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High-Precision Inversion of Buried Depth in Urban Underground
Iron Pipelines Based on AM-PSO Algorithm for Magnetic Anomaly

Pan Wu! and Zhiyong Guo? *

Abstract—Buried iron pipeline is an important part of urban infrastructure. In order to accurately
obtain the location information of buried iron pipeline, here, we establish a forward model of magnetic
anomaly in buried iron pipeline based on magnetic dipole reconstruction (MDR) method that determines
four inversion parameters and two inversion objective functions. The vertical magnetic field data with
different proportion noises are taken as observation values respectively to invert the parameters of
underground pipeline and its location (buried depth) by using the AM-PSO (adaptive mutation particle
swarm optimization) inversion algorithm. The errors of inversion and observation of vertical magnetic
field are compared by substituting the inversion parameters into forward formulas. The results show
that the AM-PSO inversion algorithm can accurately invert the pipeline depth, and the inversion error
of the pipeline depth is less than 5%, which is acceptable in practical engineering. The inversion of the
vertical magnetic field can basically coincide with the observed vertical magnetic field of the original
model. At the same time, it is verified that the AM-PSO inversion algorithm is insensitive to magnetic
anomaly noise data. In this study, the effectiveness of AM-PSO inversion algorithm method for pipeline
depth inversion is analyzed, and an effective optimization inversion method is provided for underground
iron pipeline depth inversion.

1. INTRODUCTION

Unscientific nature of history, geography, man-made and pipeline management often lead to errors,
omissions, and deviations in the distribution of underground pipeline, which often cause the underground
iron pipeline to be broken or leaked in the process of urban infrastructure construction and pipeline
encrypt laying [1, 2]. Therefore, it is an urgent problem to be solved in the development and management
of modern pipeline construction which improves detection, distribution, and management information
of underground pipeline.

Iron pipeline accounts for the majority of existing pipelines, which generates a magnetizing field
under the magnetization of the geomagnetic field. Then the superposition of magnetizing field on
original magnetic field affects the distribution of original magnetic field and forms magnetic anomaly.
By analyzing the distribution characteristics of magnetic anomalies on the detection plane and using the
method of magnetic anomaly data processing and inversion, we can judge the existence of underground
pipeline and determine the horizontal position and burial depth of pipeline. So far, many scholars have
done research on inversion of magnetic anomaly. McGrath and Hood [3] proposed a least squares multi-
model magnetic anomaly inversion method, which was used to invert the magnetic anomaly of different
models such as finite-length thick levees, vertical prism, and parallelepiped, and obtained the geometric
information of the model appearance. Based on the joint derivation of analytical signal and Euler
deconvolution method (Analytic signal-Euler’s equation), Salem and Ravat [4] proposed a new method
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of automatic interpretation of magnetic data. By using this method, the position and approximate
geometry of magnetic source can be obtained. Salem and Smith [5] proposed a simple method for
estimating the location and model type of two-dimensional magnetic source using normalized first-
order local wave number. Abdelrahman and Essa [6] obtained the second-order horizontal derivative of
magnetic anomaly data from magnetic data by using continuous window length filter and determined
the depth and shape of buried magnetic anomaly structure. Tlas and Asfahani [7] proposed a simplex
algorithm for optimal estimation of magnetic parameters of simple geometric structures, which is based
on deconvolution technique and linear programming with simplex algorithm to estimate the model
parameters, such as the depth from the geomagnetic anomaly profile to the top or center, effective
magnetization angle, and amplitude coefficient. This method has certain anti-noise ability. Gokturkler
and Balkaya [8] adopted genetic algorithm (GA) and simulated annealing algorithm (SA) to invert the
magnetic anomalies generated by some of simple geometric polarization body, and the solutions are very
close to the real model parameters obtained. Biswas proposed a very fast simulated annealing (VFSA)
global optimization algorithm to explain gravity and magnetic anomalies in thin-layer structures [9].
The optimization results showed that the method could uniquely determine all model parameters in
the case of determined magnetic anomalies, and the calculation time of the whole process is very
short. Ekinci [10] used the numerical second-order, third-order and fourth-order horizontal derivatives
calculated from the observed magnetic anomalies to estimate the depth of an isolated dike-like magnet
source body. This method does not require prior information and is in line with the real results. So
far, there are few inversion studies on pipeline magnetic anomaly. Generally, the magnetic anomaly
component calculated by the obtained model parameters can accurately match the magnetic anomaly
observation component when the total magnetic anomaly is used as the observation value for inversion,
but it is necessary to calibrate and record the orientation of magnetic field sensor in real time for
actual engineering applications, and the operation is complicated and prone to human interference.
Therefore, we consider using one of the three components of the total magnetic anomaly to invert the
pipeline parameters. Among them, the X component and Y component need multi-sensor geographical
orientation alignment in the process of detection, which results in low accuracy in engineering. On the
contrary, the Z component (vertical magnetic field) only needs to be determined by just one gravity
sensor in vertical direction. At the same time, according to the distribution of geomagnetic inclination
and geomagnetic declination, we can know that the component of geomagnetic field in Z-axis (vertical
downward) is the largest and has the strongest magnetization effect on the pipeline. Therefore, the
vertical magnetic field as the observation value has higher measurement accuracy. The geomagnetic
field has the largest component on the Z-axis (vertically downward), thus the strongest magnetization
effect on the pipeline. Therefore, the vertical magnetic field is used as an observation value to have a
high measurement accuracy.

