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SWITCHING EDGE DETECTOR AS A TOOL FOR SEISMIC EVENTS DETECTION BASED
ON GNSS TIMESERIES

Contemporary mine exploitation requires information about the deposit itself and the impact of
mining activities on the surrounding surface areas. In the past, this task was performed using classical
seismic and geodetic measurements. Nowadays, the use of new technologies enables the determination
of the necessary parameters in global coordinate systems. For this purpose, the relevant services create
systems that integrate various methods of determining interesting quantities, e.g., seismometers / GNSS
/ PSInSAR. These systems allow detecting both terrain deformations and seismic events that occur as
a result of exploitation.

Additionally, they enable determining the quantity parameters that characterise and influence these
events. However, such systems are expensive and cannot be set up for all existing mines. Therefore, other
solutions are being sought that will also allow for similar research. In this article, the authors examined
the possibilities of using the existing GNSS infrastructure to detect seismic events. For this purpose, an
algorithm of automatic discontinuity detection in time series “Switching Edge Detector” was used. The
reference data were the results of GNSS measurements from the integrated system (seismic / GNSS /
PSInSAR) installed on the LGCB (Legnica-Glogow Copper Belt) area. The GNSS data from 2020 was
examined, for which the integrated system registered seven seismic events. The switching Edge Detector
algorithm proved to be an efficient tool in seismic event detection.
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1. Introduction

The study of the deformation of mining areas is one of the crucial elements of excavation
exploitation. Grioli et al. [ 13] provides a comprehensive review of induced seismicity. The research
conducted in this field allows determining the range of the mine’s influence on the surrounding
areas. It also helps by determining the damage that may occur during further mining operations.
Therefore, modern mining needs information about spatio-temporal deformation processes de-
veloping in rock mass due to its activity. As a result, of deformation processes caused by changes
in static stresses in the rock mass, a rapid displacement, cracking, or refraction of rock layers
may occur. It is called a seismic event which has a tremendous impact on the surrounding natural
environment and surface structure.

Contemporary science uses many tools to detect and monitor deformations and seismic
events. Depending on the needs, these tools allow the detection of desired quantities both in
real-time and in the subsequent measurement data processing. A viral method of studying large
land surfaces’ deformation is Synthetic Aperture Radar Interferometry (InSAR). The first use of
this method for such a purpose was presented by Massenet et al. in [12]. Over the years, various
InSAR technology types were used to monitor and model terrain deformation regarding mining
activity. Examples of Differential Synthetic Aperture Radar Interferometry (DInSAR) use include
monitoring 15 years of operation of a coal mine in France [43] or mapping ground movements in
open pit iron mines near the Amazon river [16]. Similar studies were performed for significant
deformation mining subsidence in China [17]. Further examples of likewise studies were carried
out in Europe to monitor active and abandoned coal mines [29,32,41]. In the presented cases,
the accuracy of the method varied within a few millimetres. Despite the high accuracy and the
possibility of obtaining data on large areas, INSAR methods have their limitations. One of the
most critical limitations of this method is the continuity of the data. Currently used satellites
Sentinel-1A and Sentinel-1B have a six-day repeat cycle, which means that one will receive the
data to be processed once every six days [11]. In connection to the above, the INSAR methods
allow for very high accuracy, but it is not possible to use them for kinematic monitoring. They are
perfect for studying long-term deformation of the terrain but inappropriate for detecting a single
seismic event. INSAR will allow seeing the influence of mining activity on the terrain surface,
but it will not determine the exact size of a single seismic event. The only information regard-
ing the time of a seismic event will be that it took place between one image and the next one.
Modern mine operation requires information regarding land deformation and quick response to
seismic events, epicentre detection, determination of the range and prediction of its consequences.
Therefore, other methods are used for this type of task. In every place, the seismic activity will
be monitored by geological services using networks of seismometers [3,28,30,44,]. They allow
for the detection simultaneously of the shock and the location of the epicentre. But, they will
not show the deformation of the earth’s crust caused by a tremor. Another method that allows
for measurements in a global reference system is Global Navigation Satellite Systems (GNSS)
satellite measurement systems. For this purpose, networks of permanent GNSS stations are set
up to monitor land deformation in near real-time [36,45]. These methods allow for both long-
term deformation monitoring and detection of seismic events. Examples of deformation studies
using GNSS technology are presented worldwide, such as the biggest nickel production base in
China — the Jinchuan mine [14]. Combined GNSS and Permanent Scatterers Synthetic Aperture
Radar Interferometry (PSInSAR) monitoring were used in Australia [2,5,25]. Also, contemporary
research shows that a high rate of GNSS can be used to study both the amplitude and frequency
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of seismic events [21]. As can be seen, modern geodesy has created various tools that allow the
study of mine areas and predict the consequences of mining activity on the surrounding environ-
ment. In the areas that are particularly exposed to damage related to mining activities, a network
of seismometers and GNSS stations are created along with InNSAR data development. It provides
complete information considering deformation and seismic events. However, it is not applicable
in all mining areas. Therefore, researchers often use existing infrastructure for this purpose. For
example, it is possible to study seismic events based on the analysis of results from the existing
networks of GNSS reference stations (EUREF permanent network, IGS stations, and local GNSS
augmentation systems) [3,45]. Such a solution allows for active monitoring of a given area and
the detection of previous seismic events based on the archival data of the station. Permanent
GNSS receiver networks are now very developed and widespread. They provide information
on position, deformation, coordinate system definitions, time, and space weather. Network
density is very high and consists of both national and commercial networks. GNSS receivers
are evenly distributed throughout Poland. The key issue in the operation of these networks is the
knowledge of the correct and unchanging position of GNSS antennas, which affects all param-
eters determined by these stations. Many regions with reference stations are subject to seismic
activity due to the ongoing mining exploitation. Seismic activity may or may not cause terrain
deformation and displacement of the antenna at one of the network points. Therefore, it is crucial
to determine whether the shock has occurred and whether it has displaced the receiver antenna.
If the displacement of the receiver antenna is detected, it is necessary to calculate and correct the
coordinates of the GNSS stations. At the same time, the even distribution of reference stations
may allow the detection of the amount of deformation that occurred from seismic activity. The
analyses from the results of time-series can also be redundant and partial validation of data from
accelerometers. An important aspect here is the determination of the magnitude of the terrain
displacement caused by the seismic event.

