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Abstract

Computer visualization can intuitively reflect the process and results of crustal
deformation. In this paper, taking into account the intraplate deformation, combined with
computer visualization technology, using robust estimation method that can identify data
with high collapse pollution rate, combined with the overall rotation and linear strain
model (RELSM) that describes block movement, the GPS observation velocity field data
of the Chinese Mainland tectonic environment monitoring network located in Ordos and
its adjacent areas are screened, and the strain data are calculated to generate visual
images for analysis. The results show that the method proposed in this paper can
effectively consider the smoothness of internal plate deformation and the differences in
local structures, suppress gross errors, and obtain good velocity field fitting results.

Keywords: Crustal deformation, station selection, robust estimation, strai, visualization
analysis.

1. Introduction

With the development of Earth sciences, increasing attention has been drawn to the study of crustal deformation.
Crustal deformation, which involves changes in the Earth's surface or subsurface structures, often accompanies
natural disasters such as earthquakes and volcanic activities, profoundly impacting human society. In order to
better understand and predict the processes and mechanisms of crustal deformation, scientists utilize computer
visualization techniques to transform complex geological data into intuitive images for analysis and research.
Through visualization, we can observe deformation patterns on the Earth's surface, changes in subsurface
structures, and trends in crustal movements, providing important insights for the prevention and mitigation of
geological hazards. This paper explores the application of computer visualization in the study of crustal
deformation, as well as its significance and potential directions for development in the field of Earth sciences.

Research indicates that crustal movements exhibit viscoelastic deformation [1-3]. Crustal movements induce
horizontal and vertical deformations on the Earth's surface and within its interior. However, due to the influence
of local structural differences in the blocks and observation outliers, a small number of stations often exhibit
anomalous movements, also known as outlier stations. Strictly speaking, the anomalous movements of stations
caused by tectonic forces are very complex and fundamentally different from the nature of observation outliers.
However, they objectively reflect the actual motion trends of the stations. Therefore, when screening for
anomalous stations in block movements, these anomalies cannot simply be treated as outliers; instead, their
impact on actual motion should be considered, taking into account the smoothness of intra-block deformation
[4-6].

Currently, models used to study block movements mostly regard block movements as rigid. Due to the stable
long-term trends in their movements, it is believed that there is no deformation inside the blocks or that
deformation only occurs within certain belt ranges at the edges of the blocks. Therefore, for the removal of
outlier stations, most methods are based on twice the residual standard deviation of the fitting of rigid movement
as the threshold for judgment and removal. This method assumes that stations deviating from the overall
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movement trend contain outliers. However, when intra-block deformation is inconsistent with the overall trend
of movement, the removal of outlier stations must consider local block structures. Therefore, the selection of
outlier stations should consider intra-block deformation while also considering the influence of outliers,
adopting robust measures to rationalize station removal and make velocity field models more realistic.

In this paper, intra-block deformation is considered. Robust estimation methods capable of identifying data with
high breakdown pollution rates [7-9] are used, combined with a model describing the overall rotation and linear
strain of block movements (Rotation Entirety and Linear Strain Model). This approach is applied to the GPS
observation velocity field data from the mainland China structural environmental monitoring network in the
Ordos and its neighboring areas for station selection, fitting, and strain calculation. The results outperform those
of the robust rigid model for station selection, and the strain analysis also aligns with reality.

2. Block Movement Model
2.1 Rigid Body Movement Model (RRM)
The mathematical model of rigid body motion according to Euler's theorem is as follows:
V=02xR ()

In the equation, V represents the velocity of rigid body motion, € denotes the Euler vector of the rigid body,
and R stands for the position vector from a point on the rigid body to the center of motion.

When the purpose is to quantitatively understand or grasp the overall movement of the regional crust, block
movement is often considered as rigid motion. Based on Euler's theorem, horizontal crustal movement is
equivalently represented as finite rotational motion about the Euler axis. Therefore, assuming in a Cartesian

coordinate system centered at the Earth's center, the absolute Euler vector X ), 0, ,COZ) and the motion
radius R(X,Y,2) of a certain block are known, then according to equation (1), the expression for the rigid

motion velocity Vg(VX ViV, ) ofa point on this block is given by:

V, 0 z -yl e
Vii=l-z 0 x| o )
Vv, y X 0]l o

By considering the transformation relationship between the Cartesian coordinate system centered at the Earth's
center and the spherical geographic coordinate system, equation (2) can be converted to:

V, 0 rsing —rcosesini || o,
V,[=| -rsing 0 rcosgcosi || w, 3
Vv, rcospsin A —rcos@cos A 0 o,

