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Übersicht

Schlaf ist ein lebenswichtiger physiologischer Prozess, der für das allgemeine Wohlbefinden uner-
lässlich ist. Durch schlafmangel kann es zu einer Vielzahl von gesundheitlichen Folgen, sowie zu
einer erhöhten Sterblichkeit kommen. Umgekehrt können verschiedene Krankheiten den Schlaf
beeinträchtigen. Dies unterstreicht die Bedeutung einer sorgfältigen Schlafüberwachung für die
frühzeitige Erkennung und langfristige Kontrolle von Erkrankungen.
Traditionelle Schlafüberwachungsmethoden, wie der derzeitige Goldstandard, die Polysomnogra-
phie PSG sind unkomfprtabel, arbeitsintensiv und kostspielig. Da viele Elektroden direkt am
Patienten angebracht werden müssen. Zudem kann die klinische Umgebung, die Schlafqualität
beeinträchtigen und somit die Dauer, potenzieller Studien reduzieren.
Um diese Nachteile zu umgehen, wird in dieser Studie ein auf Radar basierender, komfortabeler
Ansatz zur Klassifizierung von Schlafstadien verfolgt. In dieser Arbeit wird sich ausschließlich
auf die Bewegung während des Schlafes als Information zur Klassifizierung der Schlafphasen
konzentriert. Dabei wird entweder zwischen Wach und Schlaf, oder Wach, non-rapid eye move-
ment (NREM) und rapid eye movement (REM) unterschieden.
Für die Optimierung des Ansatzes werden folgende machine learning (ML) Algorithmen zur
Klassifizierung eingesetzt: multi-layer perceptron (MLP), support vector machines (SVM), und
extreme gradient boosting (XGB).
Der Bewegungserkennungsalgorithmus erzielte eine Leistung etwas unter der Erwartung und kon-
nte Bewegungen mit einem F1-Wert von 66% erkennen. Die Algorithmen zur Klassifikation der
Schlafphasen zeigten vielversprechende Ergebnisse mit F1-Werten von 81% für die binäre und
63% für die dreistufige Klassifikation.
Zusammenfassend wurde in dieser Arbeit eine robuste Bewegungserkennungsmethode entwick-
elt. Die extrahierten Bewegungsmerkmale wurden anschließend für die maschinellen Lern-basierte
Schlafstadiumsbestimmung eingesetzt. Diese Klassifikation erreichte vielversprechende Leis-
tungskennzahlen für die binäre und dreistufige Schlafstadiumsklassifikation.
Künftige Forschungsarbeiten könnten die Genauigkeit der Bewegungserkennung verbessern und
zusätzliche Merkmale, wie z. B. Vitalparameter, in den Schlafklassifizierungsprozess integrieren.
Durch die Erweiterung des Umfangs der Datenanalyse könnte eine umfassendere Bewertung der
Schlafmuster angestrebt werden, was die Gesamtklassifizierungsleistung verbessern würde.
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Abstract

Sleep is a vital physiological process that plays a crucial role in maintaining overall well-being.
Its deprivation can have detrimental health consequences, including an increased risk of various
diseases and a higher mortality rate. Conversely, various health conditions can also disrupt sleep
patterns. This highlights the importance of careful sleep monitoring for both disease detection
and monitoring.
Traditional sleep tracking methods, such as the current gold standard, polysomnography (PSG),
are invasive, inconvenient, and costly. The use of multiple sensors in a clinical setting can disrupt
sleep quality and prevent longitudinal data acquisition.
This research presents a non-invasive sleep stage classification approach using radar signals and
machine learning (ML), offering an alternative to conventional PSG. For the classification of the
sleep phases, this work relies solely on movement information extracted from the radar data. The
work performed within this thesis involves data collection, preprocessing, movement detection,
feature extraction, and sleep stage classification using three ML algorithms: multi-layer percep-
tron (MLP), support vector machines (SVM), and extreme gradient boosting (XGB).
The movement detection algorithm achieved a performance slightly lower than expected, demon-
strating its ability to detect movements with an F1-score of 66%. The sleep stage classifica-
tion algorithms exhibited promising results, with F1-scores of 81% for Wake/Sleep and 63% for
Wake/non-rapid eye movement (NREM)/rapid eye movement (REM) classification, suggesting
the potential of radar data for sleep staging.
In summary, this study crafted a robust movement detection pipeline. The extracted movement
features were subsequently employed for ML-based sleep staging. This classification demon-
strated promising performance, for binary and three-stage sleep phase classification, respectively.
Future research will aim to enhance the performance of movement detection and incorporate ad-
ditional physiological signals, such as cardio or respiratory information, into the sleep staging
framework. By broadening the scope of data analysis, the goal could be, to achieve a more holis-
tic assessment of sleep patterns, potentially improving overall classification performance.
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Chapter 1