Detection of seismic events can be done by analysing the time series from the GNSS station
located in the studied area. However, without additional information (e.g., from a seismometer
network), finding a seismic event is a problematic task. The task will come down to finding
discontinuities of data and determining the size of the found change. Researchers can have an
event date list and, on its basis, check whether the area where a given station is located has been
deformed at a given time [7]. One can also view the time series of positioning results from refer-
ence stations and manually identify the discontinuity based on height diagrams [24]. However,
these are time-consuming and inefficient methods in the case of multiple stations. Therefore,
there is a group of automatic methods used for time series analysis and discontinuities detec-
tion. The use of variational models for signal segmentation was presented in [1]. Also, the use
of wavelets and Bayesian methods is presented similarly in this publication [1]. These methods
worked very well, but they have not determined the magnitude of the event, only its occurrence.
In [33], the Detection Identification Adaptation (DIA) procedure was applied to the coordinate
time-series. An overview of available methods can be found in [19], where the authors point
out that further research and development of both automatic and manual methods is necessary.
Promising research has been done to find the optimal strategy for time series discontinuity detec-
tion to estimate vertical crustal movements [22,23]. In these studies, an algorithm based on the
switching edge detector was used. It allowed the detection of discontinuities and then determining
the size of detected data “jumps”.

This article aims to present the use of the SED (Switching Edge Detector) algorithm to
detect seismic events resulting from mining operations. The main goal of this paper is to test this
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methodology through a case study located in LGCB [28]. The research was carried out based on
data from the system that integrates seismometers, GNSS stations, and PSinSAR, established in
the vicinity of the Rudna Copper mine in Poland. This mine is a part of the Legnica — Glogow
Copper Belt (LGCB) area. The exploited deposit of copper is located in the Fore-Sudetic Mono-
cline in the South-West part of Poland. The deposit is located at a depth of 300 m to 1300 m with
a 6° dip towards the NS, and it has a thickness ranging from 0.4 m to 18.0 m. This area is one
of the most seismically active in Europe [18,26,27]. The application of GNSS measurements to
evaluate tremors and terrain deformations in this area can be found in many scientific publications
[21,45]. The use of an integrated Seismic/GNSS/PSinSAR system as a reference to GNSS data
allowed to check whether the presented algorithm detects actual seismic events.