Here, based on the principle of magnetic dipole reconstruction (MDR), we first establish the forward
model to calculate the magnetic field of pipeline. Two objective functions are proposed from the vertical
magnetic field for the AM-PSO inversion algorithm to invert the four parameters of pipeline, i.e.,
diameter, thickness, burial depth, and magnetic susceptibility many times, and the actual final inversion
parameter determined as the buried depth of pipeline. In addition, the error of depth inversion and
the restoration of vertical magnetic field curve are also analyzed when the observed vertical magnetic
field data contain different sizes of noise. The results of inversion prove the accuracy and effectiveness
of pipeline depth using (AM-PSO) inversion algorithm.

2. FORWARD MODEL AND METHOD

2.1. Magnetic Anomaly Forward Method and Parameters

Accurate magnetic anomaly forward calculation of underground iron pipeline is the prerequisite for
accurate inversion. We establish a coordinate system as shown in Fig. 1. The X-axis is geographic
north, Y-axis geographical east, and Z-axis perpendicular to the XOY plane vertically downward. B,
is the total geomagnetic field strength, D the magnetic declination, I. the magnetic inclination, and the
other components of the geomagnetic field can be calculated by these three independent components.
The iron pipeline generates an anomalous field under the magnetization of geomagnetic field, which can
be detected on the detection plane after being superimposed with the geomagnetic field. The magnetic
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Figure 1. Geomagnetic coordinate system for  Figure 2. Top view of magnetic anomaly
pipeline detection. detection area of pipeline.

anomaly inversion is to obtain the characteristic information of underground pipeline by analyzing the
anomalous field detected. Fig. 2 is a top view of the detection plane, and Fig. 3 is a cross-sectional
view of the pipeline. The detection plane is parallel to the horizontal ground; the measuring line is
perpendicular to the axis of the pipeline; and the midpoint of the measuring line is directly above the
axis of the pipeline. The height of the measuring line is hg; the length is Lg; the azimuth is n; setting
the angle between the pipeline and the X-axis is 0; the length of the pipeline is L,; the outer diameter of
pipeline is ¢; the thickness is d; the buried depth is h1; and the magnetic susceptibility of the pipeline is
Xm- Due to the large geometry size of the pipeline, it cannot be regarded as a magnetic dipole to directly
calculate the magnetic field strength at the detection plane. The previous research results by Guo et
al. show that the magnetic field of the underground pipeline in the detection plane can be accurately
calculated by using the MDR method [11]. Therefore, based on this principle, the pipeline is divided
into a large number of tiny volume elements F; (as shown in Fig. 4). For each tiny volume element, its
magnetic field values at each measuring point on a measuring line can be solved by using the magnetic
dipole formula. Then the magnetic field values of all the tiny volume elements at the same measuring
point P; are vector superimposed, and the same is true for other measuring points. Suppose that the
total number of tiny volume elements obtained from pipeline is I and that the total number of measuring
points on one measuring line is J. The magnetic anomaly vector composed of the total magnetic anomaly
of all the measuring points on the measuring line is recorded as Bg = [B1, B, ..., B;,..., B;|, where
B; is the superposition of the geomagnetic field and measuring line magnetic anomaly which is equal
to the sum of magnetic field vectors of all the pipeline tiny volume elements E;(Ei, E;y, E;,) at the
measuring point P;(Pjz, Pjy, Pj-). The calculation formulas are shown as Eqs. (1)—(4) [11-13].