Introduction

Sleep is a major aspect of life, it constitutes approximately one-third of the human lifespan
[K P19; Imt21]. It also plays a critical role in maintaining overall health and well-being. Inade-
quate sleep can lead to adverse health consequences, including cardiovascular diseases, cognitive
impairment, and an increased mortality rate [Gra17].
Moreover, various illnesses can lead to sleep disruptions and other nocturnal symptoms. Parkinson’s
disease (PD), the second most common neurodegenerative condition, is among those diseases
[Gar03]. Its symptoms include sleeplessness and sleep fragmentation of various etiologies such
as REM sleep behavior disorder (RBD), restless-legs-syndrome (RLS), and periodic limb move-
ment (PLMS) [Com07]. These sleep disturbances lead to insomnia and daytime sleepiness, of
which over 90% of PD patients are impacted [Zha20].
Affecting approximately 50% of PD patients, RBD is one of the most common parasomnias
[Zuz20]. RBD involves a loss of paralysis during the rapid eye movement (REM) sleep stage
[Coo19]. This absence of paralysis can manifest itself in a variety of behaviors during REM
sleep, ranging from mild muscular spasms to vigorous movements that may result in injury to the
patient themself, or a bed partner [Zuz20; Mer12].
Sleep-related symptoms progressively intensify with the development of PD, establishing them
as a clinical marker to evaluate the condition’s progression [Zha20]. Furthermore, considering
that sleep-related side effects may precede motor symptoms by several years [Ira06], the integra-
tion of sleep staging emerges as a potent tool for the nuanced tracking and early detection of the
disease.
Sleep-related symptoms can vary significantly across different phases of sleep, necessitating care-
ful differentiation between these stages for accurate diagnosis and effective treatment [Gar03].
According to Willemen et al. [Wil14], sleep stages can be divided into REM and non-rapid eye
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movement (NREM), which alternate in sleep cycles of approximately 90 minutes. The REM sleep
stage, is characterized by special brainwave characteristics, and swift eye movements, distinguish-
ing it from the preceding NREM stages [Col08]. The NREM phase can be subdivided into three
distinct categories, namely N1, N2, and N3 sleep phases. Within this classification, N1 and N2
correspond to stages of light sleep, while N3 marks a deep sleep stage. Each of these stages is
characterized by specific vital signs and movement parameters [Wil14].
The prevailing gold standard for analyzing sleep and monitoring sleep stages is
polysomnography (PSG) because of its detailed recording capabilities and reliability [Sad15;
Goe21]. PSG uses various sensors to collect vital signs and movement data. Examples of these
sensors include electroencephalography (EEG) to measure brain waves, electrooculography (EOG)
to track eye movements, and electrocardiography (ECG) for heart rate detection [Sad15; Hon19].
PSG is discussed in further detail in Chapter 2.
The identification of sleep-related symptoms through sleep analysis has traditionally relied on
techniques such as PSG or comparable wearable devices. However, this approach presents chal-
lenges. The multitude of sensors leads to a time-consuming setup and evaluation process. Further-
more, the artificial sleep setting can lead to irregular sleep patterns of study participants [Goe21].
Therefore, a promising alternative could be radar-based contactless sleep tracking [Rah15]. Un-
like traditional PSG, radar-based sleep monitoring is non-invasive and can be employed for ex-
tended periods [Lee23]. Moreover, it offers cost savings over PSG, as it does not necessitate
the presence of a trained technician for setup and supervision. Additionally, radar-based sleep
monitoring holds the potential for home-based utilization, potentially alleviating sleep quality
impairments stemming from the artificial sleep environment of a clinical setting [Lau20].
While radar sensors cannot detect the same physiological signals as the PSG this study attempts to
approximate the results with secondary side effects. In this bachelor thesis, the primary emphasis
is directed towards the quantification of movement. This involves using an integrated actigraph to
measure the patient’s movement and utilizing this data for the validation of the radar data [Leo20].
This thesis constructs a sleep analysis pipeline consisting of the implementation of pre-processing
and feature extraction procedures for movement data obtained from a radar system. The extracted
movement information is then compared to ground truth derived from PSG. In addition, various
already established machine learning (ML) algorithms were used to apply sleep stage classifica-
tion.



