SQUARE LINEAR INVERSION
EQUATION AND LOCATION ERROR
ANALYSIS

Least Square Linear Inversion Equation
In the MS source localization, the objective function (Liu 2007) is

F(X) = (ti- fi(X))’ (1)
fi(X)= \/(xi —x0)+ (yi-yo) + (z-z) +to (2)

where t; is the observed arrival time of the ith sensor and source
parameters X = {xo, yo,zo,to}T; (x0> Y0, 2z0) are the MS source
coordinates, and t; is the seismogenic time; (x;, y;,2;) are the
coordinates of the ith sensor, and f; (X) is the theoretical arrival
time of the ith sensor.

The nonlinear function f; (X) is expanded by the Taylor series
in the neighborhood of the initial solution X°, and the terms
above quadratic are omitted:

fi(X) = f1(X°) + £,(X°)6X (3)

where 86X = {dx0, 80, 0z, oto}T is the source parameter
correction.
We substitute Equation 3 into Equation 1:

F(X) = (t: - fi(X") - £(X*)0X)’ @

From the extreme value theory of multivariate function, we
let OF (X)/06X = 0:

OF (X) T 0 (X0 =
—ox =~ LX) - £i(X) - £;(X)0X] =0 (5)
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FIGURE 1 | Schematic diagram of the source location with sensor
coordinate error.

Welet A= f ; (X9), which is the partial derivative matrix, and
b=t;— fi(X°), which is the data residual vector. Then, the
linearized inversion equations in the sense of least squares are

ASX =D (6)

where the coefficient matrix A € R™*, and n > 4. Solution vector

80X € R*, and n is the number of triggering sensors.
The expression of coefficient matrix A is

of1(X) 1(X) A (X)
aX() ay() aZO

A=l : S @
of,(X) 3f,(X) u(X) |

axo ayo 0z 0

We let X**! = X* + §X, which is the location solution of the
MS source in the k+1-th iteration, and X* is the kth iteration
solution.

Location Error Analysis
After the MS monitoring system is arranged, the sensor
coordinates need to be measured. During the measurement,
the sensor coordinates inevitably have errors, as shown in
Figure 1 where T; represents the ith sensor. The arrival time
information is received by the sensor in the actual position.
Therefore, when the sensor coordinates and the arrival time
information do not match, systematic errors will arise.

The coordinate error of the sensor is mainly reflected in the
coefficient matrix A. The error of the coefficient matrix A is 6A,
and the location error is A0X. Then (Li et al., 2008),

Microseismic Source Location

(A+6A)(6X +AX)=b (8)
We subtract Equation 6 from Equation 8:

(A+8A)ASX = —6ASX ©)
A6X = —(I+ A'6A) ' AT16A6X (10)

The norm of Equation 10 is obtained as follows:

_ - I8A]
IASX]  [|A7Y - I6A A7 - AN
< = 1641 an

16XI = 1= AT - 18AI 1 - A~ - ]!

Equation 11 shows that as the sensor coordinate error
increases, the coefficient matrix error |§A|l increases, and the
location error [|ASX]| increases accordingly. The condition
number of the coefficient matrix cond (A) = |A7!| - | Al, which
is related to the sensor array and the position of the MS source,
reflects the sensitivity of the location solution to the original data.
Therefore, the location error is proportional to the sensor
coordinate error for the determined sensor array and source
position. To control the systematic error of the MS source
location in practical engineering, it is necessary to study the
influence of the sensor coordinate error on the MS source
location.

INFLUENCE EVALUATION OF THE SENSOR
COORDINATE ERROR ON THE
MICROSEISMIC SOURCE LOCATION

Sensor Array Center

For the sensor array arranged at the vertex of the regular
geometry, the center of the array is the center of the regular
geometry. For example, the center of the cube array is the center
point of the cube, and the center of the spherical array is the
center point of the sphere. However, the sensor arrangement in
actual engineering is usually presented as an array in the form of
irregular geometry, whose array center is often difficult to
determine, so it is urgent to study the center position of the
irregular sensor array.

Kijko (1977a), Kijko (1977b) proposed an objective function
for evaluating the optimal layout of the sensor array based on the
D-optimal design theory. After that, Gong et al. (2010)
established the expression of the covariance matrix based on
the D-optimal design theory after considering the influence of the
P-wave velocity error and the P-wave arrival time error:

Cx (X) = (ATWA)" (12)

The diagonal elements in the diagonal matrix W can be
expressed as:

1
Wi,i = 7@[»(}() 2 (13)
(57) ot + a2

where 0, and o; are the variances of the P-wave velocity and
P-wave arrival time, respectively, and v is the P-wave
velocity.
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FIGURE 2 | Calculation method of the sensor coordinate error threshold.

