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Abstract

Precise orbit determination is vital for the increasingly vast number of space objects around the
Earth. Moreover, accurate orbit prediction of GNSS satellites is essential for many real-time
geodetic applications, including real-time navigation. The typical way to obtain accurate orbit
predictions is using physics-based orbit propagators. However, the prediction errors accumu-
late with time because of insufficient modeling of the changing perturbing forces. Motivated
by the rapid expansion of computing power and the considerable data volume of satellite or-
bits available in recent years, we can apply machine learning (ML) and deep learning (DL)
algorithms to assess if they can be used to further reduce orbit errors.

In this study, we focus on the orbit prediction of GNSS constellations. We investigate
the potential of using different ML and DL algorithms for improving the accuracy of the
ultra-rapid products from IGS. As ground truth we consider the IGS final products, and
the differences between the ultra-rapid and final products are computed and serve as targets
for the ML/DL methods. In this context, we combine the advantages of physics-based and
data-driven ML/DL methods. Since the major errors of GNSS orbits are expected to be
caused by the deficiency of solar radiation pressure models, we consider different related
parameters as additional features to implicitly model the solar impact, such as the Cpg
terms of global ionosphere maps. In order to accurately model the effect of solar radiation
pressure on the radial, along-track and cross-track components of the satellite orbit system,
the geometric relation between the Sun, the satellite and the Earth are also considered.
Furthermore, the performances of different ML/DL algorithms are compared and discussed.
Due to the temporal characteristics of the problem, certain sequential modeling algorithms,
such as Long Short-Term Memory and Gated Recurrent Unit, show superiority. Our approach
shows promising results with average improvements of over 40% in 3D RMS within the

24-hours prediction interval of the ultra-rapid products.

Keywords: Precise orbit determination, GNSS, Machine learning, Deep learning,

Time series prediction
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Chapter 1

Introduction

The amount of space objects around the Earth has increased rapidly in recent years, which
causes increasingly high risks of collision between space objects. Therefore, precise orbit deter-
mination (POD) and prediction are vital for space science. More specifically, GNSS satellites
are some of the most important satellites for the geodetic community, and the accurate pre-
diction of their orbits is essential for many real-time geodetic applications, including real-time
navigation. The typical way to obtain accurate orbit predictions is using physics-based orbit
propagators. However, the success of physics-based propagators requires precise initial states
of the space object and good knowledge of the environmental information, which are the two
significant difficulties for POD. The insufficient modeling of the changing perturbing forces
also causes error accumulation with time, which is one of the major remaining challenges of
POD.

Motivated by the rapid expansion of computing power and the considerable data volume in
recent years, more and more scientists have applied machine learning (ML) and deep learning
(DL) in geoscience (Bergen et al.| [2019; [Reichstein et al., |2019), geophysics (Yu and May, [2021))
and geodesy (Butt et al., [2021]). More specifically, in the community of space geodesy, many
applications of ML and DL have also shown promising results, such as predicting the time
series of the Earth orientation parameters (Schuh et al.; |2002;|Gou et al., 2021]), super resolving
space geodetic data (Seyoum et al., [2019; [Irrgang et al., [2020) and modelling the time series
of GNSS station coordinates (Shahvandi and Soja, |2021; (Crocetti et al., |2021; Ruttner et al.,
2022)). Inspired by these successes and the time series characteristics of the satellite orbits, we

can apply ML and DL algorithms to assess if they can be used to further reduce orbit errors.
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There are only a few studies that try to improve POD using ML or DL approaches.
Pihlajasalo et al.| (2018) investigated the potential of using Convolutional Neural Networks
(CNN) to improve the accuracy of their orbit prediction model. They computed the orbit
errors based on the broadcast ephemerides provided by IGS and converted them into an
image-like format to feed into a very simple CNN model. The improvements on all orbit
types of GPS and Beidou constellations have been achieved. Besides, more studies focus on
the Low Earth Orbit (LEO) satellites because the influences of non-gravitational perturbing
forces are more significant than other types of orbits. Peng and Bai (2018b) have tested the
performance of another ML model called Support Vector Machine (SVM) on the LEO satellites
in a simulation-based environment. Later, they applied the same strategy on publicly available
Two-Line Element (TLE). In these two studies, they conclude that SVM can significantly
improve the accuracy on both position and velocity when the data volume is big enough.
Mortlock and Kassas| (2021) built up a Time Delay Neural Network (TDNN) for LEO satellites,
which reduces errors in tracking LEO satellite positions and effectively improves a vehicle’s
navigation performance. However, all the mentioned studies model the satellite orbits with
the accuracy of dozens of meters or even kilometers. None of them study the feasibility of ML
and DL algorithms for improving the POD at meter or centimeter level.

In this study, we focus on the orbit prediction of GNSS constellations and challenge
centimeter-level orbits. We investigate the potential of using different ML and DL algorithms
for improving the accuracy of the ultra-rapid products from IGS. As ground truth we consider
the IGS final products, and the differences between the ultra-rapid and final products are
computed and serve as targets for the ML and DL methods. In this context, we combine
the advantages of physics-based and data-driven ML and DL methods. To further study the
impacts of insufficient modelling of non-gravitation forces, we also consider different related pa-
rameters as additional features to implicitly model the solar impact since the solar radiation
pressure forces are supposed to be most significant on the altitudes of GNSS orbits (Mon-
tenbruck and Gill, 2012). The geometric relations between the Sun, the satellite, and the
Earth are also considered to model the effect of solar radiation more accurately. Besides, since
we have investigated a huge amount of different ML and DL algorithms, an emphasis of this
study is the detailed discussion about the advantages and disadvantages of different algorithms

for the application of POD.
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The rest of this report is organized as follows. In Chapter 2 the used data are described.
In Chapter [3] we explain the used data preprocessing strategy followed by the description of
used ML and DL algorithms. The results and discussions are reported in Chapter [d] Finally,

we conclude our study and propose some potential further work in Chapter



Chapter 2

Data

In this section, the data we used in this study is introduced. Firstly, the GNSS data are
treated, followed by the solar data.

2.1 GNSS Data

To analyse the satellite orbit predictions, GNSS data is used. Different data providers such
as the U.S. GPS, the European Galileo, the Chinese BeiDou, and the Russian GLONASS
regularly offer accurate orbit positions of their satellite constellations. For this project, GPS
data was used. The GPS constellation consists of 32 active satellites orbiting on six planes
(Rothacher, |2021)). The GFZ Data Service, which acts as an analysis center of the International
GNSS Service (IGS), provides different orbit products, including broadcast, ultra-rapid, rapid,
and final orbit data (IGS, 2021). Table shows the comparison of these orbit products in
accuracy and latency.

The final orbit serves as a reference for the orbit data (Mannel et al. 2020b/a). The
differences within the 24-hour observations interval of the ultra-rapid products are used as
input features, whereas the differences within the 24-hour prediction interval of the same
ultra-rapid products serve as targets. The ultra-rapid products (observation and prediction)
are available every 6 hours and consist of 24 hours observation data and 24 hours prediction
data. The availability of the ultra-rapid products is visualized in figure [2.I] The final orbit
products are available with a two-week delay, as shown in Table [2.I] The position data of
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Table 2.1: IGS products

Type Accuracy Latency

Broadcast 100cm real time

Ultra-rapid prediction  5cm real time

Ultra-rapid observation 3cm 6 hours
Rapid 2.5cm 1 day

Final 2.5cm 2 weeks

ultra-rapid as well as final orbits are available at 15-minute intervals. In this study, GPS data
from January 2019 to April 2021 is used, which includes over 200’000 data samples.

As required for machine learning tasks, the data samples are divided into training, vali-
dation and test data with proportions of 70% (144’075) and 15%(30°873) each. In a further
step of this project, GLONASS orbit data is included for additional analysis. This data are

also provided by IGS (IGS] 2021)).

03 09 15 21
B 24h of observations

24h of predictions
Published time in UTC

00 06 12 18 00 00

Figure 2.1: Schematic diagram of the IGS Ultra-rapid orbit products provided by GFZ

2.2 Solar Data

The movement of the satellites orbiting around the earth is influenced by solar activity. The

effect of solar radiation pressure varies, among other things, with the occurring number and

size of sunspots, causing an almost periodic solar cycle (NASA Space Placel 2021)). To analyse

the influence of solar activity on the satellite orbits, several solar parameters are incorporated
in this study. These are the solar flux, the K, index, and the Cpg term of the ionosphere.
Additionally, solar positions are included to enable a projection of the value of solar activity

onto the three dimensions in space.
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2.2.1 Solar Flux

One parameter, which describes solar activity is solar flux. The solar flux corresponds to the
spectral flux density of solar radio radiation at the frequency of 2800 MHz. This corresponds
to a wavelength of 10.7cm, which is why the term 10.7cm Solar Fluz is used. The 10.7cm
Solar Flux is proportional to solar activity and correlates with the number of sunspots. In this
study, data provided by Space Weather Canada is used. They provide three different values of
solar flux, the observed, the adjusted, and the Series D flux. In this case, the observed values
are used. They are measured by solar radio telescopes and used when dealing with terrestrial
observations. (Space Weather Canaday, 2021)

The 10.7cm Solar Flux values are measured three times per day. The data describing
solar activity is needed in the same 15-minute interval as the GNSS data because they are
incorporated as additional features in the process of Machine Learning. A linear interpolation
is therefore carried out based on the median values formed from the three daily solar flux

values of the same period as the GNSS data, from January 2019 to April 2021.

