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Research on the application of the Quantum-behaved Particle Swarm Optimization algorithm in the

inverse estimation of in-situ stress based on fault-slip fractures

Abstract: [Objective] To improve the computational efficiency and accuracy of stress tensor inversion from fault-slip
data, and to address the limitations of conventional grid search methods—namely, high computational cost and
susceptibility to local optima—an inversion approach based on intelligent optimization algorithms was investigated.
[Methods] A novel fault-slip data inversion method based on the Quantum-behaved Particle Swarm Optimization (QPSO)
algorithm is proposed, in which the stress tensor is parameterized by four variables: three Euler angles (o, f, y) representing
the orientations of the principal stress axes and a stress ratio (@). A misfit function is constructed based on the angular
deviation between the shear stress direction and the observed slip vector. To enhance convergence performance, an elite-
guided learning strategy was adopted, incorporating a reward-penalty feedback mechanism and a tensor distance metric to
quantify stress similarity. Multiple synthetic stress models were tested using a simulated fault-slip dataset, and the inversion
performance of QPSO was compared with the conventional grid search method in terms of efficiency and accuracy.
[Results] The proposed QPSO-based inversion method achieves a non-convergence rate below 8% and reduces
computational time to approximately 1/27 of what is required by the grid search approach. The method converges rapidly in
high-dimensional, multimodal parameter spaces and accurately identifies normal, reverse, and strike-slip stress regimes.
The well-defined clustering of the inversion results indicates strong stability and physical consistency. [Conclusion] The
QPSO-based method exhibits significant advantages in stress tensor inversion from fault-slip data, including high
computational efficiency, strong adaptability, and fast convergence. [Significance] It provides effective technical support
for regional in-situ stress field reconstruction and focal mechanism analysis, and offers the enlightenment and reference
value of theoretical methods in geomechanical applications.
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Table 2 Randomly generated fault parameters

Wiz P Eme/() i o/(°) HRA/(°) Jor Jy 2 W2 Eme/() i o/(°) WA () N JIERY
1 347.69 5.51 83.38 A 16 347.34 86.92 —93.65 B
2 31.14 5.39 100.18 A 17 153.27 7.18 —90.11 B
3 118.10 27.93 69.46 A 18 86.82 50.29 —87.59 B
4 305.99 25.48 72.65 A 19 285.11 59.46 -92.17 B
5 321.31 87.83 6.94 A 20 231.99 83.31 —85.17 B
6 158.38 73.96 53.78 A 21 26.96 12.39 146.46 C
7 150.74 69.82 58.47 A 22 37.33 64.76 172.76 C
8 246.45 46.24 115.37 A 23 234.10 58.84 —-167.74 C
9 135.36 81.93 27.80 A 24 283.94 15.10 —63.91 C

10 324.52 25.57 71.31 A 25 354.96 27.86 81.27 C
11 103.29 12.48 —88.22 B 26 138.11 1.59 9.92 C
12 69.22 7.76 —94.96 B 27 131.36 28.44 —6.69 C
13 309.09 89.72 —90.06 B 28 152.39 89.83 2.12 C
14 88.74 35.95 —86.05 B 29 16.61 59.23 143.69 C
15 258.40 69.40 —94.10 B 30 320.58 82.14 0.74 C
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Fig.4 The lower hemisphere projection of the faults and slip
directions used in the inversion (Note: The blue lines represent the
fault projections, and the red dots indicate the slip directions on the

fault planes)
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Table 3 Computing hardware and software environment

SRR [y E e [l
NS IdeaCenter GeekPro — 17IRB ARG Python 3.11.5
CPU Intel Core i7-13700F (164%.0>, 24262, = 4545 5.2 GHz) SRR RS 2R NumPy 1.24.3; SciPy 1.11.1; Pandas 2.0.3
RAM 32GB*2 3200 MT/s TR Joblib 1.2.0
fifi 45 SSD 8000 MB/s 1024 GB BETIT LB Spyder 5.4.3
BERG Windows 11 B2 SR AT 22H2 5 IR HE AR FR A TIE S FRA TR F Joblib
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Fig. 5 The functional relationship between population size (M) and the number of non-convergent faults combinations (NN)