! 3(1v:: -r::) T ;.
B; = Z_i;( ( ur?j ij) Tij _ r,»i,])—i_Be (1)
rij =\ (Pio = Bua)? + (Bry — B + (Pyz — Ei)? )
m;; = V- xm - Hjj (3)
Hy = D (4)



20 ‘Wu and Guo

Measuring points

}

Figure 3. Vertical cross-sectional view of the  Figure 4. Cell segmentation model.
pipeline.

v

In Equation (1), uo = 47 x 1077 (H x m™') is the vacuum permeability. r;; is the position vector
from the tiny volume element E; to the measuring point P;, and r;; is its modulus, which can be
calculated by Formula (2). m;; is the magnetic moment of the tiny volume element E; at the measuring
point P; obtained by Equation (3). V is the volume of the tiny volume element. X, is the magnetic
susceptibility of the pipeline material. Hj; is the strength of the external magnetic field at the location
of E;, which can be calculated by Equation (4).

From the derivation process of the above magnetic anomaly calculation formula, it can be known
that the distribution characteristics of pipeline magnetic anomalies are determined by the position
parameters of pipelines, geometric characteristics parameters of pipelines, measuring line parameters and
geomagnetic field parameters. Among them, the geometric characteristics of pipeline are characterized
by three parameters: pipeline length L,, pipeline outer diameter ¢, and pipeline thickness ¢, which
determine the size of dividing unit V. The position information of the pipeline is characterized by
two parameters: pipeline azimuth 6 (0 < # < 7) and pipeline burial depth hj, which, together with
the measuring line parameters, determine the position vector 7;;. The background geomagnetic field
is characterized by three independent geomagnetic elements: total strength B., magnetic inclination
I., and magnetic declination D, from which external magnetic field strength H;; at the location of
the pipeline can be derived. When studying the magnetization field of pipeline, only the magnetic
susceptibility of pipeline should be considered. Therefore, the total magnetic anomaly vector By on the
measuring line can be expressed as a function of 12 parameters:

Bd:f (Lp7¢7 5707h17B67167D7Xm7h27Ld7n) (5)

From the function in Eq. (5), the relationship between the magnetic anomaly forward parameters
of the iron pipeline and the total magnetic anomaly is established. The vertical magnetic field only
needs to take the vertical downward component of B, which is recorded as B,.

2.2. Theoretical Inversion Parameters

The inversion of magnetic anomalies in iron pipeline is to find an optimal model to minimize the errors
between the calculated magnetic anomalies and the measured magnetic anomalies [14]. Suppose that the
observed total magnetic anomaly vector of the measuring line is B, and the total magnetic anomaly
vector of the measuring line obtained by theoretical numerical calculation is B**". The inversion process
of magnetic anomaly is to find a set of parameters to make B*™ as close as possible to B,
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During the magnetic anomaly detection process, the length and height of the measuring line are
known, i.e., hg and Ly are known quantities in the three parameters of Equation (5). Since the direction
of the measuring line is perpendicular to the direction of the underground iron pipeline, the measuring
line azimuth angle n can be determined by the pipeline azimuth angle § which is determined by the
line connecting the peaks of the vertical magnetic field [15]. The background geomagnetic field can
be regarded as a constant magnetic field in a small area and a short time [16]. The geomagnetic field
which is perpendicular to the direction of the pipeline and is not affected by other magnetic anomalies
can be regarded as a reference geomagnetic field [17, 18]. Therefore, the background geomagnetic field
strength B, magnetic inclination I., and magnetic declination D can be measured beforehand. The
length of the horizontal single pipeline actually laid is generally greater than 20 m, so the magnetic
anomaly detected in a small area near the midpoint of the pipeline is in two-dimensional body magnetic
anomaly distribution, and the further increase of the pipeline length does not contribute much to the
magnetic anomaly of the measuring line. Therefore, in the process of simulation, the magnetic anomaly
caused by 20m long pipeline can be used to replace the magnetic anomaly caused by second-degree
body pipeline, i.e., L, = 20m. Finally, only 4 of the 12 model parameters of the function in Eq. (5) are
unknown, and the function in Eq. (5) can be simplified as:

Bd:g (¢7 57 hla Xm) (6)