2.2.2 K, index

Another parameter, which is included to describe solar activity is the K, index. The K, index
was developed by Julius Bartels in 1949 as a measure for geomagnetic activity. It describes
solar particle radiation via its magnetic effects, represented by a value between 0 and 9. K,
index values from Matzka et al| (2021) are used in this study. They provide data in a time
interval of three hours. As described in the section above, the data samples are needed in a
15-minute interval. A linear interpolation was therefore also carried out with the KP-values

of the period from January 2019 to April 2021.

2.2.3 Cy term of ionosphere

The Total Electron Content (TEC) is the number of electrons along a path through the
ionosphere. Depending on the sunspot number, the TEC varies significantly and is therefore
a suitable measure to describe solar activity (Space Weather Prediction Center, 2021). In
this study, the TEC values, or Cp terms of ionosphere, provided by the University of Bern

are used. The values are monitored hourly and are expressed in total electron content units
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(TECU) (University of Bern) [2021)). In this case, too, the values are required at 15-minute

intervals. The missing values are completed with linear interpolation.

2.2.4 Solar Position

To include the position of the sun, beta angles and ephemerides of the sun are incorporated.
The beta angle describes the angle between the vector pointing from the earth towards the
sun and the projection of this vector onto the orbital plane. The value of the beta angle varies
between +75° and -75° with an annual period (Alpha Magnetic Spectrometer, 2021). Beta
angles are calculated based on the orbital elements of the satellites as well as the ecliptic true
solar longitude and the equatorial sun elevation. In this study, programs provided by the
supervisors are used to compute the beta angles for the required period from January 2019 to
April 2021. Data of the ecliptic true solar longitude is used from Astro Pizels (Fred Espenak,
2021).
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Methodology

In this chapter, the methodology of this study is introduced. This includes an overview of the
process, an explanation of the data preprocessing, and descriptions of the used algorithms and

the experiments on feature inclusion and data grouping.

3.1 Overview

Figure [3.1] shows an overview of the pipeline of this study. Firstly, the orbit errors between
the ultra-rapid products and final products are computed. Since the original products are
in the Earth-centered Earth-fixed frame (ECEF), we should transform the orbit errors into
Earth-centered initial (ECI) and Radial-Tangential-Normal (RTN) frame, which is a satellite-
fixed frame. The R, T, N differences between the ultra-rapid and final products within the
24-hours observation interval serve as basic input features for the analysis. The targets of the
ML and DL models are the differences within the 24-hours prediction interval of the same
ultra-rapid product. In addition, solar positions and solar activity parameters are included for
additional experiments. Since this approach aims to predict the orbit errors, we are dealing
with a regression problem. Multiple ML and DL algorithms for supervised regression are
therefore applied to the orbit differences. To gain the best performance, we should three

different models for the three targets.
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Predicted
RTN errors
Decision Tree (DT) Deep Neural Networks (DNN)
Random Forest (RF) Machine Deep Convolutional Neural Networks (CNN)
Multi Layer Perceptron (MLP) Learning  Learning Gated Recurrent Unit (GRU)
Support Vector Machine (SVM) Long Short-Term Memory (LSTM)
Input
features
Observed Solar Solar
RTN errors Position Activity
Final ST B angle Ephemerides F10.7 KP lonosphere

Rapid index index

Figure 3.1: Graphical representation of the pipeline of the study
3.2 Data Preprocessing

3.2.1 Generate Orbit Errors

Before we apply the ML and DL algorithms, we should preprocess the original products. We
should first align each ultra-rapid product to the corresponding final product based on the
GPS time (GPST). Then, the ECEF coordinates should be transformed into the ECI frame
for further processing. The connections between the ECEF and ECI are the Earth orientation

parameters (EOPs). Therefore, we can realize the transformation using the following equation:
r; = PNUXY -r, = R} - r, (3.1)

where rj and r, denote the orbit vector in the ECI and ECEF frames, respectively. P and N
are the precession and nutation matrices, respectively. U denotes the rotation matrix, which
is related to dUT1. X and Y are the rotation matrices describing the polar motion. All the
EOPs can be found from IERS. Besides, IERS also provides the Earth rotation matrix R}
including the full set of EOPs and diurnal and semi-diurnal variations produced by ocean tides
in polar motion and UT1 (Petit and Luzum)| 2010)). For convenience, we directly downloaded

the Earth rotation matrix and applied them to our orbit data.
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Once we have the satellite orbits in the ECI system, we should first compute the orbit

error between the ultra-rapid orbit (rj pina1) and the final orbit (rjyr):

Ari = TjUR — T Final (3.2)

Then, we should transform the orbit errors into the RTN frame:

rj
€eR — (33)
[zl
ri X Vi
ep = ——— 3.4
" Jeexowi 34
eN = enN X eR (3.5)
T
R} = legr er ex (3.6)
Arg = R} - Ary (3.7)

where eg, er, ex are the three normal vectors in the RTN frame. R} denotes the transfor-
mation matrix. Arg denotes the error vector in the RTN frame. From Eq. to Eq.
we can find that the velocity in the ECI frame is necessary. Since the original products do
not provide any information about the velocities, we have to compute them using numerical

differential:
o Tit41 — Tig—1
Vit = T st

where 0t is the time difference between two adjacent epochs. In our case is 15 min. However,

(3.8)

we can not have any information about the velocity at the very beginning and end of each
ultra-rapid product as indicated in Eq. (3.8), which means we can only obtain 190 valid data

from 192 epochs.

3.2.2 Feature Standardization

Since well-standardized features can simplify the optimization process in the ML and DL
algorithms and therefore improve their performances (Goodfellow et al.; 2016]), we should also
standardize our input features. Since our data are time series and also accumulate with time,
as shown in Fig. 3.2 we should not compute the mean values and standard deviations of
each feature, but compute the mean values and standard deviations of each feature at each

individual time epoch, namely:

fio = St (3.9)

Oit

10
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where fit and fi,t denote the original and standardized i*" feature at the time epoch ¢, re-
spectively. pi¢ and oj¢ are the mean value and standard deviation of the ith feature at the
epoch t. We use the StandardScaler in Scikit-learn (Pedregosa et all 2011) to realize the
standardization. We first train 95 scalers for each feature and also 95 scalers for the target

based on the training set. Later, the scalers will be applied on the validation set and test set.

5 Mean R errors with 1-¢ interval 0 Mean T errors with 1-¢ interval 10 Mean N errors with 1-¢ interval
Observations: Predictions Observations: Predictions Observations: Predictions

I 20 1 5 1

1 1 1

—_ 1 —_ 1 —_ 1

—_— | L

1 ] ]

1 -20 1 -5 1

] ] ]

1 1 1

5 1 -40 1 -10 1

Oh 12h 24h 36h 48h Oh 12h 24h 36h 48h Oh 12h 24h 36h 48h
Mean R errors Mean T errors Mean N errors
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g ! 5 0.22
0 : 0.2

] ] 0.18 1

1 1 1
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Figure 3.2: The mean orbit errors of the GPS constellations with 1-o interval (up) and the

zoom-in version of the mean orbit errors (down).

This standardization strategy is applied to all the input features (R, T, N errors as well
as additional features). Fig. n shows thirty examples of the RTN errors and corresponding
standardized RTN errors. The first column shows the radial errors, where we can find that
the proposed standardization can clearly reduce the magnitude difference and keep the major
features at the same time. The blue, yellow, and orange lines still have significantly larger
magnitudes than others with similar patterns as the original errors. The advantage of the
standardization is more significant for the tangential errors, where we can find that the severe

accumulation problem is resolved.
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Figure 3.3: Selected individual samples of R, T, N errors (up) and corresponding standardized

R, T, N errors (down) of the GPS constellation.

3.3 Machine Learning Algorithms

In this Chapter, the machine learning algorithms, which are applied in this study, are intro-
duced. Five different algorithms have been tested, namely Linear Regression, Decision Tree,

Random Forest, Multi Layer Perceptron, and Support Vector Machine. The free software

library scikit-learn by [Pedregosa et al. (2011) provides machine learning algorithms in the

programming language python for the mentioned methods, which were used in this study.
In order to find the optimal hyperparameters for the respective algorithm, parameter
tuning is carried out. There are different approaches to find the parameters which show

the performance without over- or underfitting the model. Search functions like Grid Search,

Random Search and Bayesian Search algorithms are provided by scikit-learn (Pedregosa et al.,

2011). In this study, Bayesian Search is applied for the hyperparameter tuning. This method is
less time-consuming than the other two and provides better results. In contrast to Grid Search
and Random Search, Bayesian Search uses information from previous evaluations. This search

algorithm is thus able to focus on the promising hyperparameters and does not necessarily

cover the entire search field, which is the case for the other two. (Koehrsen| 2018)
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3.3.1 Linear Regression

The simplest algorithm for regression is linear regression. The goal is to minimize the sum of

the squared errors, which can be represented mathematically in the following way:

n
min > (yi — wiz;)?
i=1
One can see that the squared difference between the target y; and the sum of the coefficient
w; and the predictor x; is minimized. (Sharp, Tom) 2021) The goal of linear regression is to
find the best fitting line, which models the data points the best. The concept of the algorithm
is shown in figure 3.4l (Goodfellow et all, [2016))

Linear regression example 055 Optimization of w
T T T T T -2 T T T

0.50
0.45

0.40
0.35

MSE(train)

0.30
0.25

_3 | 1 | | | 020 | | |
-1.0 =05 0.0 05 1.0 0.5 1.0 1.5

x1 w1

Figure 3.4: Concept of Linear Regression (Goodfellow et al., 2016)