The geometric significance of the covariance matrix Cx (X) is
described by the confidence ellipsoid, and the characteristic value
of Cx(X) is the length of the principal axis of the ellipsoid.
According to the D-optimal design theory, the volume of the
ellipsoid is proportional to the determinant of the covariance
matrix det[Cx (X)]. The smaller the volume of the ellipsoid is, the
more concentrated the distribution of the source parameters and
the more accurate the location results. Therefore, the center of the
sensor array is defined as the position where the determinant
det[Cx (X)] of the covariance matrix is minimal.

Sensor Coordinate Error Threshold

The larger the sensor coordinate error is, the larger the location
error of the MS source. To reduce the systematic error of the MS
source location and guide the measurement of sensor
coordinates, it is necessary to propose the corresponding
sensor coordinate error threshold under the MS source
location accuracy required by the project. Therefore, a
calculation method of the sensor coordinate error threshold is
proposed for an MS source. The flow chart is shown in Figure 2,
and the specific steps are as follows:

1) The coordinates of the sensor are given, and the sensor
coordinate error ¢ = A, and the step length is A. The MS
source location error is E, and the number of sensors is 7.

2) For an MS source in the monitoring area, the theoretical times
of the sensor are calculated based on the sensor coordinates.

3) Itis assumed that there are errors in the x, y, and z directions
of the sensor coordinates, and the error value can be taken as ¢
or -c. Therefore, the number of coordinate error combinations
in the x, y, and z directions is 2", so the number of coordinate
error combinations of the whole sensor array is 2" x 2" x 2".

4) The coordinates of each sensor are added to the
corresponding coordinate error, and localization is carried
out in combination with the theoretical arrival time of the

Microseismic Source Location

sensor. The 2" x 2" x 2" location results are obtained, and the
maximum value of the location error is obtained by
comparison, which is set as Q.

5) When Q < E, welet ¢ = c+A and proceed to step 3). When Q >
E, the calculation is stopped, and c-A is the sensor coordinate
error threshold of the MS source.

Since the coordinate errors of each sensor are different, it is
difficult to make the coordinate errors of all sensors equal to the
sensor coordinate error threshold, so the calculated sensor
coordinate error threshold is an upper limit value. The sensor
coordinate error threshold solved is not less than the coordinate
errors of all the sensor. Therefore, the sensor coordinate error
threshold is a value with high safety factor.

In the above method, there are 2" x 2" x 2" sensor coordinate
error combinations for each increased step length A and
corresponding 2" x 2" x 2" location times. When the number
of the sensors n is small, the calculation amount is small.
However, as the number of sensors # increases, the calculation
amount increases exponentially. Therefore, it is necessary to
simplify steps 3) and 4) in the above method. The coordinate
errors of the whole sensor array in the x, y, and z directions are
calculated separately, and the coordinate errors of n sensors in the
x, ¥, and z directions are all 2". Taking the sensor coordinate error
in the x direction and no coordinate error in the y and z directions
as an example, the sensor coordinate error combinations in the x
direction are obtained when the location error is the largest,
which is denoted as x,. Similarly, the corresponding sensor
coordinate error combinations in the y and z directions are y,
and z,, respectively. The influence of the sensor coordinate errors
in each direction on the MS source location can be superimposed.
Therefore, for the whole sensor array, when the coordinate error
combinations in the x, y, and z directions are x,, ¥, and z,
respectively, the calculated location error is the maximum value
in the 2" x 2" x 2" location results. Therefore, the number of
localizations is simplified from 2" x 2" x 2" to 3 x 2"+1, and the
amount of calculation is greatly reduced.

Comprehensive Evaluation Index

In the same monitoring area, each sensor has a different influence
on the MS source location. Therefore, it is necessary to evaluate
the influence degree of different sensors on the MS source
location. For an MS source in the monitoring area, when
calculating coordinate error threshold of the sensor based on
calculation method of the sensor coordinate error threshold, it is
assumed that one sensor in the array has a coordinate error in a
normal distribution and the other sensors have no coordinate
error. Accordingly, steps 3) and 4) in Sensor Coordinate Error
Threshold subsection are modified as follow:

3) The sensor coordinate errors in the x, y, and z directions
follow the same normal distribution, respectively, ie., x ~ N
(%,¢), y ~ N (9,¢), and z ~ N (z,c). The sample number of
normal distribution is set to N,,,.

