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Accurate inversion of seismic fault parameters has been a challenge in the studies of geophysical non-linear inversion problems. Many non-linear methods such as Simulated Annealing (SA), Genetic Algorithm (GA), Particle Swarm Optimization (PSO), and Multipeaks Particle Swarm Optimization (MPSO), have usually been applied to inverse the fault parameters from geodetic observation data. However, their accuracy and availability can vary from different-type fault earthquakes (pure strike-slip, pure dip-slip fault, oblique-slip fault earthquakes). In order to evaluate the accuracy and availability of these non-linear methods on inversion for fault parameters of different-type fault earthquakes, we applied the SA, GA, PSO, MPSO methods and a new non-linear method—Black Hole Particle Swarm Optimization (BHPSO), to inverse fault parameters of different-type earthquakes from synthetic and observed GPS and InSAR data. We found that the MPSO and BHPSO performed better than SA, GA, and PSO for inversion from both the synthetic and observed data. The synthetic data simulation results showed that the Root-Mean-Square Errors (RMSEs) of MPSO and BHPSO methods were 0.01–0.06 m, smaller than those of SA, GA and PSO. We then applied these five methods to inverse fault parameters of two real earthquakes—the 2020 Nevada Mw 6.4 earthquake and 2021 Maduo Mw 7.4 earthquake, from observed GPS and InSAR data. We found that the RMSEs of MPSO and BHPSO were 0.005–0.195 m, also smaller than those of SA, GA, and PSO, and the MPSO and BHPSO performed better than SA, GA, and PSO. The results in this study demonstrated that the MPSO and BHPSO, can hold high accuracy and availability for inversion of fault parameters of different-type fault earthquakes.
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1 INTRODUCTION
Seismic fault parameters inversion is an essential part of geophysical inversion problems, and the accurately inversed seismic fault parameters can provide insights into the rupture processes and dynamics of fault earthquakes (McGinty et al., 2001; Matsu’ura et al., 1986; Nowroozi, 1985). Seismic fault parameter inversion mainly aims to obtain seismogenic fault parameters, such as the strike, dip, length, depth, slip displacement, slip angle, and epicenter, using mathematical methods, physical models, and observed data via geodetic, geomagnetic, geoelectric, gravitational, or other methods (Okada, 1985; Okada, 1992; De Natale et al., 2011).
Using the rectangular dislocation model to inverse seismic fault parameters is an effective method (Okada, 1985; Okada, 1992; De Natale et al., 2011). This model establishes a non-linear relationship between fault parameters and surface deformation, and has been verified and applied in many previous studies (Dominguez et al., 2003; De Natale et al., 2011; Magen et al., 2020). Other usually used inversion methods include the linear methods such as least square method (Shaorong, 1991), and the non-linear methods such as simulated annealing (SA) Method (Jónsson et al., 2002; Pedersen et al., 2003), genetic algorithm (GA) (Nunnari et al., 2005; Caijun and Yangmao, 2008; Díaz-Mojica et al., 2014), artificial neural network algorithm (ANNA) (Zhang et al., 2002), particle swarm optimization (PSO) (Mirwald et al., 2019), and multipeaks particle swarm optimization (MPSO) (Wanpeng and Zhenhong, 2010).
Previous studies have mostly focused on the relative merits and computational efficiency of the different algorithms, but their accuracy and availability in the fault parameter inversion of different types of earthquakes have not been sufficiently investigated and discussed. For example, Shi et al. showed that SA has low computational efficiency and it is difficult to obtain the global minimum solution due to the limit of parameters in practice (Xueming and Jiaying, 2007). GA is widely used in fault parameter inversion, but its calculation structure is complex and the related parameters are hard to control (Xueming and Jiaying, 2008). MPSO uses local PSO and the simplex algorithm to obtain the optimal parameters, but it may lose the global optimum. To a certain extent, these methods have been applied for different types of earthquakes, such as normal, reverse, and strike-slip fault earthquakes, but their accuracy, availability, and applicability have not been systematically evaluated. Considering the high-precision results of the black hole PSO (BHPSO) method in Mogi, Yang, and composite dislocation (CDM) models (Leyang et al., 2021), we evaluate the accuracy and availability of BHPSO in seismic fault parameter inversion.