In the left part of the figure, the best fitting line for the given data set is displayed and the
right part shows the optimization of the parameters w. One can thus see that linear regression
is dealing with an optimization problem. The linear regression algorithm provided by scikit-
learn (Pedregosa et all [2011) uses a number of parameters and attributes. Some of the
important parameters to mention are fit _intercept, which defines if the intercept is calculated
for the model or not, and normalize, deciding if the regressor is normalized or not before
regression (Pedregosa et al., 2011)). As mentioned before, the best-performing hyperparameters
are evaluated by Bayesian Search. Since linear regression is a simple algorithm for machine

learning, the prediction results are not expected to be outstanding.
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3.3.2 Decision Tree

Decision Tree (DT) is a common supervised machine learning model which is used for
classification and regression tasks. The trees consist of nodes, branches, and leaves.
A simple visualization of a decision tree architecture is shown in figure [3.5. The tar-
get at the root node is split into targets at the sub-nodes, which are pursued where the
weighted mean square error is the lowest. This process goes on until the dataset is split into its

smallest parts. In the case of regression, the targets are real numbers. (Jena and Dehuri, 2020))

/ /
f \ AN

Figure 3.5: Visualization of Decision Tree model (Das, Nipay, 2020))

Scikit-Learn also provides a predefined function for this machine learning model. Some
of the most important parameters of the decision tree function provided by scikit-learn are:
max__depth, min__samples _split, min__samples_leaf, max_ features. max__depth stands for the
maximum depth of the tree, min_samples split is the minimal value of samples to split a
node, min__samples_leaf is the minimal value of samples to be at a leaf node, and max_ features
is the number of features to include for the best split. (Pedregosa et al., 2011) It is crucial
to find the appropriated values for these parameters to avoid over- and underfitting. As has
already been pointed out, Bayesian Search is used to find the optimal parameters. Decision
tree is a quite powerful machine learning model and we thus expect improvements through

the application of this method.

3.3.3 Random Forest

To obtain more accurate results than a single model can deliver, ensemble models are used.

Random forest (RF) is a widely used supervised machine learning model which is composed

14



Chapter 3. Methodology Interdisciplinary Project

of multiple decision trees. A simple visualization of the concept of random forest is shown in

figure (3.6
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Figure 3.6: Visualization of Random Forest model (Das, Nipa, 2020

The data is randomly split into subsets which are then processed separately in decision

trees and are therefore less correlated. The final results are then obtained by averaging the re-

sults of the individual trees. (Vladimir Lyashenko|, 2021)) The parameters that scikit-learn uses

for the implementation of a random forest model are among others: n__estimators, max__depth,
min__samples _split, min_samples_leaf, max_features. The number of trees in the forest is

given by n_ estimators. The other parameters are similar to the ones used for decision tree

and characterize the individual trees. (Pedregosa et al., 2011)) Also for this model, Bayesian

Search is used in this study to find the best performing hyperparameters. Random forest is a
powerful and robust model and is thus expected to show improvements that are better than

the ones delivered from linear regression and decision tree.

3.3.4 Support Vector Machine

The fourth machine learning algorithm that is applied to the orbit data is support vector
machine (SVM). The goal of this algorithm is to find the best fitting line which represents the
trend of the dataset, this line is called hyperplane. In contrast to a simple linear regression,

support vector machine uses a constraint that defines the maximum error ¢ that is accepted.
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The objective function and the corresponding constraint are mathematically represented in

the following way:

1
7ninf||w||2
2
lyi —wiz;| <e

While linear regression minimizes the sum of the squared errors, support vector machine
minimizes the Iy norm of the coefficient w. The error margins (defined by the constraint) form
so-called decision boundaries around the hyperplane. Points lying in the range between the
decision boundaries are taken into account. Figure shows a visualization of the support

vector machine model.

wix; + €
WiXx;

WiXx; — &

Figure 3.7: Visualization of Support Vector Machine model (Sharp, Tom), 2021))

The red line represents the hyperplane, the two black lines are the decision boundaries at
distance € from the hyperplane. (Suthaharan|, 2016; Sharp, Tom) [2021)) Relevant parameters of
the support vector machine algorithm provided by scikit-learn are:epsilon, kernel, maz_iter.
The maximum accepted error is represented by epsilon, kernel describes the kernel type (linear,
polynomial,etc) which is used and maz__iter is the number of iterations computed by the solver.
(Pedregosa et al., [2011) To find the optimal values of these hyperparameters, bayesian search
is applied.
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3.3.5 Multi Layer Perceptron

The model of multi layer perceptron (MLP) belongs to the class of feed-forward artificial neural
networks and is, therefore, a supervised deep learning model. However, in this study, the model
of multi layer perceptron is assigned to the Chapter of machine learning algorithms. In the
Chapter on deep learning algorithms, more advanced deep neural networks like convolutional
and recurrent neural networks are included. A MLP is composed of input layers, hidden layers,

and output layers. A simple visualization of such a model is shown in Figure [3.8]

B .\
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Figure 3.8: Visualization of Multi Layer Perceptron model (Avinash Navlani, [2020

As the name feed forward artificial neural network indicates, data in a MLP flows in
a forward direction from input to output layer. The hidden layers consist of neurons with
activation functions, which define the output based on the input. The number of hidden
layers and the number of neurons contained in each layer can be arbitrarily chosen. The
results (weighted sums) of each layer are passed to the next one. During this process, the
model is able to learn due to the backpropagation function. The output (gradient of mean
squared error) of the neural network is compared with the desired output. The weights are
then adjusted accordingly in the backward direction from the output layer to the input layer.

(Elliott, Stephen, [2000; Bento, Carolina;, 2021))

The predefined function of a MLP provided by scikit-learn is used in this study. The
most crucial parameters to set in this case are among others: hidden_layer sizes, activation,
solver, max__iter. The hidden_ layer _sizes stands for the size of the hidden layers contained
in the neural network. For the sake of simplicity, we chose three hidden layers for this study
and determined the best performing sizes of the three layers. activation defines the activation

function, where there is a choice of four functions. The parameter solver stands for the solver
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of weight optimization with three optimizers to choose from. maz iter is the number of
iterations carried out by the solver. (Pedregosa et al., [2011) Bayesian Search is also used for

the hyperparameter tuning of this model.

3.4 Deep Learning Algorithms

In this section, we will introduce the basic principles of the deep learning methods that we
used in this study. Three major categories of neural networks will be introduced, namely Deep
Neural Networks (DNN), Convolutional Neural Networks (CNN), and Recurrent Neural Net-
works (RNN). In addition, different variations of RNN will be introduced in detail, including
different neurons and different structures of the networks. All the realizations of the models

are based on TensorFlow V2.4.0 (Abadi et al. 2015).

3.4.1 Deep Neural Network

The first model is a simple DNN model, which is similar to the MLP model introduced in
Section [3.3.5] The difference between DNN and MLP in this study is the number of layers.

We design a DNN with eight hidden layers with tanh as the activation function followed by
one output layer, as shown in Table

Table 3.1: Structure of the DNN model in this study.

Model Layer Activation Number of neurons Number of parameters

Dense tanh 128 367608
Dense tanh 128 167512
Dense tanh 64 8’256
Dense tanh 64 4’160
DNN  Dense tanh 32 2’080
Dense tanh 32 1’056
Dense tanh 16 528
Dense tanh 16 272
Dense - 95 1’615
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3.4.2 Convolutional Neural Network

The CNN (LeCun et al., [1998) is a specific type of neural networks that uses convolution
in place of general matrix multiplication in some layers. The most successful applications
of CNN are in the field of computer vision, where CNN-based models are used to process
image data. Moreover, CNN-based models can also be applied to time series data using the
1D convolutional operation. A more specific model called Temporal Convolutional Networks
(TCN) is introduced by |Lea et al| (2016). TCN uses the causal convolution, meaning that
the element at epoch t will only be convoluted with the non-latter elements to ensure the
information in the future will not leak back to influence the past hidden state or output, as
shown in Fig. 3.9
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Figure 3.9: The schematic representation of a TCN model (Bai et al., 2018).

In our case, however, the causal convolution is unnecessary since our inputs are in the
24h observation interval, whereas the outputs are in the 24-hours prediction interval. We can
use all the information within the observation interval to predict our target in the prediction
interval. We designed a CNN model as shown in Fig.[3.10] Considering the temporal resolution
of 15min, we use the kernel size of four, meaning that each neuron in the first hidden layer
contains information of 1h. Besides, we use the hyperbolic tangent activation function (tanh)
instead of ReLU since the negative values are also crucial for the time series prediction.
As a result, we cannot apply max-pooling layers in our model. The influences of different
activation functions and pooling layers have been investigated during this study. The results
fit our expectation that the model using tanh as the activation function and without including
pooling layers give the best performance. After two 1D convolutional layers, we use a flattening

layer to convert the 2D features into a 1D vector. Then, a fully connected layer with 64 hidden
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neurons and activation function tanh is applied to learn the non-linearity further. In the end,
an output layer is applied. The whole structure and number of trainable parameters are

summarized in Table B.2

Output layer

Fully connected layer

Flattening layer

Figure 3.10: The schematic representation of the used CNN model in this study.

Table 3.2: Structure of the CNN model in this study.

Model Layer Activation Output shape Number of parameters

ConvlD tanh (None, 92, 16) 208
ConvlD tanh (None, 89, 16) 1’040
CNN Flatten - (None, 1424) 0
Dense  tanh (None, 64) 91°200
Dense - (None, 95) 6’175

3.4.3 Recurrent Neural Network

The biggest shortcoming of the traditional neural networks is that they cannot remember the
sequential information. As a result, the performance of the traditional NNs in analyzing a

long time series is limited. Omne of the most preferred DL models for processing sequential
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data is called RNN (Rumelhart et al. [1986). The key idea of RNN is that the hidden state

at epoch ¢ is related to the external signals (x;) and previous state hy_;, namely:

ht == f (htfl, Xt 9) (310)
If we unfold Eq. (3.10)) we can get:
hy = g (x1,X2,...,x¢; 0) (3.11)

namely the hidden state at epoch t depends on all the previous inputs. This unfolding process
introduces two major advantages. First, the input size of the learned model is independent of
the length of the input sequence. Second, different epochs share the same transition function
f, which means they share the parameters (Goodfellow et al., [2016)).

