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SUMMARY
Nowadays, we have a wide range of modern, internally very complex navigation satellite
systems (GNSS), with which we can conduct precise geodetic observations. It should be noted,
however, that these systems have some significant limitations that constitute the main barrier
to their widespread use. As shown by previous studies in this field, time series of coordinate
changes obtained on the basis of constantly operating GNSS stations are burdened with many
effects, which leads to large discrepancies in observations, also for stations operating in
relatively small areas. Changes in the coordinates of such stations are due to several main
reasons: large-scale effects such as tectonic effects, strictly local effects such as the position of
the observation antenna or anthropogenic factors, and the effects of systematic errors of the
GNSS system. Therefore, the time series of coordinates, in addition to the useful measurement
signal, includes systematic effects ("color" noise) and random measurement noise ("white"
noise). Appropriate modeling of these effects allows for precise and reliable determination of
changes in the coordinates of observation points. The paper deals with the problem of detecting
outliers and random errors (“white” noise) in time series of coordinates generated at GNSS
stations. The results of the continuous monitoring of the movements of the earth's surface
carried out under the European research project * are presented. One of the aims of the project
is to develop methods and plans for long-term monitoring of post-mining areas in order to
reduce seismic hazards during and after the closure of coal mines. Daily solutions of high
frequency (1 Hz), implemented in real time, in a continuous mode, were analyzed. The
observations were carried out simultaneously at three checkpoints, which are monitoring
stations of the automatic measurement and processing system of GNSS observations. On their
basis, time series of coordinate changes were determined, for which systematic components,
periodic components (fluctuations) and random components (noise) were calculated.
Additionally, the mutual spatial-temporal correlation in the analyzed time series was examined.
The results of the analyzes presented in the paper were used to develop the results of long-term
measurements, which are the subject of the above mentioned project.
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Detection of measurement errors in the time series of coordinates of the
surface movement monitoring points with the use of satellite navigation
systems
Zbigniew SIEJKA and Violetta SOKOŁA-SZEWIOŁA, Poland

1. INTRODUCTION
A time series is a series of numbers that define the dynamics of changes in the analyzed
phenomenon, registered in successive moments of time (Zagdański and Suchwałko, 2016). In
the time series analyzed in the study, it was assumed that they consist of a signal and
uncorrelated random noise. The data used were real daily data of coordinate changes coming
from three stations monitoring land surface movements in three dimensions (N, E, H), in the
form of time series recorded with a 1-second interval. The stations are located in the area of the
Upper Silesian Coal Basin "in the mining area of the closed" Kazimierz-Juliusz "mine, which
is currently being flooded. They are part of the measuring module of the automatic surface
movement monitoring system, developed for the implementation of a research project with the
acronym PostMinQuake *, concerning the process of closing mines in seismically active areas.
This module consists of the above-mentioned three monitoring stations and five reference
stations, which constitute reference points for monitoring stations. They are located outside the
impact area of mining exploitation in order to ensure the stability of the reference system. The
sketch of the GNSS control and monitoring network at the Kazimierz-Juliusz facility and the
location of the monitoring stations in the field is shown in Figure 1.
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Fig. 1. Sketch of the GNSS control and monitoring network at the Kazimierz-Juliusz facility.
and the location of the monitoring stations in the field
Time series of changes in the coordinates of monitoring stations were analyzed in terms of the
occurrence of data discontinuities in time and the so-called jumps in the form of outliers.
Discontinuities in time series are caused by three types of causes: technical, human activity and
environmental causes (Kowalczyk 2015, Rapiński and Kowalczyk 2016). The most common
causes include: interruptions in station operation, change of antennas, changes in stabilization,
software and receiver update, changes in the troposphere and ionosphere, changes in reference
systems and systems, station subsidence, tectonic movements, movements caused by human
activity.
Discontinuities in time series can be defined as:
− discontinuity in time - no data for some epochs,
− discontinuity in the data of recorded coordinate changes (jumps) - in successive epochs
in relation to previous epochs.
This subject was taken up by many authors from various research centers in the country and
abroad, including (Kowalczyk and Rapiński 2017), who presented the methodology of aligning
the network of vertical movements from data from permanent GNSS stations. The problem of
detecting the detection of jumps in time series, based on the example of the study of long-term
mountain uplift, was investigated by (Goudarzi M.A. et all. 2012). On the other hand, research
was conducted on the use of MATLAB software for noise reduction in GNSS time series (He
X., et all 2020). Detection of missing data in the time series of GNSS monitoring (Liu H. and
Li L., 2022).
2. RESEARCH MATERIAL - AND RESEARCH METHODOLOGY
Since the commencement of large-scale operation of satellite measurement systems operating
in a permanent manner, it has become possible to create ever longer time series of vertical and
horizontal movements of the earth's crust on the basis of data from GNSS stations (Kontny
and Bogusz 2012).
In this paper, high-frequency GNSS observations observed with a time resolution of 1 Hz were
used as research material. Nine series of observations made on 3 control points covering the
time period of 24h were used. At each point, 86,400 observations were recorded, which were
summarized into time series showing the differences in 3D coordinates for individual
components: north, east and altitude (ΔdN, ΔdE, ΔdH). The analyzed data covers the period
from February 20, 2022 from 00:19:01 to February 21, 2022 to 00:19:00. For the original time
series prepared in this way, first of all, the discontinuity of the measurement epochs of
coordinate changes in the time series was identified as the lack of data in a set time interval.
For this purpose, two methods were used: visual (Fig. 2, 3, 4) and numerical. On their basis, no
data discontinuities in the time series were found. On the other hand, the numerical method
confirmed that each of the time series contained the complete number of observations (86,400)
for the analyzed period of time.
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In the second stage of the study, a visual analysis of the original time series in the charts was
performed (Fig. 2, 3, 4). On this basis, the occurrence of certain cycles of periodic fluctuations
in the analyzed measurements was found. In addition, basic descriptive statistics and parameters
of the normal distribution were also determined, in the form of values: minimum (MIN),
maximum (MAX), mean (AV), range (R), median (ME) and standard deviation (SD). Table 1
summarizes the empirical values of these parameters. It has been shown that the daily solutions
from individual stations for certain time periods are characterized by high differentiation and
the occurrence of outliers in time series.