2. Switching Edge Detector

Switching Edge Detector was used to detect seismic events in the GNSS station position
time series. This algorithm was presented by D. Smith in 1998 [8]. The former tests to detect
discontinuities in data from reference stations showed that the algorithm is susceptible to outliers
[22]. Therefore, in the presented method of detecting seismic events, two-stage processing of
observational data was used. The original assumption of the SED algorithm was enhanced with
a mechanism for detecting and removing outliers. Many methods of detecting outliers exist in
the literature. The earliest algorithms assume a statistical approach. These methods most often
involve the analysis of one-dimensional data [35,40]. However, they are also used in multi-variant
data sets [20]. Unfortunately, the problem of numerous dimensions of the tested samples signifi-
cantly prolongs finding and eliminating outliers. This phenomenon is known as the “Curse of
Dimensionality” [9,34]. In statistical methods, researchers use proximity-based techniques [31],
parametric methods [35], non-parametric methods [10], semi-parametric methods [38]. In addi-
tion to statistical methods, one can use supervised [4,6] or unsupervised neural networks [39].
Researchers also use machine learning and some hybrid systems to detect outliers [4,6]. In the
case of GNSS time-series, authors dealt with one-dimension that statistical tests can easily pro-
cess. The tested data has one dimension because each of the analysed coordinates for each station
was processed as an independent source of information. The Grubbs’ test was chosen to detect
outliers because it had previously shown excellent results with this type of data [15,22,23,42].
The final seismic event detection algorithm is comprised in Fig. 1.

Grubbs configuration: SED configuration: 3. Model parameter

- window size - window size estimation

- confidence interval - treshold

- treshold - station velocity

- number of Grubbs

runs -hight difference
at 0 epoch
-magnitude of

1. 2. seismic event

Grubbs outliers Switching Edge
detection Detector -covariance matrix

Fig. 1. Schema of seismic events detection algorithm
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The Grubbs test was designed to test the null hypothesis HO — there are no outliers in the
data set and an alternative hypothesis Ha — there is exactly one outlier in the data set. Therefore,
a single analysis with the Grubbs test makes it possible to find a maximum of one outlier. The
statistical Grubbs test is defined as:

max|Yi—X|
G=— 1" =1

N

(1)

Where: Y; — current sample (in case of these data, window sample), ¥ — mean value, s — standard
deviation.

The limitation of the Grubbs test is that it cannot be used for large data sets. Research has
shown that it works best for sets not exceeding 25 samples. Since in the case of GNSS station’s
time series, the data sets are much larger, a moving window was used inside which the Grubbs test
was performed. Each window ranged from n — i ton n + i where i denotes the 7 — th observation
and n represents half the window size for the Grubbs test. In a single Grubbs test, the p-value is
understood as a chance of a certain point being so far from other points. Qualifying a point as an
outlier is performed based on the rank of that point. If a point was defined as the outlier (in a single
Grubbs test), then the probability of this point being an outlier was defined as 1 and the rank of
the point rose by 1. Next, i increased by 1, and the test was conducted again. After testing the
entire set, the algorithm removes the given points if their rank exceeds the predefined threshold.
For example, if the threshold was set to 3, the point would be removed from the set when after
25 steps (window size) of Grubb’s algorithm at least three times it was detected as an outlier. In the
case of investigated datasets, this threshold was set to 2. After detecting an outlier, the test may
remove it or replace it with an observation representing the average of the neighbouring values.
Due to the size of the analysed sets, the choice of one of these two solutions is not statistically
significant. Therefore, outliers were removed.

After removing outliers, the next step is the detection of seismic events using the Switching
Edge Detector [30]. This algorithm assumes that each time series distribution is consistent with
the idea of the Gaussian random process. The first step is to construct moving averages H;; as:

1
Hy =— zhiik 2

Where point / is defined at time i in n — point window.

Then, on the basis of the obtained averages, moving variances are constructed.