Based on the basic idea of RNN, many different structures have been developed. The
most common structure is that at each epoch ¢, the model provides an output o, as shown
in Fig. [3.1Tal This kind of model can be used to do real-time monitoring. Another structure
is shown in Fig. [3.1Ib] This model only has one output at the end of the sequence, which
is usually used to summarize a sequence and give one fixed-size representation for further
processing. The difference between these two structures and more advanced structures will be

discussed in the rest of this section.

(a) The schematic representa- (b) The schematic representa-
tion of the used sequence-to- tion of the used sequence-to-
sequence (s2s) RNN model. one RNN model.

Figure 3.11: Comparison between the sequence-to-sequence structure and sequence-to-one

structure of RNN.

Besides the standard backpropagation strategy that we use to train a normal NN, we have

to apply a new strategy to train the RNN models back through time, called Back Propagation
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Through Time (BPTT). When the sequence is long, we will face the problem of multiplying
multiple gradients. This will cause major difficulties to train an RNN model, namely the
gradient vanishing problem when the gradients are too small or the gradient exploding problem
when the gradients are too big (Bengio et al., [1994; Pascanu et al., [2013)). In the following
sections, we will introduce two variants of the normal RNN neurons which can reduce this

problem to a certain degree.

3.4.3.1 Long Short-Term Memory

The Long Short-Term Memory (LSTM) is one of the most famous RNN variants, which is first
introduced by Hochreiter and Schmidhuber| (1997). The LSTM neuron contains four gates,
namely the input gate (I), forget gate (F), output gates (O), and cell state (C). Eq.
to Eq. show a full set of mathematical representation of a LSTM neuron:

L,=o0 (Ul %+ W/ h_y+b]) (3.12)
Fii=o0 (UZF x¢+ W/ hyq + bf) (3.13)
0,1 =0 (U? - x; + W - hyy +bf) (3.14)
Cit=Fi1 xCi1+ 1 %0 <UZC x¢ + W hyq + bzc) (3.15)
h,; = tanh (Cyy) * Oy (3.16)

where U and W are trainable weight matrices whereas b are biases. The subscripts denote
the time epoch ¢ of the ™" neuron within a layer. o and tanh denote the sigmoid and the
hyperbolic tangent activation function, respectively. * is the element-wise product.

Fig. shows a schematic representation of a LSTM neuron. The upper flow shows the
transition of the cell state, whereas the under flow shows the transition of the hidden state
through time. The first vertical gate is the forget gate, which controls whether the new state
should contain the information from the previous state. If the second term of Eq. close
to zeros, the whole cell state will not be zeros due to the presence of the forget gate. The
second vertical gate is the input gate, which imports the information from the input features
x; ¢ and combines it with the previous hidden state. The last vertical gate is the output gate,
which decides to which degree the next hidden state should be influenced.

The used LSTM model in this study is reported in Table which follows the structure
introduced in Fig. [3.11b] The output of the last LSTM layer will serve as the input of a fully
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Figure 3.12: The schematic representation of a LSTM neuron (Colah, 2015)

connected layer with a hyperbolic tangent activation function. The last fully connected layer
serves as the output layer and therefore without activation function. A certain limitation
of this structure is that the final output will no longer be considered as a sequence by the
network. As a comparison, another sequence-to-sequence LSTM model (Fig. is also
built up. The results are shown in Section [£.2.2] which demonstrates the invalidity of the

sequence-to-sequence structure for our purpose.

Table 3.3: Structure of the LSTM model in this study.

Model Layer Output shape  Number of parameters

LSTM (None, 95, 128) 67584
LSTM (None, 95, 64) 49°408
LSTM LSTM (None, 32) 12416
Dense (None, 128) 4’224
Dense  (None, 95) 127255

LSTM networks show a noticeable ability to learn long-term dependencies. However,
the major disadvantage of such networks is that they have many trainable parameters, which
means we need a huge dataset to properly train the model. To solve this problem, some

variants and alternatives to LSTM are introduced.

3.4.3.2 Gated Recurrent Unit

Another famous RNN variant is Gated Recurrent Unit (GRU) introduced by (Cho et al.| (2014)).
As shown in Fig. [3.13] the GRU neuron consists of a reset gate (r), an update gate (z) and an
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output gate where the candidate activation vector h is generated. In this structure, the cell

state and hidden state are merged. The mathematical representations are:

zit = o (U] -x¢ + W7 -hy_1 + b}) (3.17)
rit =0 (Uj-x;+ Wj -hiq +by) (3.18)
h;; = tanh (U - x; + W (v;, % hy 1) + b') (3.19)
hiy = (1—2zi4) % hyy 1 + 2%y (3.20)

where U and W are trainable weight matrices whereas b are biases. The subscripts denote
the time epoch ¢ of the ™" neuron within a layer. ¢ and tanh denote the sigmoid and the
hyperbolic tangent activation function, respectively. * is the element-wise product.

We can immediately realize that the most significant advance of GRU compared to LSTM
is that GRU contains less trainable parameters. This means that training a GRU network
will be much easier than training the same network with LSTM neurons. On the other side,
however, fewer parameters also mean less power in specific problems, especially with long time

series.

hi—1 r

o |

Figure 3.13: The schematic representation of a GRU neuron (Colah, 2015)

The used GRU model in this study is reported in Table[3.4 We keep the structures of the
LSTM and GRU models the same to analyze the different performances of these two neurons

in Section [L.2.11

3.4.3.3 Bidirectional structure

As we mentioned above, the major problem of the basic sequence-to-sequence structure is that
the output o; does not contain any information of the latter epochs, such as x;11. This is
true for real-time modelling and many time series prediction problems since we cannot get

information from the future. However, in our case, the whole output sequence (prediction
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Table 3.4: Structure of the GRU model in this study.

Model Layer Output shape  Number of parameters

GRU  (None, 95, 128) 51’072
GRU  (None, 95, 64) 37248
GRU GRU (None, 32) 9’408
Dense (None, 128) 4°224
Dense (None, 95) 127255

interval) is behind the whole input sequence (observation interval), which means every single
output should contain all the information from the whole input sequence. One solution is called
bidirectional RNN (biRNN), which is first introduced by |Schuster and Paliwal (1997). The
basic idea of biRNN is shown in Fig. that it combines two RNNs. One moves forward
through time, whereas the other moves backward through time. Therefore, the output o;
depends on both the future and the past, but more sensitive to the input values around time

t.

Figure 3.14: The schematic representation of a bidirectional RNN structure.

In our study, we combine the LSTM neuron with the biRNN structure to generate the
bidirectional LSTM model (biLSTM) as shown in Table The first Dense layer is followed
by a tanh activation function, whereas the last one is without activation functions to serve as
the output layer. We can clearly notice that one major shortcoming of this model is the number
of parameters. Since the LSTM neuron is already complicated as described in Section [3.4.3.1

and the bidirectional structure further increases the complicity of the model, the number of
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available training data might prevent successful training. The influence of the number of

parameters will be discussed in detail in Section [4.2.2]

Table 3.5: Structure of the biLSTM model in this study.

Model  Layer Output shape  Number of parameters
Bidirectional(LSTM) (None, 95, 256) 135’168
Bidirectional(LSTM) (None, 95, 128) 164’352

biLSTM  Bidirectional(LSTM) (None, 95, 64) 41°216
TimeDistributed(Dense) (None, 95, 32) 2’080
TimeDistributed(Dense) (None, 95, 1) 33

3.4.3.4 Encoder-Decoder structure

Another solution that allows us to include the information of the whole input sequence to
predict the targets is called Encoder-Decoder structure (Cho et all 2014; Sutskever et al.
2014). As shown in Fig. , the network consists of two parts. In the Encoder part, the
input features x; to x, will be fed into an RNN model and generate a context vector C, which
represents a summary of the whole input sequence and serves as input features of the Decoder
model. The context vector C will be copied m times where m is the length of the output
sequence. One of the most significant contributions of the Encoder-Decoder structure is that
the output sequence does not have to have the same length as the input sequence. In our

study, however, m = n = 95.
Encoder Decoder
()—()—-3—0) | () @) - (o

| c 1
@ & T @ ‘ (b))

Figure 3.15: The schematic representation of a Encoder-Decoder RNN structure.

In this study, we also combine the LSTM neurons with the Encoder-Decoder structure

to generate the model called Encoder-Decoder LSTM (EDLSTM), as shown in Table. Similar
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to the biLSTM, the penultimate Dense layer is followed by an activation function, and the
last one serves as the output layer. An explicit limitation of the EDLSTM is that the context
vector cannot be too small. Otherwise, the Decoder cannot obtain sufficient information to
predict the output sequence properly (Bahdanau et al., 2014). Therefore, we also face the

problem of too many trainable parameters with this model, which will be discussed in detail

in Section [4.2.2]

Table 3.6: Structure of the EDLSTM model in this study.

Model Layer Output shape  Number of parameters
LSTM (None, 95, 128) 67,584
LSTM (None, 128) 131,584
Repeat Vector (None, 95, 128) 0
EDLSTM
LSTM (None, 95, 64) 49,408
TimeDistributed(Dense) (None, 95, 64) 4,160
TimeDistributed(Dense) (None, 95, 1) 65

3.4.4 Combination of CNN and RNN

Donahue et al.| (2015) combined CNN and LSTM to process a sequence of images. The visual
features are first extracted using CNN and then fed into LSTM to give predictions. Nowadays,
the idea of combining CNN and LSTM is getting more noticeable in time series prediction
as well. The motivation behind it is that the 1-dimensional CNN layers focus on local areas
and extract high-level features. Then, LSTM layers can obtain these features and capture the
long-term dependency.