4) The coordinates of each sensor are added to the
corresponding coordinate error, and localization is carried
out in combination with the theoretical arrival time of the
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TABLE 1 | Sensor coordinates.

Sensor Number Coordinate/m Sensor Type

x y z
101 1599.54 8771.51 —245.77 Mono-component
102 1688.85 8749.96 —226.38 Mono-component
103 1775.20 8690.28 -230.48 Mono-component
104 1818.63 8743.12 —227.06 Three-component
105 1912.76 8750.27 —244.76 Mono-component
106 1892.18 8699.04 -230.23 Mono-component
201 1956.15 8646.69 -235.43 Mono-component
202 1965.26 8737.80 -218.34 Mono-component
203 2075.01 8675.53 -229.89 Mono-component
204 2020.12 8567.80 -221.69 Mono-component
205 2057.23 8526.09 -231.02 Mono-component
206 2138.42 8693.26 -230.23 Three-component

sensor. The location error of N,,, samples are obtained, and its
average value is set as Q.

Similarly, the coordinate error thresholds of other sensors can
also be obtained. Then, the normalization transformation is
performed on the coordinate error thresholds of all sensors,
and the formula is as follows:
xF = _Kmax = Xi (14)

Xmax ~ Xmin
where x; is the coordinate error threshold of the ith sensor and x:
is the normalization result of x;, which is recorded as the
evaluation index of the ith sensor. In addition, X, and X,
are the maximum and minimum coordinate error thresholds of
all sensors, respectively.

It is necessary to comprehensively evaluate the influence of the
sensor coordinate error on the MS source location for the whole
monitoring area Q). Therefore, the monitoring area is meshed,
where each grid point is taken as an MS source, and the number of
MS sources is M. The evaluation indexes of all MS sources are
comprehensively analyzed, and the comprehensive evaluation
indexes of the ith sensor in the monitoring area () are as follows:

M«
1%

X = 2%y (15)
M

where x}; is the evaluation index of the ith sensor in the jth MS
source and x; is the comprehensive evaluation index of the ith
sensor in the whole monitoring area.

The larger the comprehensive evaluation index x] is, the
greater the influence of the ith sensor coordinate error on the

MS source location in the monitoring area.

FIELD APPLICATIONS

The workers of the Beiminghe Iron Mine in Hebei Province have
found abnormal phenomena in the mining area many times since
2017, mainly located in the substation on the -122 m level and the
excavation roadway at the -185 m level. It is preliminarily inferred
that these phenomena are related to illegal mining. Therefore, to

Microseismic Source Location

/ Roadway
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@ Three-component sensor
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FIGURE 3 | lane diagram of the sensor layout and -200 m level in the
mining area.
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FIGURE 4 | Spatial distribution diagram of det[Cx (X)].

protect mineral resources and production safety, the mine has
introduced a new generation of SinoSeism (SSS) MS monitoring
systems jointly developed by the Institute of Rock and Soil
Mechanics, Chinese Academy of Sciences, and Hubei Seaquake
Technology Co., Ltd. Due to the limitation of site conditions, a
total of 10 mono-component sensors and 2 three-component
sensors are arranged at the roadways of the -230 m level. The
sensor coordinates initially measured are shown in Table 1, and
the plane diagram of the sensor layout is shown in Figure 3.

Sensor Array Center in the Mine

Based on the sensor coordinates of the initial measurement, the
determinant of the covariance matrix is calculated by Equation
12, and its spatial distribution diagram is shown in Figure 4. The
expected velocity of the P-wave is 5222 m/s, the variance in the
velocity is 50 m/s, and the P-wave arrival time error is 0.005 s.
Figure 4 shows that there is a minimum determinant of the
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FIGURE 5 | Contour diagram of the sensor coordinate error threshold at the -200 m level.

covariance matrix in the space, which is the array center. The
farther the MS source is from the center of the sensor array, the
larger the determinant of the covariance matrix det[Cx (X)].
To find the position of the sensor array center, the particle
swarm optimization (PSO) algorithm is used to search for the
minimum value of det[Cx(X)]. The PSO algorithm
parameters (Feng et al., 2017) are set to: the learning factor
c1 = ¢; = 2, inertial weight w = 0.8, population number Np,, =
4,000, flying times N, = 5000, and fitness conditions
e=1.0 x 107!%. The range of coordinates is x € (1500,2200),
y € (8400,8800), and z € (-250, — 150); and the unit is m. It

Vertex Number

TABLE 2 | Vertex coordinates of the key monitoring area.