Chapter 2

Related Work

Many people suffer from some kind of sleep disorder or illness that causes sleep-related symp-
toms [Imt21]. These symptoms give detailed insights into the type and severity of the patient’s
condition. Therefore, one important diagnostic tool for the detection and monitoring of disorders
is sleep analysis [Sad15].
The current diagnostic gold standard is PSG, a procedure that collects data from multiple sensors.
These sensors measure brain waves via EEG, muscle activity through electromyography (EMG),
eye movements by employing EOG, and the heart rate with ECG [Imt21]. In addition to those
sensors, a typical PSG setup often includes photoplethysmography (PPG) to measure pulse and
oxygen levels, an accelerometer for tracking movement and sleep position, respiratory induc-
tance plethysmography (RIP) to monitor breathing patterns, a microphone for detecting sounds
like snoring, and a thermal airflow sensor to measure nasal airflow [Imt21].
EEG, EOG, and EMG data are typically used to distinguish different stages of sleep. Eye move-
ments and variable activity in frontal, central, and occipital brain regions are combined with chin
EMG data to differentiate between sleep phases [Run19]. These stages consist of wake (W), REM,
stage 1 (N1), stage 2 (N2), and stage 3 (N3) [Wil14]. The phases of sleep, namely N1, N2, N3,
and REM, can be identified by observing abrupt changes in the EEG frequency. These shifts
manifest in the theta range (5 – 12 Hz), the alpha range (8 – 13 Hz), or frequencies exceeding
16Hz and with a duration over 3 s [Gir21]. In addition to a shift in the EEG signals, the REM
sleep phase is marked with an at least 1 s long increase of the chin EMG signals [Run19]. These
arousals are tracked overnight and then scored as an arousal index to measure the sleep disruption
event.
This index provides a very detailed and reliable insight into the patient’s sleep phases [Rah15].



4 CHAPTER 2. RELATED WORK

While PSG remains the gold standard for sleep disorder diagnosis, it is not without limita-
tions. The process is particularly characterized by a significant amount of manual work in the
initial setup phase, which requires careful positioning and the correct application of electrodes to
the patient [Gai22]. In a commercial sleep laboratory, the considerable effort needed for data anal-
ysis contributes to the high cost of recording [Rah15; Fab21]. However, the primary limitation
of sleep recording using PSG is an intrusive and unnatural sleep environment [Goe21; Hon19].
This requires adjustment by the patient, often leading to the first-night-effect (FNE), resulting in
sleep patterns that are not representative of the individual’s usual sleep behaviors [Sad15]. The
FNE is a phenomenon that can result in diminished sleep quality when individuals sleep in an
unfamiliar environment for the first time [Agn66].
Patients with sleep disorders that cause daytime sleepiness, such as behavioral insomnia, sched-
ule disorder, or regular night walks, can be challenging to record due to the need for planning
and monitoring of PSG recordings [Sad15]. Taken together, these factors imply that widespread,
longitudinal, and realistic sleep recording with PSG is highly impractical [Hon19].

These limitations are driving interest in alternative sleep analysis systems. Several techniques
have been investigated to obtain the results of PSG, but with a less obtrusive setup that would
allow prolonged measurements. These include Ballistocardiography, Doppler Laser, or Actig-
raphy [Goe21]. Many systems, primarily based on actigraphy, are commercially available and
allow long-term sleep tracking. Due to their reduced sensor count and reliance solely on patient
movement data, which can be very similar across different sleep phases, these sleep monitoring
systems present limitations in accuracy and reliability relative to PSG [Rah15].

Radar technology provides a non-invasive solution for sleep analysis that is easy to use once
installed [Tof20]. Its unobtrusive nature also reduces the mentioned FNE, leading to more realis-
tic sleeping patterns in the resulting data. As outlined in the Chapter Radar Background 3, radar
can detect both minor vital signs and major body movements.
Hong et al. [Hon18] used this capability and employed a 2.4GHz radar system, located above the
patient. In contrast, Kagawa et al. [Kag16] and Rahman et al. [Rah15] utilized a 24GHz radar
positioned under the mattress.
In the following section, this thesis will compare these three studies regarding their study struc-
ture, the pre-processing pipeline they used, the ML algorithms they employed and, the results that
were achieved with this. This comparison is also depicted in the Table 2.1.
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All three studies compared the results from the continuous wave (CW) Doppler radar system
with traditional sleep staging by PSG. Hong et al. [Hon18] recorded 11 overnight PSG sessions,
while Rahman et al. [Rah15] conducted multiple recordings of the same participants, resulting
in a total of sixteen sleep sessions. Kagawa et al. [Kag16] recorded every participant one time,
amounting to a total of 10 nights. The number of participants in the studies was 13, 8, and 10,
respectively.