There are two common ways to combine CNN and LSTM for time series prediction.
First, we can deal with the problem as a sequence-to-sequence problem (Fig. [3.16a)). We
keep the sequence length the same as we want with the help of the padding option. After
several 1D CNN layers, we connect the outputs to the RNN layers, which means the different
channels will be considered as different features in the RNN layers. Since the high-level features
extracted by the CNN layers usually do not contain all information of the whole sequence, the

bidirectional RNN is preferred for our purpose. The other idea is combining the CNN layers
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with the Encoder-Decoder structure (Fig.[3.16b]). First, some high-level features are extracted
from several 1D CNN layers. Then, the outputs of the CNN layers will be flattened into a
1D vector, which serves as the context vector in the Encoder-Decoder structure as shown in

Fig. 315

Output layer Decoder
Time distributed dense layer Repeat vector layer
Bidirectional RNN layer Flattening

(a) Combination of CNN and bidirec- (b) Combination of CNN and Encoder-
tional RNN. Decoder RNN.

Figure 3.16: The two strategies to combine CNN and RNN.

The central difficulty for us to apply the second idea to combine CNN and RNN is that the
dimension of the context vector after flattening is too high for an RNN Decoder. Since we did
not apply any pooling layers, the CNN layers do not reduce the sequence length significantly,
and the length of the vector after flattening will be sequence length times the number of
channels, which is a huge number. Therefore, we choose to use the first idea to combine CNN
and RNN. The model used in this study is called CNNLSTM since we use the LSTM neurons.
The structure of the used CNNLSTM model is reported in Table [3.7]

3.4.5 Optimization strategy

Hyperparameter tuning is one of the most critical steps of DL algorithms. After some initial
tests, we decided on some potential selections of batch size, loss function, optimizer, and
learning rate. Then, a grid-search strategy has been implemented by using Weights and
Biases (Biewald|, |2020)) to find the best combination of the hyperparameters. An example of
the hyperparameter tuning results of the CNNLSTM model is shown in Fig. [3.17]

Based on these results, we decided to use the following combination of hyperparameters:
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Table 3.7: Structure of the CNNLSTM model in this study.

Model Output shape Number of parameters
ConvlD (None, 95, 4) 52
ConvlD (None, 95, 8) 136
ConvlD (None, 95, 16) 528
CNNLSTM Bidirectional(LSTM) (None, 95, 60) 11280
Bidirectional(LSTM) (None, 95, 25) 8400
Bidirectional(LSTM) (None, 95, 14) 2'016
TimeDistributed(Dense) (None, 95, 1) 15
Batch Size Loss Optimizer Learning Rate Max. Improve [%]
550 sqd e 70
500 — . 65
e-2 - 60
450 4 de-2 -
400 3e-2 :
350 — e-2 5
300 40
Te-
250 -
200 5e-3 -
150 - 4e-37
3e-3
100
e-3
50
0- atam 1e-3 0

Figure 3.17: The grid-search results of hyperparameter tuning of the CNNLSTM model

Batch size: 512

Loss function: mean absolute error (MAE)

Optimizer: Adam (Kingma and Bal, 2014)

Learning rate: 0.001

The MAE loss function means:

N

arg min Z |yi7pred - yi,true|
w i=1

(3.21)
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where N is the number of training samples. The MAE loss function is more robust against

outliers than the mean squared error and therefore shows superiority in our purpose.

3.5 Feature Inclusion and Grouping

In this section, the inclusion of additional features (besides standardized RTN error compo-
nents) and the grouping of orbit data is introduced. These experiments are carried out to

analyse their influence on the results of the orbit predictions.

3.5.1 Feature Inclusion

In Chapter [3.2.2] the main features involved for the machine learning approaches, the stan-
dardized RTN errors, are presented. In addition to this, further features are included in order
to analyse their effect on the orbit predictions. As discussed in Chapter [2.2] solar activity
influences the movement of the satellites on their orbits. It thus seems reasonable to include
solar parameters as additional features to potentially improve the machine learning results.
The solar parameters introduced in Chapter (Solar Flux, K, index, Cpg) are all added
individually as additional features to the input data. The matrix (3.22)) shows a simplified

structure of the input matrix with the RTN errors and potential additional features.

R _errory T errory N__errory featurely
R errorg T errorg N _errory featurels
/ (3.22)

R _error,, T errory,, N__error, featurels

Further experiments are carried out with the Cpo terms of ionosphere. Besides adding
the terms as a single additional feature, the beta angles of solar position are included as a
second additional feature. Moreover, the Cq o terms of ionosphere are projected separately on

the RTN components depending on the solar positions.
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3.5.2 Grouping

In addition to the inclusion of further features, different groupings of orbit data are tested.
Thus it is to be analysed whether different groupings of the satellite data lead to different
results of the prediction errors. The first criterion after which the data is grouped is the
orbital planes. GPS satellites are arranged in six orbital planes, named plane A-F, with
different values of the ascending node. (Rothacher et al.,[2021) Figure shows exemplarily
the constellation according to the orbital planes of the GPS satellites on the 1st of September
2021. Satellites of the same plan thus have similar orbital conditions. To group the satellite

data according to their planes could have a positive effect on the orbit prediction.
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60 NS3. C4E. NET BT
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GPS Orbital Planes
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Figure 3.18: Example of GPS constellation (U.S. Coast Guard Navigation Center, [2021)

Another criterion to group the data is the block in which they were launched. GPS
satellites are launched in blocks, depending on the generation they belong to (Rothacher
et al., [2021)). Figure shows the allocation of the individual satellites to the respective
block with different colours (green, red, blue). From block generation to block generation,
the satellites have been further developed and optimised. Grouping by blocks could therefore
have a positive influence on the orbit prediction since satellites in a block have a similar stage

of development and thus similar characteristics.
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3.6 Evaluation metrics

In order to evaluate the performance of our methods numerically, we introduce some evaluation
metrics in this section. Since our task is time series prediction, we will evaluate our results in
two aspects: the relationship between the averaged performance of all the samples and time
and the averaged performance over time of each sample. The evaluation metrics are defined

as following:

it = Yit — it (3.23)
AR
RMS; = % (3.24)
S 2
RMS; = | ==L Vi (3.25)
S
S 2
Num {RMSZ- < \/721&51?4”}
PR = - -100% (3.26)

where y, ¢, and § denote the true errors, predicted errors using the models, and reduced
errors, respectively. The subscripts denote the time epoch ¢ of the i*® sample. N and S are
the number of samples and sequence length (95), respectively. Therefore, RMS; describes
the averaged performance over all samples at the individual time epoch ¢, whereas RMS;
describes the averaged performance over all time steps of the i*" sample. The positive ratio

(PR) describes the proportion of samples that our approach provides positive improvement.
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Results and Discussion

In this section the results are presented and discussed. Firstly, the performance of the ma-
chine learning approaches are analysed, followed by the performances of the deep learning

approaches.

4.1 Machine Learning

In the first subsection an overview of the ML results is given. Subsequently, the performance
of the individual algorithms is discussed, followed by an analysis of the experiments of feature

inclusion and grouping.

4.1.1 Results Overview

In this section, the results of the five applied ML algorithms, namely linear regression, decision
tree, random forest, support vector machine, and multi layer perceptron, are discussed. First,
an overview of the results is given, followed by a discussion of the performance of the individual
algorithms. Figurel4.1]shows the RMS w.r.t. propagation time of the improved orbit computed
by the ML algorithms compared to the original ultra-rapid data. In addition to this, Table
contains the statistics of the absolute improvements.

It is visible in Figure that MLP outperforms the other algorithms significantly. The
radial component (top left) shows a clear 12h periodicity. Linear Regression provides surpris-
ingly good results, which are comparable to those of RF. As expected, DT performs worse than

RF, but still shows significant improvements. Remarkably worse results are delivered by SVM,
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which contains numerous jumps along with the time interval. Similar behaviour is visible for
the tangential component (top right). In this case, MLP shows even better improvements in
comparison to the other algorithms, especially with increasing propagation time. This implies
that the accumulated tangential orbit errors can be grasped best by MLP. The most challeng-
ing component to model is the normal component (bottom left). In contrast to the other two,
the normal component doesn’t feature a detectable periodicity like the radial component, nor
a similar error accumulation like the tangential component. None of the algorithms applied
clearly outperforms the others, however, MLP and linear regression show slightly better results
than RF and DT. SVM is not capable to improve orbit errors and exhibits a large number
of jumps. Considering the 3D RMS (bottom right) it can be stated, that the majority of the

applied ML algorithms shows significant improvements.

6 i 40 .
— Original ——RF —— Original ——RF
5F LiR ——SVM 1 LR  ——SVM
—DT MLP Ll —DT MLP
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Radial P> | | _Tangential

0 : : : 0
0 6 12 18 24 0 6 12 18 24
Propagation time [h] Propagation time [h]
12 T 40 :
——Original —RF ——Original —RF
10+ LiR —SVM . LiR —SVM
_ —DT MLP __30t—DT MLP
E 8t e
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2 6! 220}
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2 [y 4
Normal : 3D
0 : ‘ ‘ 0 : ‘ ‘
0 6 12 18 24 0 6 12 18 24
Propagation time [h] Propagation time [h]

Figure 4.1: The RMS w.r.t. time of the five ML models and the original ultra-rapid prod-
ucts. The four sub-figures show the Radial RMS, Tangential RMS, Normal RMS, 3D RMS,

respectively.
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The superiority of MLP is also reflected in the statistics shown in Table [£.1] where the
absolute improvements w.r.t. time are displayed in centimeters. Apart from one exception
MLP consistently delivers the best results. Especially to mention is the performance of this
algorithm regarding the average result of the tangential component. This demonstrates that
MLP best captures the strong accumulation of the tangential orbit errors. Linear regression
provides good results as well, followed by random forest and decision tree. Less promising

results are delivered by SVM, which is especially visible in the normal component.