Coordinate/m

X y z
A 2000 8500 -220
B 2000 8500 -180
C 2000 8500 -220
D 2000 8500 -180
E 2100 8600 -220
F 2100 8600 -180
G 2100 8600 -220
H 2100 8600 -180

can be obtained by calculation that when det[Cx (X)] is the
smallest, the coordinates of the array center are (1892.10,
8698.89, -232.82), and the unit is m.

Sensor Coordinate Error Threshold and
Comprehensive Evaluation Index in the

Monitoring Area

The coordinate range of the -200 m level in the Beiminghe Iron
Mine is set to x € (1600, 2000), y € (8400, 8800), z = -200, and the
unit is m. The plane diagram of the monitoring area at the -200 m
level is shown in Figure 3. The monitoring area at the -200 m
level meshes, and the grid spacing in the x and y directions is 5 m.
The MS source location accuracy is set to 15m, and the
calculation method of the sensor coordinate error threshold is
used to solve the sensor coordinate error threshold of the
monitoring area. The contour diagram of the sensor
coordinate error threshold at the -200m level is shown in
Figure 5. The farther the MS source is from the sensor array,
the smaller the sensor coordinate error threshold. The sensor
coordinate error threshold inside the array is larger than that
outside the array, and the sensor coordinate error threshold

decreases rapidly inside the array and slowly outside the array.
The minimum value of the sensor coordinate error threshold
within the -200m level is 0.27m, indicating that the
measurement error of the sensor coordinates should not
exceed 0.27 m when the MS source is in the -200 m level, and
the corresponding coordinate is in the lower boundary point L
(1760 m, 8400 m, -200m). From the location relationship
between the lower boundary point L and the sensor array
center, it can be seen that the minimum sensor coordinate
error threshold in the -200 m level is located on the boundary
line farthest from the array center. Therefore, the minimum value
of the sensor coordinate error threshold of the whole monitoring
area can be quickly calculated through this law.

To evaluate the influence of different sensors on the MS source
location, the area near stope No. 7 is further selected as the key
monitoring area. The plane diagram of the key monitoring area is
shown in Figure 3, and the scope of the key monitoring area is
shown in Table 2. The key monitoring area meshes, and the grid
spacing in the x, y, and z directions is 5 m. The grid point is taken
as the MS source and the sample number N,, of normal
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TABLE 3 | Comprehensive evaluation index of each sensor.

Sensor Number 101 102 103 104 105 106
X 0.27 0.42 0.26 0.06 0.63 0.28
Sensor number 201 202 203 204 205 206
X 0.86 0.43 0.54 0.84 0.50 0.75
TABLE 4 | Blasting test location.

Event Number Time Coordinate/m

X y z

1 3 October 2018 22:29 2028.46 8574.56 -198
2 5 October 2018 22:39 2032.51 8573.11 -198
3 5 October 2018 22:49 2073.15 8579.18 -198
4 6 October 2018 14:29 2087.38 8566.32 -198
5 6 October 2018 22:24 2034.44 8572.42 -198

distribution is set to 500. Then, the comprehensive evaluation
index of each sensor in the key monitoring area is calculated
through Equation 15. The comprehensive evaluation index of
each sensor is shown in Table 3.

Table 3 shows that in the key monitoring areas, the number of
sensors whose coordinate error affects the MS source location
from large to small is 201, 204, 206, 105, 203, 205, 202, 102, 106,
101, 103 and 104. Therefore, in sensor coordinates measurement,
the sensor with a large comprehensive evaluation index should be
focused on to improve the measurement accuracy of their sensor
coordinates.