In this study, we systematically investigate and evaluate the accuracy and applicability of the commonly used SA, GA, PSO, and MPSO methods and the new BHPSO method using the artificially simulated and observed GPS and InSAR data for different-type fault earthquakes. Additionally, we use root-mean-square errors (RMSEs) to evaluate the accuracy and availability of the fault parameter inversion results of these five methods for pure strike-slip, pure dip-slip, and oblique-slip fault earthquakes and determine the best or optimal method for the fault parameter inversion of different-type earthquakes.
2 METHOD
SA, GA, PSO, and MPSO are commonly used methods in seismic fault parameter inversion. Recently, a new non-linear method, BHPSO method, has been developed and applied in volcanic Mogi, Yang, and CDM models (Leyang et al., 2021). This new method performed well and showed a high precision in these studies (Leyang et al., 2021). However, it has not been used to inverse seismic fault parameters, so its performance is unclear in seismic fault parameter inversion. In this study, we systematically investigated and evaluated the accuracy, availability, and application range of SA, GA, PSO, MPSO, and BHPSO methods in seismic fault parameter inversion.
2.1 SA
SA (Metropolis et al., 1953) is a non-linear algorithm and has been applied to geophysical inverse problems successfully (Kirkpatrick et al., 1983). This method simulates the dissipation of the temperature field to obtain the optimal parametric solution of a non-linear function. All of parameter in the nonlinear function can be considered as temperatures at different spatio-temporal locations, and the changes of temperatures mean the changes of these parameters. When the probability of the best temperature is maximum, the best parameters can be obtained. The basic SA method is expressed as below:
[image: image]
where, P is the probability density, k is the Boltzmann constant, and [image: image] is the calorific value of ith state. Please see more details on the usage of SA in the paper of Kirkpatrick et al. (1983).
2.2 GA
GA (Holland, 1975) has been applied in geophysical inverse problems (Stoffa and Sen, 1991). This method is analogous to the hybridization law of genetic inheritance. The parameters to be solved are taken as the results of hybridization. The optimal solution is obtained through the mutation of the initial value and hybridization. Two key parameters exist in basic GA method, and they are coefficient of mutation and crossover probability. Please see more details on this method (Holland, 1975).
2.3 PSO
PSO (Kennedy, 1995)is a bionic artificial intelligence non-linear inversion algorithm, and it has been effectively applied in geophysical inversion problems (Mirwald et al., 2019). In basic PSO method, the solution to the non-linear problem is regarded as the food in space. The initial solution space is regarded as birds, and the way we obtain the optimal solution is similar to birds searching for food. The theoretical equation is described:
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where, [image: image] represents the speed of a particle, w is the inertia weight factor used to adjust the inheritance of the last particle when the particle is updated, [image: image] and [image: image] are acceleration factors, [image: image] and [image: image] are random numbers within [0,1], [image: image] is the parameter to be solved, t is the tth iteration calculation, and [image: image] and [image: image] are the local and global optimal values, respectively.
2.4 MPSO
MPSO is the improved PSO method (Wanpeng and Zhenhong, 2010), and has also been applied to seismic fault parameter inversion. The MPSO method uses the probability density peak to calculate the minima of the local PSO algorithm, and obtains the optimal parameters of the non-linear equation. This method accelerates the search process, but it will not afford the global optimal solution when the local minimum is inaccurate.