Table 4.1: The maximal, averaged, minimal absolute improvements w.r.t. time in centimeter

of the five models. The best performances are highlighted.

Radial Tangential Normal 3D
Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min.

LiR 1.1 04 02 | 131 46 20 1.5 05 04 | 131 54 22
DT 0.9 0.5 0.1 9.0 3.7 1.7 1.1 0.5 0.2 9.0 3.8 1.7
RF 1.1 05 02 | 127 50 19 14 07 02 | 128 50 2.0
SVM | 0.7 0.3 0.1 6.7 32 0.8 0.0 -04 -06 | 67 33 10
MLP| 1.3 08 03 |14.2 9.1 5.0 14 1.0 04 | 143 9.1 5.3

Table [4.2] shows the positive ratios of the applied ML algorithms. The radial component
can be captured best, while the tangential component is more challenging to improve. The
accumulation of orbit errors in the tangential component is responsible for this. Overall, MLP

shows the highest positive ratios, followed by linear regression, RF, and DT.

Table 4.2: The positive ratio of the five ML models [%].

Model Radial Tangential Normal 3D

LiR 78 23 73 28
DT 73 61 67 67
RF 33 66 72 73
SVM 45 22 28 22
MLP 81 66 73 74
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To analyse the results provided by ML algorithms in more depth, Figure shows box-
plots of the relative improvements of individual samples w.r.t. the original products in per-
centage. The absolute improvements can be found in Figure [A.I] The representation of the
performance emphasises the superiority of MLP once more. Interesting to see is that linear
regression shows good median improvements, as already seen in Figure [4.1] the data however
is distributed over a significantly wider range compared to DT, RF, and MLP. SVM again

shows rather unpromising results.
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Figure 4.2: The relative improvements of individual samples using the five ML models w.r.t.
the original ultra-rapid products in percentage. The four sub-figures show the Radial improve-

ments, Tangential improvements, Normal improvements, 3D improvements, respectively.

4.1.2 Discussion about Linear Regression

As seen in the previous section, linear regression shows promising results for orbit error pre-

diction. Although this is the simplest ML algorithm applied in this study, the performance
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of linear regression comes close to the one of the deep learning algorithm MLP. The positive
ratio of the tangential component obtained by linear regression however shows significantly
less performance than MLP, since this algorithm better captures the error accumulation of this
component. The modelled improvements are distributed over a wide range for the tangential
and the radial component, cf. Figure [1.2]

The results for the best performing parameters obtained by bayesian search correspond
to the default settings of the algorithm provided by scikit-learn (Pedregosa et al., 2011]). The

used parameters are listed below:

o fit_intercept: True (intercept is calculated for model)

« normalize: False (regressor not normalized before regression)

In conclusion it can be said that linear regression shows promising results despite the

simple linear approach of this algorithm.

4.1.3 Discussion about Decision Tree

Also, the rather simple ML algorithm DT shows significant improvements in orbit error pre-
diction. The results do not come up to those of MLP, but overall provide useful results. For
this algorithm as well, the normal component is most challenging to model. Nevertheless, DT
is able to capture the main trend of this orbit error component. The distribution of the data
is rather compact and demonstrates certain stability in the prediction of this algorithm, cf.
Figure

As already mentioned in Section [3.3.2] also for this model the predefined algorithm from
scikit-learn (Pedregosa et al., |2011) is used. The parameter settings obtained by bayesian

search are listed below:

max_ depth: 50 (depth of the tree)
o min_samples_split: 2 (min number of samples required to split)

o min_samples_leaf: 18 (min number of samples required at leaf node)

max_ features: auto (number of features considered)

Overall, DT shows promising results and a certain stability in the prediction throughout

all components.
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4.1.4 Discussion about Random Forest

As expected, RF performs better than DT. The results are nevertheless comparable and show
similar behaviours. RF throughout provides promising improvements, even the trend of the
tangential component is clearly captured. Of the ML algorithms applied in this study, only
MLP outperforms RF regarding the positive ratio, cf. Table 1.2l Comparable to DT, the
distribution of the data is rather compact, cf. Figure [4.2]

The best performing parameters of RF, obtained by bayesian search, are listed below:

n_estimators: 125 (number of trees in the forest)

max_ depth: 23 (depth of the tree)
o min_samples_split: 2 (min number of samples required to split)

o min_samples_leaf: 2 (min number of samples required at leaf node)

max_ features: auto (number of features considered)

In summary it can be said, that RF is able to provide significant orbit error improve-
ments. As well as DT, the algorithm demonstrates stability throughout the prediction of all

components.

4.1.5 Discussion about Support Vector Machine

SVM provides the least fitting results. The RMS w.r.t. time shows numerous jumps and
outliers along the time span, cf. Figure Throughout all components and ratios, SVM
shows the worst performance compared to the other ML algorithms applied on the orbit data.
Also for SVM the normal component is the most challenging one to model, where almost no
improvement is achieved in this case, cf. Table [4.1]

The chosen hyperparameters used for this model, which are obtained by bayesian search,

are listed below:
o epsilon: 0.12 (range of decision boundary)
o kernel: rbf (kernel function)

o max_iter: 180 (number of iterations)
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In the context of this study, SVM could not show promising results. Overall, SVM can
slightly improve the orbit prediction errors for the radial and the tangential component, how-
ever, numerous jumps and outliers appear in the time series, cf. Figure 4.1} The performance
of SVM is rather surprising compared to the performances of the other algorithms applied,
since SVM is known as a robust and accurate ML approach (Suthaharan, 2016)). In a study of
Peng and Bai| (2018a) it has been shown, that SVM is able to improve the orbit error accuracy
by capturing the underlying pattern with good performance. Unfortunately, this is not the
case in this study. There is no obvious reason to explain the behaviour of the performance of
SVM in this study. However, a crucial parameter, which has to be set for SVM, is the kernel
function. An unappropriated kernel function can lead to bad performance of the algorithm
(Han et al., 2012). Although the parameter search was carried out with bayesian search and
therefore the best performing values are traced, unappropriated parameter settings may lead

to the rather bad performance of SVM.

4.1.6 Discussion about Multi Layer Perceptron

As already indicated in Section [£.1.1, MLP shows promising results throughout the analysis
and outperforms the other algorithms to a fair extent, cf. Table[d.1} It is to be expected, that
MLP shows superiority in this framework since this algorithm belongs to the class of deep
neural networks and not the basic ML algorithms. Particularly noteworthy is the absolute
average improvement of the tangential component w.r.t. time, cf. Table [£.Il This value
exceeds the ones achieved from the other ML algorithms by almost double.

The parameter settings used in this study, obtained by bayesian search, are listed below:

hidden layer sizes: (23,16,9) (number of hidden layers and sizes)

activation: relu (activation function)

solver: adam (solver for weight optimization))

max__iter: 68 (number of iterations)

Thus it can be said, that MLP shows highly promising results. The performance of MLP
is stable throughout the process and shows high positive ratios, cf.
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4.1.7 Discussion about Feature Inclusion and Grouping

As introduced in Section [3.5.1] parameters describing solar activity are incorporated in the
process of ML to analyse their influence on the orbit error prediction. Three different param-
eters, namely 10.7cm flux, K}, index, and Cg o term of ionosphere, are separately incorporated
as additional features. Here, the results of the feature inclusion using the best performing
ML algorithm MLP (cf. are shown. The different experiments of inclusion of solar

parameters are listed below:
o F1: Include 10.7 ¢m Solar Fluzx as additional feature
o F2: Include K, index as additional feature
o F3: Include Co term of ionosphere as additional feature

The statistics of the three experiments in comparison to the basic MLP approach are
shown in Table [£.3] None of the included features leads to significant improvements in the
orbit error prediction. A possible cause of this is that all three solar data sets are expanded
with linear interpolation due to temporal resolution of the orbit data, cf. This process
may influence the data sets in a way that the ML algorithms cannot benefit from the feature

inclusion.

Table 4.3: The maximal, averaged, minimal absolute improvements w.r.t. time in centimeter

of MLP and MLP with inclusion of solar parameters. The best performances are highlighted.

Radial Tangential Normal 3D
Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min.

MLP| 1.3 08 03 |14.2 91 5.0 1.4 10 04 |143 91 5.3
F1 1.2 0.8 02 | 140 93 49 1.3 1.0 03 | 141 9.3 5.0
F2 1.3 07 03 | 141 &7 5.1 1.1 09 04 | 142 89 5.3
F3 1.3 0.8 02 | 135 91 50 1.4 1.0 04 | 136 91 52

In further analysis, we show that the inclusion of Cpo term of ionosphere is able to

contribute to the orbit error prediction, cf. [4.2.3]
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Next to feature inclusion, we tried different data groupings to analyse their influence on
the orbit error prediction, cf. The grouping of data according to the six orbital planes
and the block generation does not show any improvements in orbit error prediction. These

two criteria are thus not conducive within the context of ML approach.