Fig. 2. Original time series (ΔdN) of changes in the northern component for points 8104,
8105, 8106.
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Fig. 3. Original time series (ΔdE) of changes in the eastern component for points 8104, 8105,
8106.

Fig. 4. Original time series (ΔdH) of changes in the eastern component for points 8104, 8105,
8106.
Table 1. Summary of the basic descriptive statistics of the original time series of changes in
the coordinate components.
∆dN [m]
∆dE [m]
∆dH [m]
statistics
8104
8105
8106
8104
8105
8106
8104
8105
8106
MIN

-0.0090

-0.0068 -0.0138 -0.0165 -0.0098 -0.0149 -0.0270 -0.0253 -0.0297

MAX

0.0178

0.0195

0.0197 0.0026 0.0094 0.0083 0.0248 0.0250 0.0411

R

0.0268

0.0264

0.0335 0.0191 0.0191 0.0232 0.0517 0.0503 0.0708

AV

0.0048

0.0061

0.0036 -0.0056 0.0005 -0.0030 -0.0002 -0.0009 0.0034

ME

0.0049

0.0061

0.0035 -0.0056 0.0004 -0.0025 -0.0001 -0.0007 0.0031

SD

0.0037

0.0038

0.0045 0.0027 0.0031 0.0039 0.0077 0.0075 0.0091

The next stage of the time series analysis included the filtration of the obtained observational
data, the aim of which was, among others, the reduction of certain outliers in time, the
occurrence of which was found visually in the diagrams, and empirically confirmed in Table 1,
using the descriptive statistics provided. In order to eliminate outliers, the 3 sigm rule was used,
according to which, in the case of a normal or close to normal distribution, only a small number
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of all observations exceed the range (𝑥̅ − 3𝜎, 𝑥̅ + 3𝜎).In the analyzed time series, it was shown
that the number of outliers defined according to this principle ranged from 0.02% to 0.79%
(Table 2). In line with this rule, outliers were taken as observations that did not fall within the
limit of 3 standard deviations from the mean. These observations were eliminated from the
analyzed time series and temporarily replaced with a special no data code, and then the no data
codes were replaced with the simple arithmetic mean based on n = 10 observations preceding
no data.
In the next stage of the study, a moving average was used as a method of time series
equalization. In the paper, time series equalization was used with the use of a simple moving
average, calculated from an odd number of adjacent words in the series. This approach allows
the obtained equalization result to be assigned to the value of t located in the middle of the time
interval considered in the calculations. If the number of original terms of the series used to
calculate the mean is 2q + 1 (where q is any natural number), then the mean is calculated from
the formula:
1
𝑦𝑡 =
2𝑞 + 1