(a) Scatter plot of all inversion results; (b) Line chart of average values
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Fig. 6 The functional relationship between the population size (M) and the total time of inversion (7)

(a) Scatter plot of all inversion results; (b) Line chart of average values
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Fig. 7 The functional relationship between the maximum number of iterations (Gern,,,) and the number of non-convergent fault combinations (NN)

(a) Scatter plot of all inversion results; (b) Line chart of average values
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Fig. 8 The functional relationship between the maximum number of iterations (Gen,,,) and the total time of inversion (7)

(a) Scatter plot of all inversion results; (b) Line chart of average values
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Table 4 Comparison between the QPSO inversion method and the grid search method

EASE244 PR R R R
T 831's 22720's
NN 32 33
SIS B AAGE R F R ) 2.06s 56.52's

RS BHAEBFRNEESRIGE FRRIEENT

Table 5 Comparison between the improved QPSO inversion method and the original QPSO inversion method
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Fig. 9 Visualization of total stress results

(a) The projected points on the lower hemisphere visualize stress in the direction of the o,-axis (The direction of the o;-axis is indicated by lines
attached to the points, and the orientations and lengths of the lines represent the azimuth and dip angle of a3, respectively.); (b) The projected

points on the lower hemisphere visualize stress in the direction of the o;-axis (The direction of the oy-axis is indicated by lines attached to the

points, and the orientations and lengths of the lines represent the azimuth and dip angle of o, respectively.)
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Fig. 10 Visualization of the stress inversion results after layer separation and Pareto distribution optimization

(a) Separated image for stress ratios within the [0, 0.05) interval; (b) Separated image for stress ratios within the [0.35, 0.4) interval; (c)

Separated image for stress ratios within the [0.45, 0.5) interval; (d) Separated image for stress ratios within the [0.5, 0.55) interval; (¢) Separated

image for stress ratios within the [0.55, 0.6) interval
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Fig. 11 Clustering identification results of inversion

(a) Corresponds to the clustering identification result of stress A; (b) Corresponds to the clustering identification result of stress B; (c)