4.2 Deep Learning

4.2.1 Results Overview

In this section, we present and discuss the results of the four basic DL algorithms, namely
DNN, CNN, GRU, and LSTM. The results using advanced structures of RNN are reported
and discussed in Section 2.2

Fig. [4.3] show two examples of our data and the corresponding predictions using LSTM.
These results prove that our proposed method can provide good predictions on both kind of

orbits with (Fig. b)) or without (Fig. a)) strong error accumulation.
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Figure 4.3: Two selected samples with (down) and without strong error accumulation (up)

and the corresponding prediction results using LSTM.
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Fig. |4.4] shows the behaviour of RMS; w.r.t. propagation time of the improved orbit
using the four DL models compared to the original ultra-rapid products. The statistics of
the absolute improvements are shown in Table [{.4] All the four models show significant
improvements. Comparing the three components we can find that the periodicity of 12h is
clear in the radial components (Fig. a)). The performances of GRU and LSTM are very
similar, and both of them show clear superior to DNN and CNN. In Fig. b) we can see
that LSTM clearly outperforms GRU, especially when the propagation time is relatively long,
meaning that LSTM can capture the strong accumulation in the tangential orbit errors better.
This demonstrates the advantage of LSTM in solving the long-term dependencies. However,
GRU and LSTM do not outperform others clearly in the normal errors (Fig. c)). This
may be because the normal components are the most difficult for DL models of the three, as
they are neither as well-defined periodic as the radial components nor as significantly error-
accumulating as the tangential components. Therefore, all the DL models can hardly capture
a clear relationship between the input features and targets.

Besides, the good performance of the sequential modelling is also proved by the statistics
shown in Table [£.4] All the best results are from GRU and LSTM. Among them, LSTM
outperforms GRU, especially in the tangential components, which demonstrates the necessity
of the complicated neuron of LSTM for our study. The LSTM neural network achieves the
performance with maximal absolute improvement of RMS; over 16.8 cm and averaged relative
improvement of RMS; over 45%. Besides, the maximal relative improvement of RMS; is over
70% at the first epochs of the propagation. Because of the excellent performance of LSTM,
later in Section [£.2.2] all the advanced RNN structures use LSTM neurons.

We also analyzed the performance of the DL models on individual samples. Since we
are using DL models to predict the differences between the ultra-rapid products and the
final products, sometimes the DL model could hurt the accuracy of the ultra-rapid products
when they give terrible predictions. Therefore, we report the relative improvements (Fig. |4.5))
and absolute improvements (Fig. of RMS; to analyze the performance of the models
on each individual samples. The positive ratios are represented in Table [£.5] The radial
components are the easiest for the DL models to improve due to the periodicity, whereas

the tangential components are the most difficult due to the error accumulation. Besides, all
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Figure 4.4: The RMS; of the four basic DL models and the original ultra-rapid products.
The four sub-figures show the a) Radial RMS;, b) Tangential RMS;, ¢) Normal RMS;, d) 3D

RMS;, respectively.

Table 4.4: The maximal, averaged, minimal absolute improvements of RMS; in centimeter of

the four models. The best performances are highlighted.

Radial Tangential Normal 3D
Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min.

DNN 1.2 09 06 | 101 62 2.1 1.8 09 05 | 103 63 26
CNN 1.5 1.0 07 | 130 76 2.7 1.9 1.0 05 | 132 76 3.3
GRU 1.9 13 10 | 150 89 3.5 20 11 06 | 152 9.0 4.0
LSTM| 1.8 1.3 1.1 167 9.7 3.8 | 20 1.1 0.7 |16.8 9.7 4.3

the four models have similar performance in the aspect of positive ratio with slightly greater

median improvements of GRU and LSTM as shown in Fig.
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Figure 4.5: The relative improvements of RMS; using the four basic DL models w.r.t. the origi-
nal ultra-rapid products in percentage. The four sub-figures show the a) Radial improvements,

b) Tangential improvements, ¢) Normal improvements, d) 3D improvements, respectively.

Table 4.5: The positive ratio of the four basic DL models [%)].

Model Radial Tangential Normal 3D

DNN 85 69 73 76
CNN 86 70 73 76
GRU 38 70 75 7
LSTM 88 70 75 7

4.2.2 Discussion about RNN

As we mentioned in Section [3.4.3] we know that the original sequence-to-sequence modelling is
not feasible for our purpose since we should summarize the whole input sequence. Therefore,
we report the results of the more advanced RNN structures in this section. Since the results in

Section prove that the LSTM networks outperform GRU networks, all the structures are
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combined with the LSTM neurons, namely biLSTM, EDLSTM, and CNNLSTM. Besides, the

results of the original sequence-to-sequence modelling LSTM are also reported to demonstrate

our expectations.
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Figure 4.6: The RMS; of the five different LSTM structures and the original ultra-rapid
products. The four sub-figures show the a) Radial RMS;, b) Tangential RMS;, ¢) Normal

RMS;, d) 3D RMS;, respectively.

Fig. [4.6]shows the behaviour of the RMS; of the improved orbit using the five LSTM mod-

els compared to the original ultra-rapid products. The statistics of the absolute improvements

of RMS; are shown in Table We can notice that the LSTM (s2s) performs much worse

than all the other models, especially at the first epochs. As we described in Section [3.4.3] and

showed in Fig.[3.11a], the outputs on the first few output epochs only contain the information

on the first few input epochs, which is unreasonable for our purpose. On the other side, the

outputs on the latter epochs contain more information of the input sequence. Therefore, the

performance of LSTM (s2s) on the latter epochs is much better.
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Table 4.6: The maximal, averaged, minimal absolute improvements of RMS; in centimeter of

the five different LSTM structures. The best performances are highlighted.

Radial Tangential Normal 3D
Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min.

LSTM 1.8 1.3 1.1 |16.7 9.7 38 20 11 0.7 |16.8 9.7 43
LSTM (s2s) | 1.8 08 03 | 104 31 0 1.8 0.6 0 10.7 33 0.2
biLSTM 1.8 1.3 1.1 | 143 89 3.3 1.9 1.0 06 | 145 89 38

EDLSTM 1.9 13 10 | 145 90 3.9 18 1.1 06 | 147 9.0 44
CNNLSTM | 1.8 1.2 09 | 140 89 3.2 1.9 1.0 05 | 142 89 3.7

Besides, we can also notice that the advanced variants of LSTM do not provide significant
improvements. The possible reason is the number of trainable parameters. As mentioned in
Section [2.1] we have 144’075 training samples in total. However, all the advanced structures
(biLSTM, EDLSTM, CNNLSTM) have more trainable parameters. Although the DL models
can usually keep good generality with more trainable parameters than training samples, they
may perform worse for certain complicated tasks where the relationship between the input
features and outputs is not very strong. In these cases, the models with more trainable
parameters will suffer overfitting problems. In our study, all the DL methods suffer the
overfitting issue, which can be observed when comparing the training and validation loss.

Here we give the examples of the validation (training) loss of the tangential components:
o LSTM: 0.2698 (0.2242)
o LSTM (s2s): 0.3761 (0.3490)
o bIiLSTM: 0.2766 (0.2163)
« EDLSTM: 0.2717 (0.2020)
o CNNLSTM: 0.2627 (0.2482)

We can see that biLSTM and EDLSTM suffer the overfitting issue more strongly than LSTM
because they have much smaller training loss but higher validation loss. This indicates that

these two models are more powerful than the LSTM model to capture the relationship between
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the input features and outputs. However, the insufficient number of data is the reason that
limits their performance. We applied different strategies to reduce the overfitting issue, such as
including the Dropout layers or applying the regularization. However, non of those strategies
solve the overfitting issue efficiently. CNNLSTM has an even better validation loss than LSTM
but slightly worse results. This is a typical problem in the optimization process of DL models
in that the optimizing target is different from our final target. In order to solve this problem,
some specific costuming loss function is needed.

Fig. shows the relative improvements of RMS; using the five LSTM variants with
the positive ratio shown in Table They demonstrate again that the sequence-to-sequence
structure is infeasible for our purpose and all the other methods provide similar results. How-
ever, we can also observe that the CNNLSTM model provides a slightly higher positive ratio
and the under boundary of the box plot is better than -50 %, which indicates that extracting
high-level features can make our predictions more stable. Once we can include more training

data, this structure is promising.

Table 4.7: The positive ratio using the five different LSTM variants [%)].

Model Radial Tangential Normal 3D
LSTM 88 70 75 7
LSTM (s2s) 81 63 68 70
biLSTM 89 70 74 7
EDLSTM 88 70 75 7
CNNLSTM 88 72 75 78

4.2.3 Influences of additional features

As mentioned in Chapter [I] the major errors of GNSS orbits are expected to be caused by the
deficiency of solar radiation pressure models. Therefore, in the next step, we investigate the
influence of solar activities. Since we do not have direct measurements of the solar pressure,
we use different related parameters as additional features to implicitly model the solar impact,

as described in Section 2.2
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Figure 4.7: The relative improvements of RMS; using the five different LSTM structures
w.r.t. the original ultra-rapid products in percentage. The four sub-figures show the a) Radial
improvements, b) Tangential improvements, ¢) Normal improvements, d) 3D improvements,

respectively.

We have done many tests based on the different parameters. Our analysis shows that the
inclusion of the 10.7cm flux data and K}, index cannot improve the results due to their low
quality and low temporal resolution. The linear interpolation is necessary for us to have the
same temporal resolution as the orbit data, but it may also introduce some artificial signal,
which can hurt the performance of the DL models. The Cp o terms of global ionosphere maps,
however, have some contribution due to the higher quality and temporal resolution. Although
the linear interpolation is still necessary, the original 1-hourly resolution is much better than
3-hourly (K}, index) and daily (10.7 cm flux). Here we report three selected experiments based
on the LSTM model since it performs the best among all the DL models. The settings of the

three experiments are:
+ S1: Include Cp o (within the prediction interval) as additional features.
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« S2: Compute the projection of Cp ¢ (within the prediction interval) on the corresponding
component using the solar position data. Include the projected values as additional

features.

e S3: Compute ACy,o which is the difference between Cp o within the prediction interval
and Cyp,o within the observation interval. Project ACy o on the corresponding components

using solar position data. Include the projected values as additional features.