2.5 BHPSO
BHPSO is a new geophysical inversion method and has been effectively applied in the parameter inversion of volcanic magma sacs (Leyang et al., 2021). This method combines the attraction of the black hole to the surrounding celestial bodies with the global PSO, and obtains the optimal solution of the non-linear function by adjusting the flight speed and trajectory of particles through the gravity of the black hole. The equation follows as below:
[image: image]
where, [image: image], [image: image], [image: image], and [image: image] have the same meaning as those in PSO method (Eqs 2, 3)). The [image: image] is the ratio of the fitness of the global optimal value to the individual optimal value; it is the criterion for adjusting the particle. Thus, the speed weight [image: image] varies with the individual optimal value and the global optimal value, and it is described in Eq. 5:
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where, M is the maximum allowed number of iterations and t is the current number.
3 SIMULATION EXPERIMENTS
To investigate the accuracy and availability of these five methods for seismic fault parameter inversion, we conducted three different types of experiments. We setup three types of earthquakes, including pure strike-slip, pure dip-slip, and oblique-slip fault earthquakes, and simulated the surface deformation data of their GPS and InSAR observations. Then, we used these five methods for the inversion of the simulated and observation data of GPS and InSAR, calculated the RMSE of each inversion method, and wrote down the calculation time. Optimal inversion results are obtained when RMSE is minimum.
We set a region with 400 × 400 km on surface (−200–200 km in west-east direction, and −200–200 km in south-north direction) for GPS data, and a region with 200 × 200 km on surface (−100–100 km in west-east direction, and −100–100 km in south-north direction) for InSAR data. We assumed that the epicenter is at the center of the region (located at the origin (0, 0)), the length of fault rupture is 100 km; the fault strike is along south-north direction, and the average slip displacement on the fault is 3 m. The dip angle, slip angle (rake direction of movement on the fault), and fault rupture area depend on the types of earthquakes (pure strike-slip, pure dip-slip, and oblique-slip fault earthquake). In this paper, we only use the finite fault model, and use the upper, lower and dip to calculate the width of fault. Hence seismic moment magnitude of the simulated earthquakes can vary from Mw 7.2 to Mw 7.7. The parameters we used in this study are shown in Tables 1–3. We installed 75 GPS stations in the study area (Figure 1), and these GPS stations are concentrated near the fault but sparsely distributed far away from the fault (Figure 1). This is a typical installation pattern of GPS stations near a fault zone, including the number and distribution of GPS stations.
TABLE 1 | Parameter settings of simulated strike-slip fault earthquake and inversion results of different methods.
[image: Table 1][image: Figure 1]FIGURE 1 | The comparisons of surface horizontal deformation (GPS data) of the Okada model results from the pure strike-slip fault earthquake by using fault parameters given by the model and inversed from five methods in Table 1. The surface horizontal deformation obtained by model and SA method (A), model and GA method (B), model and PSO method (C), model and MPSO method (D), and model and BHPSO method (E). The residual of surface horizontal deformation between the results of model and SA method (F), model and GA method (G), model and PSO method (H), model and MPSO method (I), model and BHPSO method (J). The blue arrows show the simulated surface horizontal deformation by the model in Table 1. The red arrows show the simulated surface horizontal deformation by using the fault parameters inversed from the five methods. The black arrows show the fitting residuals.
First, we used the Okada’s rectangular dislocation model and the parameters in Tables 1–3 to determine the static coseismic displacement field (Okada, 1985; Okada, 1992). We then added a normal distribution noise (errors) (mean = 0 and standard deviation = 1 cm) into the calculated coseismic displacement field and obtained the simulated GPS data. We calculated the LOS coseismic deformation field observed by InSAR (incident angle = 23° and azimuth angle = 105°), added a normal distribution noise (mean = 0 and standard deviation = 1 cm) into this coseismic deformation field, and obtained the simulated InSAR data. Finally, we used the above five methods and the simulated GPS and InSAR observation data for the fault parameter inversion. We calculated the corresponding fault parameters and RMSE of each method and wrote down the calcuation time of each fault parameter inversion (Tables 1–3; Figures 1–6). The computer used has Intel i5 (10th) CPU and 8 Gb RAM.