The complexity of data from radar-based sleep analysis systems necessitates careful process-
ing. This involves two main steps: pre-processing the data for movement event detection, and
incorporating artificial intelligence (AI).
Pre-processing includes filtering, noise suppression, synchronization, and handling data irregular-
ities. This step is crucial to ensure that the subsequent sleep stage classification accurately detects
the patterns of interest. Rahman et al. [Rah15] used a minimum-order Butterworth band-pass fil-
ter to isolate the breathing rate frequency between 9 and 20 breaths per minute. This filter applied
stop-band frequencies at 0.1Hz, 0.8Hz, and pass-band frequencies between 0.3Hz and 0.7Hz.
A similar filter was used to detect the patient’s heart rate between 40 and 80 beats per minute. In
this case, the stop-band frequencies were at 1Hz and 3Hz, respectively, and the pass-band was
between 1.5Hz and 2.5Hz. To smooth the resulting signal, a moving average filter (MAF) with a
window size of 30 s and a shift of 5Hz was used to minimize heart and respiratory rate estimation
error.

The study by Hong et al. [Hon18] also used band-pass filters with similar cutoff and pass-band
frequencies to extract respiration and heart rate. Furthermore, the authors defined 11 different
sleep features including a body movement feature, five respiration features, four heartbeat fea-
tures, and a time feature. The feature set comprised various signal parameters including entropy
and variance.
Rahman et al. [Rah15] extracted body movement using a low pass filter with a cutoff frequency
of 3Hz. This served the purpose of eliminating high-frequency periodic noise caused by environ-
mental influences. Furthermore, the root mean square (RMS) energy and zero crossings of the
baseband signal data were used as features for each 30 s frame.
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A different approach was performed by Kagawa et al. [Kag16]. Their study used the standard
deviation (SD) of the respiratory intervals to calculate a time domain index of fluctuation. The
SD σ is defined as:

σ =

√√√√ 1

N

N∑
i=1

(R(i)− R̃)2 (2.1)

where i is the interval, N the total number of intervals, R(i) (i=1,2,…, N ) is the radar output
signal and R̃ is the average of the R(i) data-set.

In contrast, Hong et al. [Hon18] assumed that movements during sleep primarily occur in
the light sleep phases, approximately every five to 10 minutes. Therefore, they aggregated the
effective energy of the signal over a 6-minute duration to ascertain whether the patient was in a
light or deep sleep phase.
The used formula was defined as:

BI(k) =
6∑

i=1

(Ak(i)− Ak(i)min) (2.2)

where BI is the body movement index, k is the index, Ak(i)min the minimum value of the
amplitude Ak(i) in 60 second-intervals.

ML, a subset of AI, is particularly useful for efficiently handling large data sets. There are
different ML algorithms designed for different data sets and specific needs [Shi18].
The mentioned studies utilized various ML algorithms for the final sleep stage classification. In
the work of Hong et al. [Hon18], 18 different ML models were used, falling into four categories:
support vector machines (SVM), decision tree, k-nearest neighbor classifier (KNN), and ensem-
ble classifiers [Hon18]. Rahman et al. [Rah15] employed algorithms, such as naive bayes, logistic
regression, SVM, and random forest, for their study [Rah15].
To improve sleep analysis using ML algorithms, Hong et al. [Hon18] demonstrated notable achieve-
ments, attaining an 89.6% accuracy in Sleep/Wake classification and an 85.8% accuracy in
Wake/NREM/REM detection. The study by Rahman et al. [Rah15] also analyzed Sleep/Wake
and Wake/NREM/REM detection. Their methodology incorporated data from an array of sen-
sors, specifically those monitoring movement, breathing, and heart rate. Incorporating all essen-
tial physiological parameters and employing the most precise ML algorithm, random forest, they
attained an F1-Score of 89.1% for the Wake/Sleep detection and an F1-score of 80.2% for the
Wake/NREM/REM classification.
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Additionally, they executed the scoring process utilizing solely the movement data. With
this restriction, the random forest algorithm yielded F1-scores of 86.2% and 75.8%, respectively
[Rah15].
The study by Kagawa et al. [Kag16], achieved an accuracy of 66.4% for classifying between
wake and sleep, and 57.1% for classifying between wake, NREM, and REM sleep stages. For
this Kagawa et al. [Kag16] used the body movement index and the heart rate, to assess sleep
stages and compare the findings to the PSG classification. The lower metrics may have occurred
because this study used canonical discriminant analysis (CDA) as the ML model [Kag16].
The resulting performance metrics can be seen in Table 2.1.

Research Team Sleep Stage
Classification
Performance

Features Used Metric

Hong et al. (2018) 89.6% (Sleep/Wake)
85.8%

(Wake/NREM/REM)

Body Movement,
Respiration, Heart

Rate

Accuracy

Rahman et al. (2015) 89.1% (Wake/Sleep)
80.2%

(Wake/NREM/REM)

Body Movement,
Respiration, Heart

Rate

F1-score

Rahman et al. (2015) 86.2% (Wake/Sleep)
75.8%

(Wake/NREM/REM)

Body Movement F1-score

Kagawa et al. (2016) 66.4% (Wake/Sleep)
57.1%

(Wake/NREM/REM)

Body Movement,
Respiration, Heart

Rate

Accuracy

Table 2.1: Findings of the different studies.