1< 2
Sis :_Z(hiik _Hii) 3)
=
Ideally, the output function would be as follows:

. H,’ _Hl',
Hout (l) :JrT

1

“)

where S; is the variance of the noise estimated from one window. In practice, the edge location
(seismic event) is unknown, so Chung and Kennedy [37] proposed using variance to calculate
the switching factors g;;, g; .
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where ris an arbitrary selected exponent with a value »>> 1. Then the output function is as follows:
Haut(i):gi+ H, +g H;_ (6)

The result of the SED algorithm is the matrix C containing zeros and ones. This matrix de-
scribes at which epoch an edge was detected. The number of columns in this matrix corresponds
to the number of epochs in studied data, and the number of rows corresponds to the number of
seismic events (edges) found. Each row has zeros up to the point where an edge is detected.
After an edge is detected, the zeros change to ones. The mathematical model used in detection
is a straight line described by the following function [30]:

h(t)=vt+h0 +¢8; 68y + oo+ Cp Sy, (7
where: ¢ — epoch, A(f) — height difference in epoch z, v — velocity between GNSS stations,

hy—height difference in epoch ¢, ¢y, ¢, ..., ¢,, — elements of matrix C and sy,s,, ...,s,, — magnitude

9999,

of the “events’™:
For n number of points, in the matrix notation:
L=[4:C"]x
where:
L=[h(t)h(t)  h(t,)], X =[vhy 515, i 5, A=[t8, i 1,11:1],
C" =2 Gum 21621 G ¢ Gt a1 o | (®)

This model can be fitted using Least Squares (LS) adjustment. Ultimately, the form of the
C matrix allows the detection and marking of seismic events (Fig. 2).

Seismic Event Seismic Event

— Oryginl Data
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Fig. 2. An example of joint Grubbs and SED algorithms operation
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Experiment Data

The data selected for the experiment comes from the paraseismic monitoring system installed
near the copper mine in Polkowice, Poland. This mine is a part of the LGCB (Legnica-Glogow
COPPER Belt) area and is located in the Southern-West region of Poland. The deposit is located
at a depth of 300 to 1300 metres and a thickness of 0.4 to 18 m. To properly monitor the seismic
activity in the mine area, a system has been installed using accelerometer measurements, PSIn-
SAR imaging analysis, and a network of GNSS stations. The system has been designed so that
it is possible to immediately detect a seismic event and then determine the impact of this event
on the environment. The system consists of 10 seismic stations (Fig. 3) and 10 GNSS stations,
of which four are used as reference stations (PRAC, GAWO, GREB, CUPR) and are located
outside the mine’s influence area (Fig. 5). The distribution of the seismic stations mostly coin-
cides with the location of the GNSS stations. In addition to the PSInSAR system, eight pairs of
Artificial Corner Reflectors (ACR) were built (Fig. 4, depicted as red triangles). Corner reflectors
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Fig. 3. Placement of seismometer stations near Polkowice copper mine
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Fig. 4. Placement of Artificial Corner Reflectors (ACR) near Polkowice copper mine



www.czasopisma.pan.pl P@N www.journals.pan.pl
O

are placed above the mining activity area in places where natural scatterers were observed. The
accelerometers at SGOR, TARN, JEDR and ZGLU stations are not collocated with the GNSS
stations because seismic stations are placed directly above the mine influence area.

Ao Goon Faryem Gl e =

YR

Fig. 5. Placement of GNSS stations near Polkowice copper mine

To test the SED algorithm, the time-series of GNSS processing results from 2020 have been
used. GNSS time series were calculated as daily double differenced multi-station solutions with
GAWO, GREB, CUPR and PRAC as reference stations (using Bernese software). At that time,
the integrated system recorded seven seismic events that resulted from the exploitation of the
copper mine, and their epicentres were located in the studied area (Table 1). Two of them were
characterised by the greatest energy. The first was recorded on July 22, 2020, at 03:46 pm UTC
near the PIES station, with a power of En=1.9x108 J (M = 3.6). The second one with the power
En=1.1x107 (M = 3.0) took place on July 30, 2020, near the WYZY station at 5:36 pm UTC.
The first event is an order of magnitude larger than the second one and belongs to the phenomena
distant from the front and occurring in the zones of larger faults separating the mining plots. This
type of tremor occurs less frequently and can be registered once a year on average. The second