3. OBJECTIVE FUNCTION AND AM-PSO

3.1. Inversion Objective Function

Actual magnetic anomaly observation data B° is derived from the detection of pipeline magnetic
anomaly, but here we use synthetic data as magnetic anomaly observation data in the process of
theoretical research. The real pipeline magnetic anomaly data obtained by the forward formula (1)
is recorded as B¢, and the magnetic anomaly noise is recorded as B™**¢ then B can be expressed
by Equation (7):

Bobs — Btrue + Bnoise (7)

During the inversion process, the four parameters (¢, 9, h1,xm) in the function of Eq. (6) are
continually searched by the AM-PSO inversion algorithm, and the inversion vertical magnetic field is
obtained by substituting the four parameters into Equation (1), which is recorded as B*™. The purpose
of inversion is to make the difference between B and B°" meet the requirement of fitness threshold.
The validity and accuracy of the AM-PSO inversion algorithm are studied by using magnetic anomaly
values with noise or not as observation data. A

When there is no magnetic abnormal noise, the maximum value of the difference between B*"™
and B can be used as the objective function value to measure the magnetic anomaly. In this case,
the objective function can be expressed as the infinite norm of the two magnetic anomaly vectors [19]:

o= B~ B @®)

When the observed value B of magnetic anomaly contains a certain amount of noise, in order
to make B*"™ fit the B curve as much as possible, the standard deviation of the error between B
and B°" must be minimized. In this case, the objective function is expressed as the 2-norm of the two
magnetic anomaly vectors [19, 20]:

o], 0

3.2. AM-PSO Algorithm for Vertical Magnetic Field

The particle swarm optimization (PSO) algorithm is a global intelligent optimization method to simulate
the foraging behavior of birds and fish. The PSO algorithm was first proposed by Eberhart and Kennedy
in 1995. The algorithm does not need to set the search starting point and can search directly within
the target value range [21,22]. Later, after years of development and research, the algorithm has been
improved in many aspects. Merchaoui et al. [23] introduced the particle adaptive mutation mechanism
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to effectively avoid the premature convergence problem of particle swarm optimization algorithm and
improved the accuracy of algorithm search. The basic particle swarm particle position calculation
formula and velocity update formula are as shown in Equations (10) and (11) [21]:

- X?) (10)
XPH = XP 4 cyoPt! (11)

The calculation method of the dth variable mutation method of the sth particle of the pth generation
is as follows [24, 25]:

Xerl o { X?)inin + (deax - dein) rand (1) 9 1—rand (1) >y, (d = f2’rand (1)—|)
sd ) X others
sd

’U§+I — w'Ug + clrand (1) (beest

_ Xg) + corand (1) (ngest

(12)

In Equations (10)—(12), v% is the search speed of the sth particle of pth generation, p=1,2,...,P,

s=1,2,...,5; vt is the search speed of the sth particle of (p+ 1)th; ¢; and ¢ are learning factors; c3
and ¢4 are a constraint factors; w is the inertia weight; rand(1) is a random value in the range [0, 1], and
the result is different each time the function is run; X7 is the position the sth particle of pth generation;
X7? is the individual optimal value of the sth generation and previous generations; X%, _, is the global

sbest gbest
optimal value of the pth generation and previous generations; ijl is the dth dimensional variable of
the sth particle in the (p + 1)th generation; Xjmax and Xgmin are the maximum and minimum values
of the D-dimensional variable within its range of variation, respectively.
The algorithm flow of using the adaptive mutation particle swarm optimization algorithm to invert
the buried depth of the pipeline is shown in Fig. 5. The specific algorithm steps are as follows:

1) Set algorithm parameters: particle swarm size S = 30, evolution algebra P = 40, learning factors
c1 = cg = 2.05, inertia weight w = 0.8, constraint factor c3 = 0.8, mutation probability ¢4 = 0.2,
pipeline depth h;, search range [0.2,6] (m), magnetic susceptibility x,, search range [0.001, 100]
(SI), and define the initial position of the particle as X = [¢,d, h1, xm] and speed as V=X *0.1.

2) Initialization of the optimal fitness value: Equation (8) or (9) is used to calculate the fitness value

¢! of each particle of the first generation. Set (! as the optimal fitness value of a single particle
X;best. Comparing the fitness values of all particles, the optimal fitness value is selected as the
global optimal fitness value X;best of the first-generation particle group.

3) Position and speed update: update the particle velocity and the position of the particle in the
search space using Equations (10) and (11), and introduce the particle mutation to prevent the
algorithm from falling into local optimum according to Equation (12).