Recent studies have shown that radar-based sleep analysis systems can monitor sleep stages
effectively. These systems have the potential to overcome the limitations of traditional PSG, which
is an intrusive and expensive procedure. Radar-based systems are non-invasive and can be used
for long-term sleep monitoring.
Several studies have compared the accuracy of radar-based sleep analysis systems with PSG. The
studies have yielded promising results, with radar systems achieving accuracy rates of up to 89.6%
for Sleep/Wake classification and 85.8% for Wake/NREM/REM detection.
The success of radar-based sleep analysis systems lies in the use of ML algorithms to classify
sleep stages. ML algorithms can learn to identify patterns in radar signals that are associated
with different sleep stages.





Chapter 3

Radar Background

Contactless radar-based sleep monitoring offers the primary advantage of continuous monitoring
over extended periods, without the drawbacks of the FNE that can lead to the generation of unre-
alistic sleep patterns [Rah15; Daw19].

The basic principle of the radar technology is the transmission of a radio signal. The signal
then interacts with objects in its trajectory, resulting in reflection. Since electromagnetic waves
travel at the speed of light in free space, it is possible to measure the time it takes the wave to
travel the distance between the transmitter, the target, and the receiver. This time is also known as
the roundtrip time of flight (RTOF) [Bor15]. One type of system is CW radar, also called Doppler
radar, which uses a sinusoidal signal emitted by an oscillator. The reflected signal has the same
shape as the transmitted signal, but with a delay and lower amplitude. These changes in the signal
are caused by the RTOF and the reflectivity of the target. Calculations based on these changes
enable the detection of very small distances [Wil17].
The majority of radar systems for biomedical sensing operate between 5.8GHz and 244GHz
in the industrial, scientific, and medical (IMS) radar bands [Wil17; Li18; Alb23]. With these
frequencies, it is possible to measure changes in distance in the µm range. In a 60GHz CW
radar system, it is possible to detect movements as little as 7 µm [Wil17]. This very precise
measurement of the distance between the object and the radar system can be used to detect small
movements caused by vital signs [Che22; Liu14]. These include unobtrusively measuring the
patient’s respiration, heart rate, and body movements. Studies using radar-based sleep analysis
have shown that vital signs can be detected with high accuracy [Goe21].
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In addition, it is possible to detect larger body movements, in the context of biomedical sens-
ing, examples are the motion of different limbs or body parts. In a system using a 60GHz CW
radar, the maximum unambiguous movement distance is limited to 2.5mm.
To mitigate this problem, a CW radar system requires a sufficiently high sampling rate to ensure
that the displacement between consecutive samples does not exceed the 2.5mm threshold [Kao13].
In radar systems, the modulation of the sinusoidal wave signal conventionally involves utilizing
both in-phase (I) and quadrature (Q) components [Bor15]. However, significant movements can
be observed in both components. Consequently, a detailed exploration of this modulation intri-
cacy was deemed unnecessary for the scope of this thesis.

Radar-based sleep monitoring systems are emerging as a non-invasive and contactless alter-
native to traditional PSG, offering several advantages.
One type of these systems is CW radar technology, which can track sleep patterns by emitting
a sinusoidal signal that reflects off the body. This reflected signal is then used to measure the
distance between the body and the radar system, allowing detection of even subtle movements
as small as 7 µm, in a 60GHz system. This sensitivity makes CW radar systems well-suited to
monitoring vital signs such as respiration and heart rate as well as body movements.



Chapter 4

Methodology

Advancements in computational processing and ML have enabled the development of new sys-
tems for sleep recording. This research utilizes a CW radar system to analyze sleep patterns. The
primary objective is to extract movement data from the processed radar signals and approximate
these findings to the data obtained from a SOMNOMEDICS PSG system.
This research is conducted within the framework of PD early detection through sleep analysis. As
part of this research, data acquisition was undertaken, particularly capturing sleep parameters of
a control cohort in a sleep laboratory.
The methodology used in this research involves pre-processing, feature extraction, and the in-
corporation of ML algorithms. These were developed by the machine learning and data analyt-
ics (MaD) Lab under Daniel Krauss, the supervisor of this thesis.
The subsequent sections will provide a detailed description of the pre-processing and feature
extraction techniques applied to the radar data. These sections will also discuss the challenges
encountered during this process and the strategies implemented to address these challenges. This
research aims to establish a reliable, non-invasive method for sleep analysis using movement in-
formation extracted from a CW radar system.
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4.1 Data Collection