TABLE 1
List of seismic events near the tested area, during the year 2020
Nr. Date DoY Hour. (UTC + 2h) Energy [J] Magnitude

1 2 3 4 5 6

1 2020-02-13 44 17:51 1,4E+06 2,5
2 2020-04-05 95 08:02 1,1E+06 2,6
3 2020-04-24 114 07:30 1,0E+06 2,5
4 2020-05-08 128 05:48 2,1E+06 2,6
5 2020-07-03 184 23:50 1,1E+06 2,5
6 2020-07-22 203 03:46 1,9E+08 3,6
7 2020-07-30 211 17:36 1,1E+07 3,0
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one belongs to the group of earthquakes that occur in the vicinity of the exploitation front and is
one of the most frequent seismic phenomena.

Based on seismometer readings, the location of the epicentres of the detected events was
determined (Fig. 6).

i fOSN
SZHPR
% ZHSR
) g
WY 2202020 03.07.2020
A Rt 05.04.2020
08.05.2020,," #30407.2020 )
02,2020 “PIES
)
0 500 1000m o
BIED

Fig. 6. Location of epicentres of tested seismic events

All epicentres were marked as orange stars. As it can be noticed, considered seismic events
were located near GNSS stations, which is visible in these stations’ results. It is also the basis for
the tests of the SED automatic detection of these events. Four events took place in the vicinity
of WYZY. The following three events had their epicentres close to the PIES station. The time
series from these three stations were analysed with the developed algorithm. The y, x, and h
coordinates in the East-North-Up (ENU) reference system were interpreted. The analyses were
performed for the x (N), y (E), and h (U) coordinates because the sequences of seismic events
are visible both at the height and rectangular coordinates. Due to the higher accuracy of the x,
and y coordinates, other parameters of the algorithm were used to analyse these series (Table 2).

TABLE 2
SED and Grubbs algorithms settings

X, y coordinates Height h component
Data sampling One day
SED threshold 0,003 [m] 0,005 [m]
SED Window 20 20
Grubbs Window 30 20
Grubbs threshold 2 alpha 2 alpha
Number of Grubbs tests 1 1

The graphs (Figs 7-9) show the results of the SED analyses for the GNSS station’s coor-
dinates time series. In each of the figures, the results are presented by four graphs that show
the results of the successive stages of the SED algorithm. In all graphs, the values presented on
the horizontal axis correspond to the Day of Year (DoY) number. The top graph corresponds to
the values of left and right moving averages calculated based on equation (2). The second graph
depicts the standard deviations of the moving averages, which shows the variability of the set.



www.czasopisma.pan.pl P@N www.journals.pan.pl

POLSKA AKADEMIA NAUK

326
WYZY station h coordinate analysis, Left and right moving averages
209.85 ——
209.80 — Right
209.75
0 50 100 150 200 250 300 350
10 1e=5 Left and right standard deviations
— Left
5 — Right
° T T T T T T T T
0 50 100 150 200 250 300 350

Switching function output

0001  —y e wh— “Y_—f:q ________

real events

—-0.02
O found events
0 50 100 150 200 250 300 350
—— Grubbs
—209.8 ——SED edges
E
209.7
0 50 100 150 200 250 300 350
[index]

Fig. 7. WYZY station h coordinate analysis
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Fig. 8. WYZY station x coordinate analysis

Found seismic events can be best seen on the “switching output function” chart. These graphs
depict where the SED output values exceeded the assumed threshold (marked with a green dashed
line). Additionally, in the same chart, the actual occurrences of seismic events are marked with
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Fig. 9. WYZY station y coordinate analysis

blue lines. The fourth graph depicts the analysed data, making it possible to check whether the
found “jumps” are visible in the time series.