The behaviours of the RMS; of the improved orbit in different experiments are shown
in Fig. with the statistics shown in Table [4.8l We can notice that in experiment S2, the
tangential errors are significantly improved (ca. 10%), whereas the other two experiments
do not show any improvements. Comparing S2 and the original experiment, we can find
that including the Cp o terms and projecting them on the according component outperforms
the original settings in all the aspects except the minimal improvements of the tangential
component and 3D RMS. Besides, comparing the experiments S1 and S2, we can prove the
impotence of the solar position. The idea of experiment S3 is that solar activity changes are

more important than themselves. However, the results are against this idea.

Table 4.8: The maximal, averaged, minimal absolute improvements of RMS; in centimeter of
the three experiments and the original experiment using LSTM. The best performances are

highlighted.

Radial Tangential Normal 3D
Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min.

LSTM | 1.8 1.3 1.1 | 16.7 9.7 3.8 20 11 0.7 | 168 97 43

S1 1.8 1.3 1.0 | 16.0 9.2 3.8 20 1.1 06 | 162 93 4.3
S2 20 13 1.1 |18.4 105 36 20 1.1 0.7 | 185 10.5 4.2
S3 18 14 10 | 151 93 39| 20 1.1 06 | 153 93 44

We also analyze the performance on individual samples in these experiments, as shown in
Fig. 1.9 with the positive ratio shown in Table[4.9] We cannot see any significant improvements
in the positive ratio (only 0.5%) or from the figure. Further analysis shows that the major

reason for the superiority of S2 is that it can reduce the number of samples on which the LSTM
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Figure 4.8: The RMS; using LSTM with different features and the original ultra-rapid prod-
ucts. The four sub-figures show the a) Radial RMS;, b) Tangential RMS;, ¢) Normal RMS;,
d) 3D RMSy, respectively.

performs terribly. If we define strongly badly predictions (SBP) whose absolute improvements
under -10 cm, the number of SBP on the tangential component in the original experiment is
176, whereas in S2 is 126 (relative improvements of 28 %). This indicates that including solar
activity and position data can improve the performance of DL models by relieving the strongly

negative impacts.

Table 4.9: The positive ratio of the four experiments [%)].

Model Radial Tangential Normal 3D

LSTM 88 70 75 7
S1 88 70 75 7
52 87 70 75 77
S3 87 70 74 77
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Figure 4.9: The relative improvements of RMS; in the original experiment and the three
experiments about solar activity. The four sub-figures show the a) Radial improvements, b)

Tangential improvements, ¢) Normal improvements, d) 3D improvements, respectively.

4.2.4 Other GNSS constellations

Once we demonstrate the noticeable performances of the ML/DL models on the GPS con-
stellations, we want to apply the same strategies to the other GNSS constellations so that
we can have a full set of improved orbit predictions of GNSS satellites. However, we did not
find enough data for the Galileo and Beidou constellations. The GFZ IGS Analysis Center
provides Galileo orbit starting from 2021 (Mannel et al.;|2020a,b). The other IGS analysis cen-
ters, such as CODE, ESA, and Wuhan University, only publicly provide GPS and GLONASS
orbits. Therefore, we can only test our proposed method on the GLONASS constellation.

In this experiment, we keep the time interval of the GLONASS data the same as the
other experiments about the GPS constellation. However, the number of valid data is smaller
because the GLONASS constellation only has 24 satellites, and the data quality is worse than
the GPS constellation. The number of training, validation, and test samples are 88’897, 19’049,
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and 19’050, respectively. We applied the LSTM model since it performs the best regarding the

previous analysis and keeps the same structure (Table to avoid any additional influence.
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Figure 4.10: The RMS; of the original orbits and improved orbits using LSTM of the GPS

constellation (denoted by G) and GLONASS constellation (denoted by R). The four sub-figures
show the a) Radial RMS, b) Tangential RMS, ¢) Normal RMS, d) 3D RMS, respectively.

Table 4.10: The maximal, averaged, minimal absolute improvements w.r.t. time in centimeter

of GLONASS and GPS using LSTM. The best performances are highlighted.

Radial Tangential Normal 3D
Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min. | Max. Ave. Min.
GLONASS | 2.1 1.4 0.9 6.0 44 3.1 2.3 1.3 0.8 6.5 4.8 3.5
GPS 1.8 1.3 1.1 | 16.7 9.7 3.8 20 1.1 0.7 |16.8 9.7 4.3

The behaviour of RMS; is shown in Fig. [4.11] with the statistics shown in Table [4.10] We

can find that the proposed LSTM model can also improve the GLONASS orbits significantly.
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However, the improvements are minor compared to the GPS constellations, especially on the
tangential component and, therefore, the 3D RMS. However, we can still conclude that our
porpoised method can improve the quality of GLONASS orbits to the quality of GPS orbits
within the first 18 hours, which is a good achievement.

Moreover, when we look at the performance on individual components, we can realize that
the LSTM performs better on the GLONASS constellation with significant better median
improvements of RMS; and positive ratio (Fig. m, Table , which indicates that the
LSTM model provides more stable improvements on the GLONASS constellation. Further
analysis shows, however, that the best performance of LSTM on individual GLONASS samples
is much limited. The model provides improvement over 1m only on 7 GLONASS samples

(0.04 %), whereas on 82 GPS samples (0.3 %).
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Figure 4.11: The relative improvements of RMS; of the GLONASS and GPS constellations
using LSTM. The four sub-figures show the a) Radial improvements, b) Tangential improve-

ments, ¢) Normal improvements, d) 3D improvements, respectively.

Table 4.11: The positive ratio of the improved GLONASS and GPS orbits using LSTM [%)].

Model Radial Tangential Normal 3D
GLONASS 85 76 7 80
GPS 88 70 75 7
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Chapter 5

Conclusion and Outlook

5.1 Conclusion

In this study, we applied different ML and DL algorithms to improve the accuracy of the
24-hour GNSS orbits predictions in the ultra-rapid products provided by IGS. As ground
truth we consider the IGS final products, and the differences between the ultra-rapid and final
products are computed. The differences within the 24-hour observations interval of the ultra-
rapid products are used as input features, whereas the differences within the 24-hour prediction
interval of the same ultra-rapid products serve as targets for the ML, and DL models. Moreover,
we also include different related parameters as additional features to implicitly model the solar
impact so that we can release the deficiency of solar radiation pressure models to a certain
degree. We applied our strategies on both GPS and GLONASS constellations and obtained
significant improvements on both.

Our study demonstrates the promising potential of combining the physics-based orbit
propagator and the data-driven ML and DL algorithms to improve the precise orbit predic-
tion. Our analysis shows that all the selected ML and DL models, except SVM, can stably
provide significant improvements. Comparing the performance of different methods, we can
conclude that the neural networks outperform the other traditional ML algorithms. Besides,
the RNN models dominate the study because of the time-series characteristic of the satellite
orbits. The LSTM neural network achieves the best performance with a maximal absolute
improvement of over 16.8 cm and averaged relative improvements over 45 % in the aspect of

RMS;. Additionally, it can also provide stable improvements on more than 76 % among over
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30’000 test samples, which proves the generalization of the proposed method. Furthermore,
our analysis shows that including the combination of Cpg terms of global ionosphere maps
and the solar position data as additional features can further improve the results. In the
end, the improved GPS orbits keep centimeter-level accuracy over 14 hours which is 3.5 times
longer than the original orbits (4 hours). The improvements are smaller on the GLONASS
constellation due to the different design of orbits and also the lower quality of the final prod-
ucts. However, we still achieve an averaged relative improvement over 20 % in the aspect of
averaged 3D RMS over time. Besides, the improvements of GLONASS are more stable with
a positive ratio of higher than 80 %. In the end, the centimeter-level orbit predictions can be
kept close to 6 hours for the GLONASS constellations, which means a relative improvement

of 100 % compared to the original ultra-rapid predictions (3 hours).

5.2 Outlook

Since we have demonstrated that the GNSS satellites orbits can be improved by using ML and
DL algorithms, we can apply it to other satellites. For example, the proposed methods are
also promising for LEO satellites because the errors of the physics-based propagator on LEO
orbits are much higher due to more significant non-gravitational perturbing forces. However,
the proposed models have to be changed to consider the influence of air drags. Finding the
high-quality parameters related to the non-gravitational forces like air drag or solar radiation
pressures is a challenge.

Besides, we should also investigate more about GNSS constellations. First, we should
find the proper data of Galileo and Beidou constellations. Then, we can also expand the
time interval and obtain more training samples to enable the application of more complicated
models. Once we can have the improved orbits of the full set of GNSS constellations, we can
apply these improved orbits to estimate geodetic parameters. The goal will be to ensure that
the improved orbits can also benefit geodetic applications. In order to evaluate the performance
of our methods numerically, we introduce some evaluation metrics in this section. Since our
task is time series prediction, we will evaluate our results in two aspects: the relationship
between the averaged performance of all the samples and time and the averaged performance

over time of each sample.
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Supplementary Materials

A.1 Absolute improvements of individual samples

A.1.1 Machine learning
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A.1.2 Deep learning

In this section, we report the absolute improvements (in centimeter) of individual samples in

box plots. All the figures have the corresponding relative version in Section [4.2] The layouts

are the same as their correspondences.
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