When we use the GPS data, the RMSEs of PSO and its improved algorithms (i.e., MPSO and BHPSO) are smaller than those of SA and GA for the pure strike-slip fault earthquake (Table 1). The major differences among the results of the five methods occur near the fault (black arrows in Figure 1), and their residual errors that occur along the strike are large (Figure 1). The residual errors of SA on both sides of the fault are big and consistent, and those on the fault trace line are small (Figure 1F). The residuals of GA are concentrated on the fault trace line and are considerably larger than those at other locations (Figure 1G). Based on the results in Table 1, we suggested that these differences stem from the large differences between the calculated average displacement and the true value on the fault.
Moreover, when we used the GPS data for the pure dip-slip fault earthquake, MPSO and BHPSO exhibit the best performance because they yield smallest RMSEs among the five methods (Table 2; Figure 2). For the pure dip-slip fault earthquake, the RMSEs of SA and GA are smaller than those for the pure strike-slip fault earthquake (Tables 1; 2, Figure 1; 2). The differences in the results of the five methods are concentrated in the hanging wall of the fault, and the residual errors are opposite on either sides of the fault (Figures 2F–H). The results from SA exhibit some big residual errors (black arrow in Figure 2F) near the fault, and the errors in the hanging wall are considerably larger than those in the footwall. This is consistent with the observations around real dip-slip fault earthquakes, such as the 1999 Mw 7.6 chi-chi earthquake, wherein the coseismic displacement in the hanging wall was bigger than that in the footwall (Ji et al., 2003). Far away from the fault, the inversion results of GA are bad, and an abnormally big residual error is present in the southern section of the fault (Figure 2G). The residual errors of the GA method in the hanging wall and footwall have the same order of magnitude, which is different from that observed for SA (comparison of Figure 2G; Figure 2F).
TABLE 2 | Parameter settings of simulated dip-slip fault earthquake and inversion results of different methods.
[image: Table 2][image: Figure 2]FIGURE 2 | The comparisons of surface horizontal deformation (GPS data) of the Okada model results from the pure dip-slip fault earthquake by using fault parameters given by the model and inversed from five methods in Table 2. The surface horizontal deformation obtained by model and SA method (A), model and GA method (B), model and PSO method (C), model and MPSO method (D), and model and BHPSO method (E). The residual of surface horizontal deformation between the results of model and SA method (F), model and GA method (G), model and PSO method (H), model and MPSO method (I), model and BHPSO method (J). The blue arrows show the simulated surface horizontal deformation by the model in Table 2. The red arrows show the simulated surface horizontal deformation by using the fault parameters inversed from the five methods. The black arrows show the fitting residuals.
For the oblique-slip fault earthquake, when we use the GPS data, the MPSO and BHPSO exhibit the best performance among the five methods (Table 3; Figure 3). Moreover, SA, GA, and PSO exhibit relatively bad accuracy near the fault (black arrow in Figures 3F–H). SA affords an abnormally big residual error in the southern section of the fault (Figure 3F). The residual errors of GA gradually decrease from NE to SW (Figure 3G), showing bad inversion results on the northeastern part of the fault. The residual errors of PSO on the western side of the fault are bigger than those on the eastern side (Figure 3H). Table 3 signifies that these differences may be related to the difference between the inversed fault dip angle and the inversed fault slip angle.
TABLE 3 | Parameter settings of simulated oblique-slip fault and inversion results of different methods.
[image: Table 3][image: Figure 3]FIGURE 3 | The comparisons of surface horizontal deformation (GPS data) of the Okada model results from the oblique-slip fault earthquake by using fault parameters given by the model and inversed from five methods in Table 3. The surface horizontal deformation obtained by model and SA method (A), model and GA method (B), model and PSO method (C), model and MPSO method (D), and model and BHPSO method (E). The residual of surface horizontal deformation between the results of model and SA method (F), model and GA method (G), model and PSO method (H), model and MPSO method (I), model and BHPSO method (J). The blue arrows show the simulated surface horizontal deformation by the model in Table 3. The red arrows show the simulated surface horizontal deformation by using the fault parameters inversed from the five methods. The black arrows show the fitting residuals.