4.1.1 Recording Systems
To verify the accuracy of contactless sleep tracking, using radar sensing technology, sleep data
were simultaneously recorded using two distinct recording systems: a radar-based system and a
PSG recording device.
A 60GHz CW radar system was used for the non-invasive recording. It consisted of four radar
nodes placed in a horizontal line at the level of the torso underneath the mattress. The radar hard-
ware as well as the software, consisting of the radar server and graphical user interface (GUI)
was provided by the research center “Empatho-Kinaesthetic Sensor Technology Sensor Tech-
niques and Data Analysis Methods for Empatho-Kinaesthetic Modeling and Condition monitor-
ing (EmpKinS)”.
A SOMNOMEDICS HD eco PSG system, served as the ground truth for evaluating the calculated
movement and sleep stage information in this thesis.
The data in the following Table 4.1 were collected by the PSG.

Data Type Description
EEG Measures brain activity
EOG Measures eye movements
ECG Measures heart activity
EMG Measures muscle activity

External Activity Measures general body activity
Body Position Monitors the position of the body during sleep

SP02 Measures oxygen saturation in the blood
Pulse Measures the heart rate

Microphone Records sounds, such as snoring
Thermistor Measures temperature

Pneumotachograph Measures airflow
RIP-Effort Abdomen Measures respiratory effort in the abdomen

RIP-Effort Thorax Measures respiratory effort in the thorax
Night vision camera Confirming movement and identifying night onset and offset

Table 4.1: Data recorded by the PSG.

To enable synchronization between the systems, an m-sequence was recorded on both of them.
This was also the only cable from the PSG that was connected to the stationary setup.
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4.1.2 Prior to the Recording
This study involved the acquisition of data from a healthy control cohort comprising 37 individ-
uals, which will serve as a baseline for the subsequent sleep monitoring of PD patients. Clinical
recordings of PD patients will be conducted after the completion of this thesis and are not going
to be included in the evaluation.

The starting time was determined based on the participant’s normal sleep schedule, with a
90-minute preparation window. For example, if a participant typically went to bed at 11:00 PM,
they were invited to the sleep lab at 9:30 PM. The participant was requested to provide their date
of birth, height, and weight, and to fill out an electronic questionnaire.
Upon arrival, participants are required to complete a consent form indicating that the resulting
data will be used for the study and shared with medical professionals for manual sleep stage clas-
sification. Additionally, participants were informed and provided consent to be recorded with the
night vision camera. The camera was utilized to identify the start and end of the sleep phase, as
well as to verify movements during sleep.

Questionnaire

The questionnaire1 consisted of 58 questions, divided into the Pittsburgh sleep quality index
(PSQI) [Buy89], snoring, tiredness, observed apnea, pressure, BMI, age, neck circumference, gen-
der (STOP-Bang) Questionnaire [Chu08], RBD Screening Questionnaire [Sti07], and the SF-12
Health Survey [Jen97]. The questionnaire focused on the participant’s past sleeping experiences,
habits, and sleep settings. It also assessed specific sleep incidents such as vivid dreams or sudden
limb movements. In addition, the study aimed to evaluate the participant’s sleeping experience
by asking about their sporting activities, daily life, and health. The questions ranged from simple
yes/no answers, statements of the usual sleep duration, and grading of health from excellent to
poor.
An example of the questionnaire can be seen in Appendix A.

1The full questionnaire is included in the Appendix at the end of the thesis.
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4.1.3 Sleep Recording
The PSG system was set up using the participant’s provided birthday, height, and weight data.
The PSG and night vision camera recordings were initiated, and the layout of the PSG sensors
was selected.
The sensors were attached in the following sequence: EMG, ECG, RIP thorax and abdomen, EEG,
EOG, chin EMG, microphone, nose capsule for the Pneumotachograph, and the SP02 sensor in
the form of a finger clamp. The camera was positioned on the leg side of the sleep laboratory to
capture a comprehensive view of the entire bed.
A depiction of the sleep laboratory is provided in Figure 4.1.

Figure 4.1: The sleep laboratory setup used in this thesis.
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4.1.4 Dataset
This section provides a thorough description of the data utilized in the study, including its for-
mat, and cleaning procedure. The dataset primarily consists of the radar and the PSG recordings,
which are further supplemented with the night vision camera footage.

The radar data were archived in h5 file format and transferred using an exporter supplied by
the EmpKinS research center. The PSG data were disseminated into multiple files, and stored as
both a european data format (EDF) file and raw data. Additionally, the footage from the night
vision camera was archived in 20 minute-intervals.