𝑞

𝑦𝑡+𝑟
𝑟=−𝑞

where:
𝑡 = 𝑞, 𝑞 + 1, 𝑞 + 2, … , 𝑛 − 𝑞

𝑦𝑡

− smoothed series value for time t

Table 2. Summary of outliers for individual time series.
∆dN [m]
∆dE [m]
∆dH [m]
Number of
observations 8104 8105 8106 8104 8105 8106 8104 8105 8106
86400 86400 86400 86400 86400 86400 86400 86400 86400
All
519
438
610
488
151
18
228
140
686
removed
[%]
0.60
0.51
0.71
0.56
0.17
0.02
0.26
0.16
0.79
removed
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
[%]
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Fig. 5. Transformed time series (ΔN) of changes in the northern component for points 8104,
8105, 8106

Fig. 6. Transformed time series (ΔE) of changes in the eastern component for points 8104,
8105, 8106.
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Fig. 7. Transformed time series (ΔH) of changes in the height component for points 8104,
8105, 8106.
Table 3. Summary of basic descriptive statistics of aligned time series, changes in coordinate
components
∆dN [m]
∆dE [m]
∆dH [m]
statistics
8104
8105
8106
8104
8105
8106
8104
8105
8106
MIN
-0.0061 -0.0051 -0.0094 -0.0135 -0.0086 -0.0147 -0.0230 -0.0234 -0.0226
MAX
0.0158 0.0173 0.0166 0.0024 0.0094 0.0083 0.0226 0.0215 0.0295
R
0.0218 0.0224 0.0260 0.0159 0.0180 0.0230 0.0456 0.0449 0.0522
AV
0.0048 0.0061 0.0036 -0.0056 0.0005 -0.0030 -0.0002 -0.0009 0.0034
ME
0.0049 0.0061 0.0035 -0.0056 0.0004 -0.0025 -0.0001 -0.0007 0.0031
SD
0.0037 0.0038 0.0044 0.0027 0.0031 0.0039 0.0077 0.0075 0.0090

3. DISCUSSION AND CONCLUSIONS
The analysis of time series assumes that the original observations contain a factor describing
the studied phenomenon and a measurement error that significantly hinders the identification
of its model. The condition for the correct identification of the studied phenomenon is the
correct analysis of errors in the sequence and its equalization. The applied approach to the time
series equalization allows for the elimination of random fluctuations as well as periodic
fluctuations from the series. Adjustment based on a moving average from more words smoother
the time series. On the other hand, the alignment of a smaller number of words better reflects
the changes taking place in relation to the values of the original variables, but the random
fluctuations of the variable have a greater impact on the smoothed series.
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The applied methodology allowed for an improvement of about 22% in the precision of
determination of observation time series by removing outliers and leveling the series. At the
same time, the empirical standard deviations (SD) for individual components of the time series,
determined in Tables 1 and 2, characterizing the average accuracy of the determined position,
remained at the same level, which means that the equalization did not significantly change the
characteristics of the original observation series, despite the fact that in set 2 outliers were
removed.
This approach, used in the process of developing the results of observations carried out as part
of the research project in question, allows the smoothing of the time series without interfering
with its internal nature and structure.
*The presented results are the subject of the European research project - PostMinQuake:
“The project leading to this application has received funding from the Research Fund for
Coal and Steel under grant agreement No 899192”. "Scientific work published as part of an
international project co-financed by the program of the Minister and Science of Higher
Education entitled "PMW" PostMinQuake financed by the Coal and Steel fund co-financed
in the Silesian University of Technology, by the Ministry of Science and Higher Education
5124 / FBWiS / 2020/2 for the implementation of a co-financed international project No. W
62 / FBWiS / 2020
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