For the pure strike-slip fault earthquake (using InSAR data), all the RMSEs of the five methods are small (Table 1; Figure 4). The MPSO and BHPSO have the lowest RMSEs, and perform best in these methods (Table 1; Figure 4). Hence, the results indicate that all the five methods are valid and accurate.
[image: Figure 4]FIGURE 4 | The comparisons of surface horizontal deformation (InSAR data) of the Okada model results from the pure strike-slip fault earthquake by using fault parameters given by the model and inversed from five methods in Table 1. The surface horizontal deformation obtained by model (A), SA method (B), GA method (C), PSO method (D), MPSO method (E), and BHPSO method (F). The residual of surface horizontal deformation between the results of model and SA method (G), model and GA method (H), model and PSO method (I), model and MPSO method (J), model and BHPSO method (K). The blue arrows show the simulated surface horizontal deformation by the model in Table 1. The red arrows show the simulated surface horizontal deformation by using the fault parameters inversed from the five methods. The black arrows show the fitting residuals. The positive value in color bar is the deformation away from the satellite, while the negative value is the deformation close to the satellite.
For the pure dip-slip fault earthquake (using InSAR data), the RMSEs of SA and GA methods are the same (Table 2), but the locations with the large residual errors in the two methods are different (Figure 5G; Figure 5H). The large residuals of SA are concentrated in the northern part of the fault, but those of GA occur along the whole fault (Figure 5). In this experiment, PSO and its improved algorithm (MPSO, BHPSO) have the relatively smaller RMSEs than SA and GA, and MPSO and BHPSO methods have the smallest RMSEs in these five methods (Table 2; Figure 5).
[image: Figure 5]FIGURE 5 | The comparisons of surface horizontal deformation (InSAR data) of the Okada model results from the pure dip-slip fault earthquake by using fault parameters given by the model and inversed from five methods in Table 2. The surface horizontal deformation obtained by model (A), SA method (B), GA method (C), PSO method (D), MPSO method (E), and BHPSO method (F). The residual of surface horizontal deformation between the results of model and SA method (G), model and GA method (H), model and PSO method (I), model and MPSO method (J), model and BHPSO method (K). The blue arrows show the simulated surface horizontal deformation by the model in Table 2. The red arrows show the simulated surface horizontal deformation by using the fault parameters inversed from the five methods. The black arrows show the fitting residuals. The positive value in color bar is the deformation away from the satellite, while the negative value is the deformation close to the satellite.
The RMSEs of both SA and PSO methods are larger than other threes methods (Table 3), for the oblique-slip fault earthquake inversion by using InSAR data. The RMSEs of GA, MPSO, and BHPSO are small, and hence they have high accuracy (Table 3 abd Figure 6). The distributions of residual errors of SA and GA are similar, and both show an opposite trend in the northern and southern parts of the fault. The residual errors of PSO method are consistent throughout the fault, and the directions of residual errors on different sides of the fault are opposite (Figure 6).
[image: Figure 6]FIGURE 6 | The comparisons of surface horizontal deformation (InSAR data) of the Okada model results from the oblique-slip fault earthquake by using fault parameters given by the model and inversed from five methods in Table 3. The surface horizontal deformation obtained by model (A), SA method (B), GA method (C), PSO method (D), MPSO method (E), and BHPSO method (F). The residual of surface horizontal deformation between the results of model and SA method (G), model and GA method (H), model and PSO method (I), model and MPSO method (J), model and BHPSO method (K). The blue arrows show the simulated surface horizontal deformation by the model in Table 3. The red arrows show the simulated surface horizontal deformation by using the fault parameters inversed from the five methods. The black arrows show the fitting residuals. The positive value in color bar is the deformation away from the satellite, while the negative value is the deformation close to the satellite.