The PSG data extracted from the EDF file was organized into 57 distinct DataStreams, each
corresponding to a specific sensor modality. For example, the Actigraph signal was stored under
the label “Activity”, while limb movement data were compartmentalized into separate channels for
the arms and legs. In contrast, the radar data were divided into the signals of the four radar nodes.
These channels each contained both the I and Q parts of the radar signal. However, since the
movement data is represented in both components, as can be seen in Chapter Radar Background
3, this thesis adopted the I channel as the standard data source for movement analysis.
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Data Cleaning

Unfortunately, some data were lost, due to different reasons:

• Missing Radar Signal: In three recordings, the radar signal was either partially or com-
pletely lost.

• Missing EEG Data: In four recordings the EEG signal was completely lost or insufficient,
in one additional recording the signal from multiple EEG sensors were of bad quality.

• Missing Signals of other Sensors: In three recordings the signals of other sensors like the
EOG were lost.

While recordings with insufficient data were present, not all of them were excluded from the
evaluation. Since the estimation of movement does not necessitate the utilization of all recorded
PSG signals, a loss of some data were deemed tolerable. Nevertheless, insufficient radar or EEG
data did prompt the exclusion of five recordings. Additionally, excessive signal loss compromised
the automated sleep scoring of the PSG recordings. This shortcoming hampered the accuracy of
the sleep scoring ground truth, a critical aspect for this thesis that relied on automated sleep
analysis.
As a result of signal loss, five recordings were deemed unsuitable for inclusion in this thesis.
Tables 4.2 and 4.3 provide a comprehensive overview of the demographic characteristics of the
recorded cohort.

Metric Mean Range Unit
Age 39.38± 16.91 18 - 77 years
Weight 71.60± 14.61 48 - 105 kg
Height 172.76± 9.31 152 - 197 cm

Table 4.2: Descriptive statistics of age, weight, and height, of the recorded cohort.

Gender Count
Male 14
Female 23

Table 4.3: Gender distribution of all recorded participants.
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4.2 Pre-Processing
This section describes the data processing pipeline from the raw radar data to the calculation of
movement events.

4.2.1 Data Import

As stated in Chapter 4.1.4 the radar and PSG data were stored in different formats. To import
these files, a dataset “D04MainStudy”, provided by the supervisor of this thesis, Daniel Krauss
was utilized. This dataset combined the data from the radar and PSG systems, providing easy
access to various information channels in a pandas DataFrame2 format. The index of this dataset
could be selected in the form of the number of samples, time, and the date and local time as
“local_datetime”. The radar data, PSG data, and if needed, EMG data of the extremities were
imported. The activity channel from the PSG data were primarily used as a reference for the
calculated movement features in this thesis. Additionally, the sync channel of the PSG was im-
ported to synchronize the radar and movement data. The EMG data were used as a reference for
the calculated movement localization, as it differentiates which limb was in motion.

4.2.2 Data Synchronization

As explained in the Radar Background Chapter 3, a high sampling rate is required for the CW radar
system to accurately record large movements. In this thesis, a radar sampling rate of 1953.125Hz
was used. In contrast, the PSG does not require such a high sampling rate to record vital signs. To
enable a comparative use of the data from both systems, the signals must be synchronized. First,
this thesis employed a method that finds a common start and end timestamp for both signals, en-
suring that both signals have valid values throughout the entire duration. The “local_ datetime”
index was introduced to solve this problem. After determining the timestamps, the signals were
cut accordingly.
The method for synchronizing the radar and PSG data were imported from the python package
empkins-io3, which is used to load and convert data from EmpKinS sensors. To ensure synchro-
nization and improve performance, the sampling rate of both signals was increased to a standard-
ized value of 2 kHz.

2https://pandas.pydata.org/pandas-docs/stable/reference/api/pandas.DataFrame.html
3This method was provided by the EmpKinS project of the Friedrich-Alexander-Universität (FAU) Erlangen-

Nürnberg.
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For synchronization, a technique known as m-sequence synchronization was employed. An m-
sequence, also known as a maximum-length sequence, is a type of pseudo-random binary se-
quence that is useful for aligning and synchronizing data. Its unique properties, such as maximum
length and balanced spectral characteristics, make it ideal for accurately aligning and synchroniz-
ing datasets. The m-sequence serves as a reference signal for cross-correlation-based synchro-
nization, contributing to precise temporal alignment between different datasets.

At the time of completion of this thesis, the synchronization algorithm employed in the
empkins-io package was not fully functional, leading to a misalignment of the radar and PSG
signals. While precise synchronization is crucial for detecting vital signs like heart rate and heart
rate variability (HRV), which are characterized by low amplitude and high-frequency fluctuations,
the lack of perfect alignment is less significant for movement detection. This is due to the promi-
nence of amplitude and duration in movement signals, which can be effectively identified even
with minor timing discrepancies.
The segmentation of the signal into 30-second intervals further supports this notion, as the pri-
mary goal of movement detection is to identify the occurrence of movement events, rather than
pinpointing their exact timing. This approach, while less accurate for detecting subtle movements,
is sufficient for assessing sleep patterns and identifying periods of increased movement activity.
Considering the focus of this thesis on large body movements, precise synchronization was not
critical, as aligning the “local_datetime” index was sufficient for determining whether a move-
ment occurred.