In the equation, A and @ represent the geodetic longitude and geodetic latitude, respectively, of a point on the

block. Since the velocity field values obtained from actual observations are generally ground station velocities,
the Earth-centered velocity in equation (3) should be converted to station-centered velocity. This conversion

involves transforming V, ,Vy V, into V, V.V, , and the transformation relationship is as follows:

V, -sin cos A 0 |V,
V, |=| —sinpcosi —singsini cosg |V, 4
Vv, cos@cosA  cosesind  sing ||V,

When studying the movement of crustal plates, vertical motion is often disregarded, with the assumption that
plate movement primarily occurs in its horizontal direction. Therefore, equations (4) and (3) yield:
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Equation (5) represents the rigid motion model of the block. The establishment of the rigid motion model has
greatly promoted the development of crustal movement. According to the above equation, if the station-centered
position and Euler rotation vector on the block are known, the corresponding velocity of the station center can
be obtained, allowing for the generation of velocity field images for the block. Conversely, if a certain number
of station-centered velocities and positions on a block can be observed, the Euler vector can be inverted based
on specific mathematical principles, further enabling the determination of the block's angular velocity of
rotation and Euler pole coordinates. In geosciences, | typically represents the longitude corresponding to the
geographic coordinates of the Euler pole, @ represents latitude, and @ represents the angular velocity of
rotation about the Euler axis. They are related by the following equations:

_ [ 2 2
O =,|o, + o + o,

,
| =arctan (—yj
29 (6)

[0)
@ =arctan z

2 2
Ja)x + @,

The relationship between the Euler vector X ,,0, ,a)z) and the angular velocity of Euler motion @ can be

expressed as:

o, = @COSpCOSA
®, =®Ccospsin 1 )

o, =®sing

2.2 Rotation Entirety and Linear Strain Model (RELSM)

Extensive research has shown that when a block is subjected to external forces, it undergoes a certain degree of
deformation locally, and the motion of a point should be a composite of the block's overall rigid rotational
motion and local viscoelastic deformation. Assuming that the deformation inside the block is uniform, the
following model of overall rotation and uniform strain (REHSM) can be proposed [10~18]:

.
\Y/ -Ccos Asin -sin Asin coS X g & X
e |of _ Y Q Q o, |+ e Een ®)
V, sin A -CoS @ 0 Ee & llY

a)Z

where Ay, @, represents the strain parameter; X, Y are the coordinates of the spherical coordinate system,
determined by the following equation:

X= r(/l—ﬂo)COSqo} )

y=r(p—9,)

In the equation, (4, @,) represents the central longitude and latitude of the region, and the meanings of other

parameters are the same as in equation (5). If it is further assumed that the deformation inside the block varies
linearly, the model of the overall rotation and linear strain of crustal movement (RELSM) can be obtained:
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In the above equation, A, I A,, B, 1 B,, C, J C, all represent strain parameters.

wy,

o Jb

(10)

Both of the aforementioned models consider the overall movement trend of the plates while also reflecting the
internal deformation characteristics of the plates, resulting in a higher precision in velocity field fitting
compared to RRM. However, REHSM considers intra-block deformation as uniform strain, which does not
align with the actual block structure and is suitable for smaller secondary blocks within a region. On the other
hand, RELSM assumes intra-block deformation to be linearly variable, taking into account the diversity of block
internal structures, thus being closer to reality and applicable for a broader range of block movement
deformation analyses.

3. Robust Estimation Station Selection and Velocity Field Fitting in RELSM

Research has shown that block motion is a combination of overall trend-like rigid motion and irregular internal
deformation. When establishing a regional crustal motion deformation analysis model, it is essential to fully
consider the long-term stability of overall motion and the local heterogeneity of internal structures within the
region's blocks. Therefore, in the selection of station filtering methods, it is necessary to adopt station exclusion
methods that simultaneously consider both overall characteristics and local differences to balance the features of
the overall and local movements.

Typically, in the absence of outliers, it is assumed that the residual velocity values should follow a normal
distribution, and the residual velocities of most stations should fall within a reasonable range. Stations with
residual velocities exceeding a certain limit are considered outliers and are removed. If a limit of 2 is chosen,
stations with residual velocities greater than 2 are removed. This method treats stations that deviate from the
overall trend as outliers, resulting in higher fitting accuracy, but it overlooks the actual impact of internal block
differences.