For the three different types of earthquakes, generally, the calculation time of SA method is the longest, and that of GA and PSO is similar but less than that of SA; the calculation time of BHPSO is shorter than that of PSO; that of MPSO is the lowest (Tables 1–3). Therefore, SA has the lowest efficiency, the efficiency of GA and PSO is higher than that of SA, and BHPSO and MPSO exhibit the highest efficiency. The difference in the calculation times of these methods (Tables 1–3) stems from the number of control parameters and calculation principles of these algorithms. For example, SA has a wide search space and complex control parameters. Thus, it usually takes a long time to search and obtain the best parameters. In GA, the input parameters need to be encoded and the encoded data need to be mutated to simulate gene hybridization. This process is complex and it takes a relatively long time. BHPSO includes the black hole algorithm instead of the search radius in PSO, which can reduce the search time and improve the search efficiency. MPSO uses local particles to reduce the search space and search time.
In summary, for the inversion of the three different types of earthquakes using GPS or InSAR data, BHPSO and MPSO afford the lowest RMSEs and GA and SA afford the highest RMSEs. Furthermore, BHPSO and MPSO consume the least time, whereas GA and SA consume the most time. Hence, the accuracy of GA and SA is the lowest, and MPSO and BHPSO are the most accurate and effective. Additionally, the inversion results for the oblique-slip fault earthquake are generally bad (Figure 6) using the InSAR data, which may be related to the complex slip pattern on the fault (Figures 1–6).
4 REAL EARTHQUAKE EXAMPLES
4.1 The 2020 Mw 6.5 Nevada earthquake
On 15 May 2020, an Mw 6.5 earthquake occurred in the Monte Cristo Mountains of Nevada, United States of America. The epicenter location is at 117.850°W and 38.169°N and the source depth is 2.7 km (Table 4). Various studies have obtained the focal mechanism solution of this event (Hammond et al., 2020; Liu et al., 2021) (Table 4). We applied the above five inversion methods and the observed GPS data from Hammond et al. (Hammond et al., 2020) for the fault parameter inversion of this earthquake. First, we converted the latitude and longitude of the GPS data into local geodetic coordinates. We set the epicenter (117.850°W, 38.169°N) as the origin of the coordinates, transforming the longitudes and latitudes of the GPS stations into local coordinates (Figure 3). We used the five inversion methods to inverse the fault parameters of this earthquake from the transformed GPS data (Table 5).
TABLE 4 | Focal mechanism solution of the Nevada earthquake.
[image: Table 4]TABLE 5 | The inversion results of fault parameters for the Nevada earthquake.
[image: Table 5]PSO and its improved algorithms performed better than SA and GA because PSO, MPSO, and BHPSO have smaller residual errors than SA and GA (Table 5). Comparison of the results of MPSO and BHPSO (Figure 7) shows that the residual error of MPSO was relatively large in the northwest of the epicenter (Figure 7B) but the distribution of the residual error from BHPSO was relatively uniform (Figure 7D), resulting in a high RMSE for MPSO and a low RMSE for BHPSO (Table 5). Among the five methods, BHPSO exhibited the best performance due to its smallest residual error (Table 5). Hence, the model results of BHPSO best fit the original GPS observation data (Figure 7; Table 5). Therefore, BHPSO is the most effective and accurate for single fault parameter inversion.
[image: Figure 7]FIGURE 7 | The comparisons of surface horizontal deformation (GPS data) of the observed and the Okada model results by using fault parameters given by the inversed from MPSO and BHPSO methods in Table 5. The surface horizontal deformation obtained by observed and MPSO method (A), observed and BHPSO method (C). The residual of surface horizontal deformation between the results of observed and MPSO method (B), observed and BHPSO method (D). Here, we only show the horizontal displacement and residuals because the vertical displacement is considerably smaller than the horizontal displacement. The blue arrow and its length represent the displacement from GPS data, the red arrow and its length represent the inversion results from MPSO or BHPSO. The black arrow and its length represent the residuals.