4) Recalculate the fitness value of each particle. If the obtained local particle optimal fitness value
or global optimal fitness value is better than the corresponding value of the previous generation
particle, update the corresponding single particle local optimal fitness value or global optimal fitness
value.

5) If the global optimal particle objective function value is less than the threshold or reaches the
maximum evolution algebra, the final solution will be output and terminated. Otherwise, step 3)
will be returned and recalculated.

3.3. Actual Inversion Parameters

Table 1 contains model parameters for generating theoretical observation of the vertical magnetic field.
When the parameter optimization inversion is performed, the non-inversion parameters are the same
as the parameters in Table 1. If the generated vertical magnetic field is directly taken as observation
data B, since the observation data are theoretically generated and without noise, a perfect particle
X=(¢,0, h1, xm) can be found theoretically in accordance with the corresponding parameters in Table 1.
The magnetic anomaly inversion is performed according to the model parameters in Table 1. The
inversion results are shown in Table 2, which indicate that only the pipeline buried depth is close to
the original model’s depth, and the stability of the inversion of buried depth is very good for many
times. The other three inversion parameters are quite different from the original model parameters, and
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Figure 5. The flow chart of optimizing inversion of vertical magnetic field utilizing AM-PSO.

the inversion results have little reference value. Therefore, this paper only takes the inverted pipeline
buried depth as the research object, and pipeline buried depth is also the most concerned parameter of
pipeline inversion detection.

Table 1. Forward parameter settings of generating magnetic anomaly vertical component.

Pipeline parameters Geomagnetic parameters Measuring line path

¢ (cm) | 6 (mm) | Lp (m) | xm (SI) | 6(°) | ha (m) | Be (0T) | 1c(°) | D(°) | ho(em) | La(m) | n(°)

Parameters

Values 60 10 30 30 60 2 54583.6 | 59.061 | —6.629 10 14 90
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Table 2. Inversion results of utilizing AM-PSO.

Parameters Serial number 0 (cm) O (mm) ¥, (SI) A (cm)
1 21.21 13.96 63.98 | 200.02
2 41.66  11.26 38.64 | 199.58
3 69.50  14.99 17.37 | 200.01
4 71.69 9.38 26.49 | 198.94
5 99.99 8.57 20.82 | 199.79
fhversion parameters 6 39.87 6.74 67.15 | 200.30
7 41.62  10.55 41.37 | 199.97
8 9427  10.65 17.85 | 200.05
9 71.51 13.46 18.75 | 200.01
10 166.90  3.52 30.56 | 201.59
Original parameters 60 10 30 200

4. CASE ANALYSIS

4.1. Depth Inversion with Noise or Not

From 0.5m to 5m, a pipeline depth value is taken every 0.5m, and a total of 10 inversions are
performed, denoting the number of inversions as £. Other parameters are shown in Table 1. The
noise-free observation magnetic vertical field is obtained by superimposing the vertical component of
the geomagnetic field with the vertical magnetic anomaly calculated by Equation (1) based on previous
model parameters. Then the noise-free observation magnetic field is combined with the objective
function for noise-free inversion. The noise-containing observation vertical magnetic field is obtained by
superposition of the noise-free observation magnetic vertical field and random noise with a peak value
of 5nT caused by geomagnetic fluctuation, instrument circuit, sensor accuracy, and combined with the
objective function in Eq. (9), the depth inversion calculation of noisy pipeline is carried out. The result
is shown in Fig. 6. It can be seen from Fig. 6 that the depths obtained by performing 10 inversions are
basically consistent with the original buried depth of pipeline, and the error of noise-containing inversion

—¥— Original depth
—P— Noise-free inversion depth
—A— Noise-containing inversion depth