Based on the actual movement of the blocks and combining it with the outlier handling approach, robust
estimation using the equivalent weight theory is employed for station selection. Due to the unclear reasons for
internal block deformation, dynamic mechanisms, and differences at each point, this paper adopts the high
breakdown pollution rate robust estimation method for station selection [2]. The specific steps are as follows:

1) Take the median of all station velocity values, subtract this median from each station velocity value, and
obtain the initial residual as:

AL =L —med(L) 11)

Due to the differences in block movement in the east-west direction, it is necessary to calculate the exclusion
separately in the eastward and westward directions.

2) Calculate the initial robust estimate of the mean square deviation factor for AL :
o, =med(|AL|)/0.6745 (12)

3) Adopting a strong elimination function:

(13)

o 1 AL/ o, | <k,
0 |AL/ o, |=k,

In the equation, ky is typically chosen empirically as 1.0 or 1.5; in this paper, we set kq to 1.5.
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4) Using the initial weights, apply RELSM for weighted least squares estimation, obtaining parameter estimates,
observation residuals, and variance factors.

X =(ATP°A) T ATRL
V =AX -L (14)
o =med(V|)/0.6745

5) Construct equivalent weights using the IGG I11 weight function:

R \7.=‘\i <k
o
P = P|k71|{|:|\|:|} k, <V, <k, (15)
i 2 1
0 Vi>k

According to empirical evidence, k1 is typically set between 1.0 and 1.5, while k2 ranges from 2.5 to 3.0 in the
equation. In this paper, we set k1 to 1.5 and k2 to 3.0. Substitute equation (15) into equation (10) to solve for the
relevant parameters, then repeat steps 4) and 5) ,Stop repeating when the condition is satisfied of

|>2k+l - X k| <& (& is aminimum value greater than zero; in this paper, we set § to be 107-10). Remove the

stations corresponding to equivalent weights of 0, then use the remaining station data for model construction and
parameter estimation, and compute the strain.

4. Application and Analysis

This paper utilizes GPS ground observation velocity field data from the China mainland structural environment
monitoring network between 2009 and 2014. The GPS station velocities are processed using GAMIT/GLOBK
software, resulting in unified velocity field data for the China mainland crust in the ITRF2008 framework, with
an accuracy better than 2.5 mm/year [19]. Based on extensive research literature concerning the Ordos region
[9-10], the boundaries of the Ordos and its adjacent areas are delineated. A total of 343 station velocity field
data points are selected. Figure 1 shows the distribution of stations in the Ordos and its adjacent areas from 2009
to 2014 in the ITRF2008 framework, while Figure 2 depicts the corresponding velocity field image. This image
can reflect the spatial distribution of monitoring stations in the study area and the overall trend of crustal
movement.
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Figure 1 Distribution of monitoring stations in ordos and its adjacent areas
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Figure 2 Velocity field in ordos and its adjacent areas

To validate the methodology proposed in this paper, three approaches were employed to conduct station

selection and fitting analysis on GPS velocity field data in the Ordos and its adjacent areas.

Approach I: Utilizing the RELSM model to fit the velocity field for all stations and obtain corresponding
parameters.

Approach II: Employing the robust estimation of rigid body motion (RRM) model for iterative selection,
followed by fitting analysis of RRM velocity field on the selected stations after iteration.

Approach III: Employing the robust estimation of rigid body motion and linear model (RELSM) for iterative
selection, followed by fitting analysis of RELSM velocity field on the selected stations after iteration.

The merits of a model are generally assessed through its fitting performance with the data, often measured using
statistical principles of unbiasedness and efficiency. Concerning the three aforementioned approaches, their
unbiasedness is manifested by the difference between the observed values and the model-adjusted values,
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known as the residual mean. A residual mean with an absolute value closer to 0 indicates a better fit. Efficiency,
on the other hand, is demonstrated by the dispersion of velocity residuals, i.e., the magnitude of the residual
standard deviation. A smaller residual standard deviation indicates higher accuracy. The formulas for calculating
the residual mean and the residual standard deviation are as follows:

2n-r\ 47

SM:[ S (i(AVei)Fi(AVm)fﬂ; 19

In the context, AV,;,AV,; denotes the residuals of the movement velocities of the i station in the east-west

and north-south directions, with r representing an unknown number of parameters. Here, r corresponds to the
three components of Euler vectors' rotation parameters on the coordinate axes. n stands for the number of
stations.