Corresponds to the clustering identification result of stress C

o I, 1. IRXEESENUNEMANNKEZANEERRETSL
Table 6 The differences and percentage errors between the clustering information of I, II, and I, and the stress tensor used for simulating
the faults
INPAE =4 ®HET  RCHA  2E BREESH REND NHIB 2HE REAESH BEM ROhc 2H  REESH
oPEEERM®SM 943200 90° 43200 2.400% 71.868°  90°  18.132°  10.073%  90.436°  90°  0.436° 0.242%
oHITEERIAM 57020 0° 57020 3.168% 88.547°  90° 1.453° 0.807% 2.205° 0°  2.205° 1.225%
oA 0.026° 0°  0.026°  0.029% 89.857°  90° 0.143° 0.159% 3.993° 0°  3.993° 4.437%
o T2 £ 89.950°  90°  0.050°  0.056% 0.117° 0° 0.117° 0.13% 4.422° 0°  4.422° 4.913%
SERR T 0.530 0.5  0.030 3.000% 0.002 0 0.002 0.200% 0.430 0.5 0.070 7.000%
F7 BHENERNTRNEHKE
Table 7 Randomly generated irregular stress tensors
T a/(°) pI°) 7/(°) [
D 354.89 88.40 19.08 0.29
E 276.63 18.37 24.52 0.41
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Table 8 Randomly generated fault parameters after loading Gaussian noise
Wiz 7 EN6/(°) i o/(°) W) JwAESSi W25 EN/(°) fitimo/(°) W) JRAESi
1 131.70 63.11 -117.03 D 11 240.52 54.82 38.69 E
2 325.75 7.09 —133.07 D 12 31.57 23.66 90.67 E
3 356.00 80.90 —124.48 D 13 159.55 28.16 135.69 E
195.11 33.03 —88.80 D 14 8.74 5291 133.03 E
5 119.38 23.07 -96.16 D 15 263.04 44.55 58.20 E
6 348.25 45.89 —92.83 D 16 182.33 88.73 163.34 E
7 295.56 28.08 —90.57 D 17 338.31 30.37 105.37 E
8 218.53 64.17 =70.16 D 18 189.12 69.51 128.52 E
9 102.98 74.00 —85.65 D 19 136.67 11.87 144.57 E
10 348.73 50.93 —103.99 D 20 135.18 2.87 —178.70 E
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Fig. 12 Faults inversion results based on a Gaussian noise model with fully random stress loading
(a) Inversion result 1 (@:0.35-0.4); (b) Inversion result 2 (@:0.4-0.45); (c) The random stress used in the inversion
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Table 9 Focal mechanism information of a certain area in the Bohai Sea
ERAWG S P GER/() P/ () PR MA/(0) SFm2ER/(°) P2/ () P2 m(c) hEE(°) ZEE/(°)  HE/km
072776A 229 43 -163 126 79 —49 39.52 118.03 15
072876A 72 44 —-110 279 49 -71 39.75 118.78 15
111576A 318 56 -9 53 83 —145 39.45 117.71 15
051277B 332 52 8 227 83 142 39.56 118 22
112677C 250 45 -90 70 45 -90 39.89 117.79 15
201205280222A 227 80 172 318 83 10 39.76 118.54 235
202007112238A 303 65 -175 33 90 -9 39.77 118.52 23
202212040520A 249 76 —133 145 45 -20 39.88 118.87 10
202104161606A 30 90 —170 300 80 0 39.75 118.71 9
202007120638A 135 78 —42 236 49 -164 39.78 118.44 10
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Fig. 13 Results of the cluster identification after stress inversion for the study area in the Bohai Sea

(a) Cluster identification result 1; (b) Cluster identification result 2
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Table 10 The average parameters of the clustering results of stress inversion for the study area in the Bohai Sea

RAL, o PP 1) Je £ o T3 f oS T 1 e f oA SRS E
RAPUIZERL 86.230° 21.472° -8.829° 9.961° 0.327
RAEPUNEER2 49.514° 3.167° 138.191° 23.699° 0.777
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Fig. 14 Calibration of world stress map (WSM) data for the study area in the Bohai Sea and the inversion identification of the maximum

horizontal principle stress direction (The red and green icons represent data from the WSM, while the black icons denote the inversion results.

The inset in the lower right corner shows the location of the study area within the Bohai Sea.)
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Bh % &, JE IR MR N 7 Ak i R 2 A SR Y Y B
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B 5, T AN 2 H STy v v fet R % B 2 2 B0 Bl Bk
T /INFE T D6 A5 B0 B AL OR 0 o g A1 G 2R 0L
B A7 A W i 22 2 X I 9 4 SR B SR A AE —
FE T, Xt T 9% B 4 T DA 2o 4k 2L 38 i 41 A AR 4L
ke W B BEAT R D, BN A R DA E — o B
WD R AR AR RRE AR T B, (ROZ A TR
22 RKIE I B R A
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B, LT X R R KA T 2% i A e, s SR
T RE AR i 20 B 2 A B — B 5 A IR AT
HE B2 5% GPU I ALl LA 3+ g o {H 2 H1 T Python
FEFELR B, Ik R e HEAT 2 iF B8 55, ok AT
HIEMZ 4Bz a ., P i ] 1 Python 1) Joblib [
HEAT T MR B 2 HERR AT IR SR . 2% £ Joblib &
AN 2 H A T 47 32 552 19 SRR 2y Joblib JE AT LA F
Xof H AT A G AT AT, LA B R AR A AN 3 R R
Bl , 450 E A KR E A BT AR &
AR5 . ML THRATE 8, [ 8 B iktT Z I
F7i8 5, B8 B 32 TH 24 30%. 9K 1 A 2 ok 72 r 7
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