4.2 The 2021 Mw 7.4 Maduo earthquake
On 22 May 2021, a left-lateral strike-slip fault earthquake with Mw 7.4 occurred in Maduo County, Goluo Prefecture, Qinghai Province of China. The epicenter was located at 98.34°E and 34.59°N, and the source depth was ∼17 km from China Earthquake Networks Center (https://news.ceic.ac.cn). Many studies have investigated and inversed the parameters of the seismogenic fault and the earthquake rupture processes using the observed GPS, InSAR, and seismic wave data (Yuebing et al., 2022), (Hong et al., 2022), but they have obtained different fault parameter inversion results (Table 6).
TABLE 6 | Focal mechanism solution of the Maduo earthquake.
[image: Table 6]In this study, we used the abovementioned five inversions methods for the fault parameter inversion of this earthquake using the observed GPS (Yuebing et al., 2022) and InSAR data (Hong et al., 2022). Note that we did not use the joint inversion of multi-source data (joint inversion using the GPS and InSAR data), because this study aims to evaluate the accuracy and availability of the five inversion methods and not to find the optimal seismic fault parameters of the 2021 Mw 7.4 Maduo earthquake. We set the epicenter (98.34°E, 34.59°N) of this event as the origin and converted the longitudes and latitudes of the GPS and InSAR data into local plane coordinates. Additionally, we used equal weight inversion without considering the position information and the error ranges of the different observed data.
In the inversion study using GPS data, the strike angle obtained by SA was close to that obtained by a previous study ((Zhicai et al., 2021)), but it was very different from that obtained by the other four methods (nearly opposite slip along the fault strike on the fault) (Table 7). The dip angle obtained by SA was also much smaller than that obtained by the other four methods (Table 7) and that obtained in many previous studies ((Zhicai et al., 2021; Hong et al., 2022)). Hence, SA may be unsuitable for the fault parameter inversion of earthquakes of the type of the 2021 Maduo earthquake. The fault parameters obtained by GA and PSO were close to those obtained by MPSO and BHPSO, but the RMSEs of GA and PSO were relatively large (Table 7). Hence, the inversion results from GA and PSO did not well fit the GPS observation data. The inversion results of MPSO and BHPSO were consistent (Table 7; Figure 8), and they exhibited smaller residual errors than SA, GA, and PSO (Table 7). Among the five methods, MPSO and BHPSO afforded the best performance.
TABLE 7 | The inversion results of fault parameters for the Maduo earthquake.
[image: Table 7][image: Figure 8]FIGURE 8 | The comparisons of surface horizontal deformation (GPS data) of the observed and the Okada model results by using fault parameters given by the inversed from MPSO and BHPSO methods in Table 7. The surface horizontal deformation obtained by observed and MPSO method (A), observed and BHPSO method (C). The residual of surface horizontal deformation between the results of observed and MPSO method (B), observed and BHPSO method (D). The blue arrow and its length represent the displacement from GPS data, the red arrow and its length represent the inversion results from MPSO or BHPSO. The black arrow and its length represent the residuals.
In the inversion study using InSAR data, the results near the fault were poor (Figure 5). The residual errors of these methods were concentrated in the segments that have a complex fault slip pattern (Figure 9). Hence, when the observation data have good spatiotemporal resolution, the single fault model is unsuitable for fault parameter inversion because it cannot well fit the deformation details.
[image: Figure 9]FIGURE 9 | The comparisons of surface horizontal deformation (InSAR data) of the observed and the Okada model results by using fault parameters given by the inversed from MPSO and BHPSO methods in Table 7. (A) The Sentinel-1 ascending data and the inversion results from MPSO and BHPSO. (B) The Sentinel-1 descending data and the inversion results from MPSO and BHPSO. (C) The Sentinel-2 descending data and the inversion results from MPSO and BHPSO.