Near the WYZY station, four seismic events could have influenced the subsoil’s deforma-
tion located under the station. These events occurred on 2/13 (DoY 44), 4/24 (DoY 144), 5/8
(DoY 128), and 7/22 (DoY 203). The analysis of changes in the WYZY station’s altitude made
it possible to detect three seismic events during this time (DoY 44, 128, 203). The event from
DoY 114 was not detected. However, one should note that this is a lower energy event and is not
visible in the observation result. The analysis of the rectangular plane coordinates (x, y) confirms
the detection of the event from day 203. It is the event of the highest energy and magnitude in
this region, so it caused deformations in all studied directions. The rest of the events are not
visible in the x, y coordinate series. At the same time, an edge on day 228 was detected at the
x-coordinate and is reflected in the observation results. The coordinate analysis shows that there
was also a rapid change in the positioning results on that day, but in the following days, the previ-
ous value returned. This shift is not a consequence of a seismic event because other systems did
not detect it. However, it cannot be treated as an algorithm error because the detected “jump” is
visible in the coordinate time series.

Three epicentres were located near the PIES station (Figs 10-12). Considered events occurred
on 4/5 (DoY 95), 3/7 (DoY 184), and 30/7 (DoY 211). However, the analysis of the time series
showed different results than in the case of WYZY stations. Seismic events from days 95 and 184,
as those characterised by lower energy, were not detected. They are not visible in the time series
from the station under study. The SED algorithm detected the event of DoY 211, somehow with
one of the highest energy and magnitude in all three investigated directions (x, y, h). Additionally,
the altitude analysis allowed the detection of seismic events from DoY 44 and 128, even though
their epicentres were not located in the vicinity of the PIES station. Analysis of the x coordinate
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Fig. 10. PIES station h coordinate analysis
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Fig. 11. PIES station x coordinate analysis

also detected the event on day 44. On both rectangular coordinates, the SED algorithm detected
a “jump” on day 278 and is visible in the time series from the PIES station. Other systems did

not detect this deformation. However, it cannot be tr

eated as a malfunction of the algorithm.
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+5.579183e6 PIES station y coordinate analysis, Left and right moving averages
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Fig. 12. PIES station y coordinate analysis

The same analyses were performed for all GNSS stations in the study area. The results of
these studies are presented in Table 3.

TABLE 3
List of detected seismic events at individual GNSS stations

DoY of seismic event
44 95 114 128 184 203 211

Station name

WYZY
PIES
BIED

ZHPR
SOSN
ZHSR

In addition to the detected session events at the ZHPR and SOSN stations, a “jump” was
also detected on day 246, analogical as in the WYZY station analysis. The reason for such a situ-
ation was the malfunction of the receiver on the ZHPR station. The receiver stopped working for
2 weeks, which introduced changes in the daily adjustment results. These changes were detected
as a jump by the SED algorithm.

3. Conclusions

Our research analyses the performance of the “Switching Edge Detector” algorithm. It was
applied to the GNSS positioning time series in the copper mine exploration area. This study aimed



www.czasopisma.pan.pl P@N www.journals.pan.pl
&

at checking whether it is possible to automatically detect seismic events based on the analysis of
the time series with the proposed algorithm. All three components of the position were analysed,
assuming various parameters for height and rectangular coordinates. Based on data analysis
from 7 stations, 5 out of 7 seismic events in the studied area in 2020 were detected. Undetected
events (DoY 95 and 114) were characterised by the lowest energy and were not visible in time
series. Some of the events have been detected multiple times. An example is an event of DoY
128, which was detected while analysing all GNSS stations. Although this event’s epicentre was
near the WYZY station, it is visible in the PIES station’s time series 5 km away. A similar situ-
ation can be observed for the event of DoY 203, which was detected after analysing the results
from 4 GNSS stations. The highest energy characterises the second event in the analysed period.
Therefore, at three stations, it was detected for all studied directions. Additionally, in 5 cases,
the algorithm detected one event that was not registered by the seismometers. This was caused
by the malfunction of the GNSS receiver at the ZHPR station.

The tested algorithm allowed for the detection of 70% of seismic events recorded by other
devices. The events that were not detected did not cause deformation of the ground that would
affect the positioning results, so they are not visible in the time series. All detected events had
energies above 1.1E + 06 J, which suggests that lower energy events have too little influence on
the positioning results to be automatically detected. The remaining “jumps” in the data detected
by the algorithm cannot be treated as a malfunction because there are indications that there have
been real changes in the GNSS stations’ position these days. These changes may have resulted
from the seismic or non-seismic activity.
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