The fitting results of the three approaches are tabulated in Table 1, accompanied by the presentation of residual
velocity maps and detailed strain maps obtained using robust estimation RELSM. Figures 3 to Figure 5 illustrate
the velocity residuals after fitting for the three approaches, while Figure 6 showcases the anomalous stations
identified through robust RELSM selection. Additionally, Figure 7 depicts a detailed strain map of the Ordos
and its neighboring areas, computed through fitting and calculation of velocity field data post-filtering using
robust RELSM and visualized through computer visualization operations. Figures 1, Figure 2, Figure 6 and
Figure 7 were drawn by GMT software, and Figures 3, Figure 4 and Figure 5 were drawn by MATLAB data
processing platform.

Rate residual (mm/yr
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Points/piece

Figure 3 Approach I RELSM velocity residuals
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Figure 4 Residual velocities of the RRM model with robust estimation in Scheme 2
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Figure 5 Residual velocities of the RELSM model with robust estimation in Scheme 3
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Figure 6 Anomalous stations
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Figure 7 Strain field of Ordos and adjacent areas.

Table 1 Euler motion parameters and velocity residuals.

. Euler Parameters Velocity Residual Standard Deviation S,
Approach|Anomalous Station Count 11C) [41C) | i ((°)[l\/|yr'1) (mmiyn)
I - 42.395(72.338 0.087 1.009
I 17 49.106(70.432 0.094 0.840
111 22 48.619/70.840 0.093 0.787

From Figures 3 to 5, it can be observed that in Scheme I, the maximum residual velocity in the east-west
direction exceeds 5mm/yr for certain stations, and in the north-south direction exceeds 6mm/yr. However, the
majority of stations exhibit residual velocities distributed around 3mm/yr in both the east-west and north-south
directions. In Scheme Il, the maximum residual velocity does not exceed 4mm/yr in either the east-west or
north-south directions. In Scheme Il1, the maximum residual velocity in both directions is within 3mm/yr,
indicating that all three schemes consider the long-term trends of plate motion in their fits. Combining with
Table 1, it can be seen that the standard deviations of the residual velocities for Scheme I, Scheme I, and
Scheme 11l are 1.009mm/yr, 0.840mm/yr, and 0.787mm/yr respectively. This indicates that even with
reasonable station selection using a rigid block motion model, excluding 17 anomalous stations and refitting, the
accuracy still falls below that of fitting using the overall rotation and linear strain model of block motion.
Scheme I, which uses RELSM, considers internal deformation but does not involve station selection, resulting in
poor fitting. Scheme 111, which considers internal deformation, employs a high breakdown rate robust estimation
method to suppress outliers, conducts rigorous station selection by excluding 22 anomalous stations, and
achieves the best fitting results.

From Figure 6, it is evident that the anomalous stations removed using robust estimation are distributed around
various fault zones, primarily concentrated around the Haiyuan Fault Zone and the Shanxi Fault Zone. This
suggests that the regions where anomalous stations are located are currently experiencing relatively active
tectonic movement, deviating significantly from the overall trend of block motion. Using Scheme 111 to fit strain
parameters and calculate detailed strain in the study area, overall, the principal compressive strain direction in
the Ordos and adjacent areas is NE-SW, while the principal tensile strain direction is mainly NW-SE.
Specifically, the western part of the Ordos block exhibits varying degrees of tension and compression, with
directions close to N-S tension and W-S compression, showing a counterclockwise rotation. The deformation in
the northeast part is primarily tensile, with a direction roughly NE-SW. Similarly, the deformation to the east of
Ordos is predominantly tensile, with a direction approaching W-S. In the southern region of Ordos, represented
by the Weihe River, the predominant strain trend is tension, with a direction trending towards W-S and slightly
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deviating north-south. These results broadly align with those reported by Zhu. [19-20] regarding strain in the
region, further illustrating the rationality of utilizing the iterative selection method based on the overall rotation
and linear model of block motion (RELSM) with robust estimation for station selection, followed by RELSM
velocity field fitting analysis of selected stations.

5. Conclusion

This article utilizes the overall rotation of the block and the robust estimation of linear models for iterative
screening. The screened stations after iteration are subjected to RELSM velocity field fitting analysis, combined
with computer visualization mapping. The results visually indicate that this method can take into account the
smoothness of the motion of each point within the block (consistent with the overall rigid motion trend of the
block) and irregular deformations caused by internal tectonic motion, i.e., taking into account the integrity and
local differences of crustal motion. However, due to the assumption that the interior of the block is linearly
deformed in RELSM, there are certain limitations in using the region, which may be difficult to apply in areas
with complex geological structures. In addition, the data used in this article is only the referenced open-source
velocity field data from 2009 to 2014, which is slightly insufficient in terms of accuracy, so the fitting effect
may be biased from reality. However, overall, it does not affect the method becoming a reference method for
regional station screening and fitting.
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