Figure 6. Comparison of noise-free inversion depth, noise-containing inversion depth, and original
depth.
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is slightly larger than that of the noise-free inversion, but the difference between them is small. Fig. 7
shows the error comparison between noise-free inversion and noise-containing inversion for 10 times. It
can be seen from Fig. 7 that the maximum relative error in the noise-free inversion occurs in the 5th
inversion and its value is 4.78%. In addition, the average error of 10 inversions is 1.59%. The maximum
relative error in the noise-containing inversion occurs in the 1st inversion and its value is 3.76%, and
the average relative error of 10 inversions is 2.73%. Therefore, we could know that all the inversion
errors of buried pipeline depth obtained by the AM-PSO algorithm are less than 5% in our research
cases, which are acceptable in actual engineering [26]. At the same time, the comparison of inversion
errors indicates that the use of AM-PSO algorithm for pipeline depth inversion has high accuracy and
certain anti-noise ability. Take the buried depth of the pipeline as 1, 2, 3, 4, 5m respectively to study
the convergence of particle swarm optimization algorithm. It can be seen from Fig. 8 that the particle
swarm optimization algorithm has achieved good inversion results under different buried depths, without
any non-convergence phenomenon. The average number of evolutions for 5 inversions is 15.6 times (set
the total number of evolutions to 40 times); the average time of inversion algorithm is 20.08 s; and the
computer memory is 1712 MB. Therefore, compared with other inversion algorithms, particle swarm
optimization algorithm has a greater advantage in pipeline inversion in terms of its inversion accuracy,
speed, and consumption of computer hardware resources [27].
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Figure 8. Convergence curves for multiple inversion depths.
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4.2. Noise Sensitivity Test

The main sources of noise contained in the observation vertical magnetic anomalies are the measurement
accuracy of the sensor, the voltage fluctuation of the detection circuit, and the fluctuation of the
environmental magnetic field. From the previous analysis, it is found that the AM-PSO algorithm has
certain anti-noise ability in pipeline depth inversion. Furthermore, in order to analyze the anti-noise
ability of the AM-PSO algorithm, the calculated vertical magnetic fields with the buried depths of 1,
3, 5m are randomly taken, and random noise signals with different peak-to-peak values are added.
According to Biot - Savart’s law, with the depth of the pipeline increasing, the strength of the magnetic
field decreases rapidly with the cube depth. Therefore, different percentages of noise signals should be
added according to different pipeline depths. Here, taking the maximum peak value of noise signal as
w (defined as the ratio of noise to magnetic field and denoted as w) times of the maximum magnetic
fluctuation, then superimpose the noise signal and calculated vertical magnetic field as the observed
magnetic field. Calculated by Equation (1), the maximum magnetic field fluctuation on the detection
plane is 898.42nT when the buried depth of the pipeline is 1 m, and the maximum noise peak is shown
in the last row of the first column of Table 3, which respectively accounts for 10%-90% of the observed
magnetic field (step size is 10%). Similarly, when the original buried depth is 3m or 5m, the noise
magnetic field is also taken according to the noise-to-magnetic ratio of 1 m. The maximum noise peak
value is shown in Table 3.

Table 3. The influence of noise on inversion depth when utilizing AM-PSO.

Buried depth (m) 1 3 5
Maximum fluctuation value (nT) 898.42 121.12 43.39
Percentage of noise (%) 1~90 1~90 1~90
Maximum noise peak (nT) 89.84 ~ 808.58 | 12.11 ~ 109.01 | 4.39 ~ 39.05

Pipeline depth inversion is performed according to the noise-to-magnetic ratio in Table 3. The
results are shown in Fig. 9. It can be seen from Figs. 9(a) and (b) that under the same pipeline original
buried depth, with the increase of noise-to-magnetic ratio (10%-90%) gradually, the inversion depth
changes little, which is basically consistent with the original buried depth of the pipeline. The relative
errors in the 7th inversion at the original buried depths of 1 m, 3m, and 5 m reach the maximum, which

6 e 5 ——
—E— Original depth=5m —¥— Original depth=1m
(¢ D 4 | | —<— Original depth=3m
i —&— Original depth=5m
= —<— Original depth=3m g 37
= 4 1 S d
< 5 ol
—¥— Original depth=1m
k% 1
0 : 0
1 2 3 4 5 6 T 8 9 1 2 3 4 5 6 7 8 9
(%) (%)
(a) (b)

Figure 9. Influence of different noise-magnetic ratio on depth inversion under different burial depth
and the relative error. (a) Influence of different noise-magnetic ratio on depth inversion under different
burial depth; (b) Inversion errors of different noise-magnetic ratio under different buried depths.
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are 2.76%, 2.98%, and 4.87%, respectively. The relative errors are still within the 5% range which
is allowed by the project, and the corresponding noise-to-magnetic ratio is almost up to 70%, which
indicate that the AM-PSO algorithm has strong anti-noise ability and can perform pipeline depth
inversion under complex conditions. Fig. 9(b) shows that the relative errors of the different buried
depths are basically consistent with the variation trend of the noise-to-magnetic ratio, and the relative
errors of the different buried depths are relatively close when the noise-to-magnetic ratio is the same.
Further calculation shows that the average relative error at 5m depth is 1.47%, at 3m depth is 1.71%,
and at 1m depth is 2.18%, which indicates that in a certain pipeline buried depth range under the
same noise-to-magnetic ratio, the larger the buried depth is, the better the inversion effect is. It shows
that the vertical magnetic field inversion method of AM-PAO is highly adaptable to weak magnetic
environment. The average value obtained by multiple inversion can effectively improves the accuracy
and inversion stability of buried depth.