5 DISCUSSION
In the simulation experiments, for all three types of earthquakes (pure strike-slip, pure dip-slip, and oblique-slip fault earthquakes), the results of the fault parameter inversion using the simulated GPS data exhibited systematic differences from those using the simulated InSAR data. These differences could be related to the number of observation data. For example, the RMSEs obtained from the simulated GPS data were larger than those obtained from the simulated InSAR data. However, this does not denote that the results of inversion using the InSAR data are better than those using the GPS data. In fact, the residual errors between the model results and the data were large near the fault and small away from the fault due to the coseismic deformation magnitude at these locations.
Furthermore, the number of the simulated InSAR observation points was much larger than the number of simulated GPS stations, but most of the simulated InSAR points were distributed far away from the fault. When calculating the RMSEs (the average value of fitting errors between the model results and data at all observation points), the RMSEs from the simulated InSAR data should be lower than those from the simulated GPS data. Thus, herein, we simply compared the inversion results from the same type data such as either those from GPS data or those from InSAR data, and we did not compare the results inversed from these two types of data. SA and GA afforded the worst inversion results because the SA, GA, and PSO used herein are basic and not optimized. As shown in Tables 1–3, the RMSEs of SA, GA, and PSO were similar, signifying that they have similar effectiveness. MPSO and BHPSO are optimized versions of PSO. Hence, they afford smaller RMSEs than PSO and have higher efficiency and accuracy than PSO. Therefore, MPSO and BHPSO exhibited better performances than SA, GA, and PSO. This does not mean that the basic SA, GA and PSO are not suitable for fault parameter inversion. In this paper, we can conclude that the accuracy of fault parameters obtained by MPSO and BHPSO methods are better than that obtained by SA, GA and PSO methods. The inversion of fault parameter is a complex non-linear problem. Even the MPSO and BHPSO methods do not yield the most accurate seismic fault parameters. The advantages and disadvantages of these five methods are related to the standard of precision. If we only need to get the preliminary fault parameters, these five methods can be used.
Studies applying real observed InSAR data for seismic fault parameter inversion usually conduct down sampling (Lohman and Simons, 2005), which yields dense observation points near the fault and sparse observation points far away from the fault, similar to the distribution pattern of the GPS observation points (or GPS stations). In this study, we did not perform down sampling during the simulated InSAR data inversion but used it in the real observed InSAR data inversion (fault parameter inversion for the 2020 Mw 6.5 Nevada earthquake and 2021 M 7.4 Maduo earthquake). For our examples of the fault parameter inversion of real earthquakes, the accuracy and usability of the five methods considerably differed from the fault parameter inversion of the simulated earthquakes. This is because the observed data near the real fault zone contain numerous measurement errors, such as ionospheric disturbances, surface plants, water, and clouds, and the data quality varies with the locations and examples. In summary, we determined that MPSO and BHPSO usually perform better than the other three methods.
The differences among the inversion results of the five methods using real GPS data were less than those using real InSAR data. The real fault plane geometry and its coseismic rupture are complex—comprising bends, bifurcations, and multiple-fault rupture. GPS data cannot well comprehend the details of these fault geometries and ruptures, but the InSAR data can. Hence, in a single fault parameter inversion model using the InSAR data, large residual errors can occur at these complex locations. This results in larger residual errors in the InSAR data inversion than those in the GPS data inversion.
6 CONCLUSION
We used the simulated deformation data and real observed GPS and InSAR data to evaluate accuracy and availability of five geophysical inversion methods (SA, GA, PSO, MPSO, and BHPSO) for fault parameter inversion of different-type fault earthquakes. We drew our conclusions as below.
1) During seismic fault parameter inversion, the availability and accuracy of SA, GA, PSO, MPSO, and BHPSO are quite different.
2) We demonstrated that the new inversion method, BHPSO, can be used for seismic fault parameter inversion, and it has high accuracy in fault parameter inversion.
3) For fault parameter inversion of different-type fault earthquakes, MPSO and BHPSO perform better than the SA, GA, and PSO, due to their stable results and small residual errors. Particularly, in the fault parameter inversion of the oblique-slip fault earthquake, the inversion results of MPSO and BHPSO are significantly better than those of SA, GA, and PSO.
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