Microseismic Source Location

Comparison of the MS Location Results
Before and After Remeasurement of Sensor
Coordinates

According to the above calculation results, the coordinate errors
of sensors 201, 204, 206, and 105, whose comprehensive
evaluation index exceeds 0.6, have the greatest influence on
the MS source location in key monitoring areas. Therefore, it
is necessary to recheck the coordinate accuracy of the four
sensors. The coordinate accuracy of sensors No. 204, 206, and
105 is within the sensor coordinate error threshold through
remeasurement by the field staff. There is a fault fracture zone
in the area near sensor No. 201, whose position and crushing
degree are not detected in time, and hole collapse occurs in the
borehole. Therefore, sensor No. 201 is not installed at the bottom
of the borehole. Due to the permanent grouting installation, the
coordinates of sensor No. 201 in Table 1 inevitably have
measurement errors and cannot be remeasured. When the
blasting events occur in the key monitoring area, the
measurement error of sensor No. 201 severely affects the
location accuracy of the MS source. Therefore, when the
number of trigger sensors meets the minimum number of
sensors required by the location method, sensor No. 201 can
be discarded to improve the location accuracy of the MS source.

Five blasting tests are carried out in the key monitoring
area. The locations of the test points are shown in Table 4,
and the arrival time information of each test events is shown
in Table 5. Since the blasting test area is far from sensors 101
and 102, these two sensors do not receive the 5 blasting test
signals. The number of triggering sensors in the five blasting
tests exceeds 4, so sensor No. 201 with large measurement

TABLE 5 | Arrival time of the sensor for the blasting test event.

Sensor Number Event No.1 Event No.2
101 — -
102 — —
103 6.75161 -
104 6.75311 —
105 6.74286 —
106 6.73611 —
201 6.72136 4.24761
202 6.73161 4.25811
203 6.71936 4.24486
204 6.70336 4.22936
205 6.71086 4.23561
206 6.72886 4.25461

Event No.3 Event No.4 Event No.5
2.81036 3.68136 1.22361
2.82411 3.68286 1.22586
2.81211 3.66911 1.21736
2.80836 3.66436 1.20836
2.77761 3.65011 1.19311
2.78786 3.65736 1.20336
2.77486 3.63936 1.19011
2.75961 3.63261 1.17486
2.76611 3.63261 1.18086
2.78436 3.64561 1.19936

TABLE 6 | Comparison of location results before and after sensor coordinate adjustment.

Test Events

Location Results before Sensor Coordinate Adjustment/m

Location Results after Sensor Coordinate Adjustment/m

X y z
1 2037.91 8574.23 -199.05
2 2041.12 8575.41 -205.77
3 2071.03 8562.03 -210.75
4 2087.67 8572.98 -190.92
5 2045.62 8569.90 -198.40

Derror—Spatial error.

Derror X y z Derror
9.62 2037.17 8575.16 -201.67 9.47
11.83 2036.84 8575.55 -201.26 5.94
21.17 2045.50 8570.04 -198.78 17.09
17.30 2085.13 856756.12 -198.02 9.08
11.46 2045.50 8570.04 -198.78 11.38
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errors should be discarded during localization. Based on the
original sensor coordinates (as shown in Table 1), the
location results of the five blasting test events are shown
in Table 6. After removing sensor 201, the location results of
the five blasting test events are shown in Table 6. After the
sensor coordinates are remeasured, the location errors of
the five blasting test events are reduced by 0.05 m, 5.89 m,
4.08 m, 8.22m, and 0.13 m. The average location error is
reduced by 3.67 m, and the location accuracy is improved by
25.74%.

The accuracy range of the sensor coordinates can be
obtained based on the calculation method of the sensor
coordinate error threshold to guide the on-site sensor
coordinate measurement. The comprehensive evaluation
index of sensor coordinates is used to evaluate the
influence of different sensor coordinates on the MS
source location and accurately identify the sensors that
have a greater impact on the MS source location. Finally,
sensors with large coordinate measurement errors are
focused on to improve the location accuracy of the MS
sources.

CONCLUSION

The influence of the sensor coordinate error on the MS source
location is studied, and the following conclusions can be drawn:

1) The influence of the sensor coordinate error on the
location error is theoretically analyzed, and it is
concluded that the location error is proportional to the
sensor coordinate error.

2) The sensor array center is obtained based on D-optimal design
theory. A calculation method for the sensor coordinate error
threshold is proposed to obtain the sensor coordinate error
threshold of different MS sources.

3) A comprehensive evaluation index of the sensor is proposed to
evaluate the influence of different sensors in the monitoring
area on the MS source location. The larger the comprehensive
evaluation index is, the greater the influence of the sensor
coordinate error on the MS source location and the higher the
required accuracy of the sensor coordinate.
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