4.3. Noisy Vertical Magnetic Field Inversion Recovery B,

Randomly take the actual depth of the two pipelines, which may be 2m and 3 m. The vertical magnetic
field calculated by each original buried depth is added with 10%, 30%, 60% noise-to-magnetic ratio
magnetic field. Combined with the inversion objective function in Eq. (9), the pipeline depth inversion
is performed, and the results are shown in Fig. 10. Figs. 10(a) and (c) are the magnetic anomaly

10*
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L (m)
(b)
104
55 ———— 5.49 F—— ——
w=10% w=60% B™",w=10%
w=30% Noise-free — B*",w=30%
BS™ =60% |
. 548 Brrus
l_
£
Q@ .
5.46 i
5.44 : s ; : - - 5.45 : : : : . :
J 5 3 4 4 3 B 7 J 5 3 4 4 3 B 7
L (m) L (m)
(© (d

Figure 10. Vertical magnetic field with different noise-to-magnetic ratio and inversion to restore
the original vertical observed magnetic field. (a), (c) Vertical magnetic field with different noise-to-
magnetic ratio at original depth of 2m and 3m; (b), (d) Comparison of vertical magnetic field recovery
with different noise-to-magnetic ratio.
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fluctuation curves obtained on the measuring line under three kinds of noise-to-magnetic ratio and
noise-free conditions when the buried depths of the pipeline are 2 m and 3 m, respectively. The inversion
depths of the pipelines are 1.9599, 2.002, 2.0504, and 3.0081 m, 3.0623 m, 3.0174 m respectively under
three conditions of noise-to-magnetic ratio. Figs. 10(b) and (d) show the fluctuation trend of true vertical
magnetic field B¢ and vertical magnetic field B*"" with different noise-to-magnetic ratio noisy signal
under two buried depths. Enlarged view (shown in the box) shows that when the actual buried depth
is 2m, the degree of matching between the inversion vertical magnetic field B*™ and the true vertical
magnetic field B¢ is sorted as w=60% > w=10% > w=30%. When the true buried depth is 3 m, the
matching degree is ranked as w=10% > w = 60% > w=30%. Therefore, in a certain range, the high
noise-to-magnetic ratio is not necessarily related to the inversion accuracy. The vertical magnetic field
obtained by the AM-PSO algorithm can be highly consistent with the vertical magnetic field calculated
by the original model parameters. The obtained model parameters can effectively recover the vertical
magnetic anomaly, which proves the effectiveness of the inversion using the AM-POS algorithm.

5. CONCLUSION

Based on the magnetic dipole reconstruction (MDR) method, the forward model of magnetic anomaly
in the vertical magnetic field of underground pipeline is established, and the calculation method of the
vertical magnetic field of pipeline is derived. Firstly, taking the vertical magnetic field with different
noise-magnetic ratios as the observation value, the adaptive mutation particle swarm optimization (AM-
PSO) inversion algorithm is used to inverse the buried depth of pipeline. Then the relative errors of the
inverted depth of the vertical magnetic field with different noise-to-magnetic ratios at multiple inversion
depths are compared. Finally, the original vertical magnetic field is basically restored by using the
inverted pipeline depth.The main conclusions are as follows:

1) Four inversion parameters and two inversion objective functions are determined based on the prior
information or references.

2) The buried depth of the pipeline can be basically consistent with the original pipeline buried
depth, and the average relative error of the buried depth of the pipeline is less than 5%, which are
acceptable in actual engineering.

3) The depth of the inverted model parameters can basically coincide with the original burial depth,
while the other three parameters have low coincidence. In addition, the inverted vertical magnetic
field highly matches the original observed vertical magnetic field.

4) The adaptive mutation particle swarm optimization (AM-PSO) inversion algorithm is insensitive
to noise and has strong anti-noise ability.
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