4.2.3 Moving Average Filter
A MAF is a signal smoothing technique that averages a set number of data points, known as the
window size, at each point in time. This technique reduces noise and reveals underlying trends in
the data. The MAF can be described by:

y[k] =
1

M

⌈M−1
2

⌉∑
i=−⌈M−1

2
⌉

x[k + i] (4.1)

y[k] represents the output signal at the time index k and x[t] is the input signal at the same time
interval. M is the number of samples in the moving average window. The summation is performed
over the range of i samples.
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This thesis employs a centered MAF with a window size of 19 001 samples. The filter utilizes
8 500 samples before and after the current time index, resulting in an average of approximately
8.5 s of data if synchronized with a sampling rate of 2 kHz. The applied MAF can be seen in
Figure 4.3. The window size was determined via grid-search and selected based on its ability to
maximize the resulting F1-score.
The centered MAF exhibits minimal phase shift in the transformed signal relative to the original.
Nevertheless, the centered MAF incurs data loss during the sampling of the first and last 8 500
signal samples. To resolve this limitation, half the window size was padded to both ends of the
signal. The value of the added samples was determined by averaging the corresponding existing
data points.

(a) Original Signal

(b) 11 Point Moving Average (c) 51 Point Moving Average

Figure 4.2: This graphic illustrates the functional operation of a MAF on a prototypical signal.
4.2(a) shows the original signal, while 4.2(b) and 4.2(c) show the results of different filter sizes,
modified from [Smi99].
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Figure 4.3: This figure shows the applied MAF with a window size of 19 001 samples on the raw
radar signal.
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4.2.4 First-Order Derivative
The amplitude and RTOF of a radar signal, can provide information about the person’s position
and distance relative to the system itself. For motion detection, changes in radar signal amplitude
are crucial indicators of movement. The rate of change of the radar signal can be determined
using the first-order derivative (FOD).
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Figure 4.4: The Figure illustrates the application of a FOD algorithm to a radar signal that has
undergone a MAF preprocessing step. For easier visualization, the absolute value of the derived
FOD, was taken.

4.2.5 Data Adjustment
To adjust all data on the same axis, the index had to be synchronized as described in the Chapter
Data Synchronization 4.2.2. The amplitude of raw radar data were normalized to the range of 1
by dividing the entire signal by the maximum value. This way, the ratios between the individual
data points remained the same, and only the amplitude was reduced. For easier evaluation of the
derivative data, the absolute value of the signal was taken according to the following function:

|x| =

x if x ≥ 0

−x if x < 0
(4.2)

This allows for easier detection of movement and differentiation between signal amplitudes.
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4.2.6 Energy calculation
Although the FOD provides insight into the timing of a movement, it does not indicate its duration.
To solve this issue a method was implemented, that used the time-based index of the data to
group the signal into 30-second intervals using the pandas floor4 method. To quantify the overall
movement activity within each 30-second interval, the average of the derivative signal over that
period was calculated. This approach enabled the assessment of the total magnitude of movement
within each time segment. The 30-second intervals were chosen because the ML algorithms also
performed in intervals of this duration.
The output of this function can be represented as:

y[k] =
1

N

N∑
i=1

x[ki] (4.3)

where k is a 30-second interval, ki the frames in the interval and N is the total number of data
points in an interval.

4https://pandas.pydata.org/pandas-docs/stable/reference/api/pandas.Series.dt.floor.html
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4.2.7 Movement Differentiation

Upon analyzing the movement’s quantity and length, its intensity and position remain unclear.
This thesis differentiates the amplitudes of the four radar nodes to determine the movement’s lo-
cation. If one region displays a particularly high amplitude, the movement is likely concentrated
around that radar node. Conversely, if all locations exhibit a high amplitude, it suggests an overall
large motion.
For further explanation of the different thresholds used to localize and detect large movements, it
is axiomatic that the largest movement in one recording is set to 1, and all thresholds are fractions
of this amplitude.
To distinguish between the different radar nodes, the data from all nodes were consolidated into a
single DataFrame and categorized as “left”, “mid_left”, “mid_right”, and “right”. Additionally,
an extra variable named “no_movement” with a value of 0.001 was included. The value of the
included “no_movement” label was not selected based on any specific rationale but rather serves
as a benchmark for subsequent identification of “no movement” periods.
The radar nodes were arranged from left to right in ascending order, with node 1 on the left and
node 4 on the right, of the top view of the mattress.
To eliminate minor movements from the different DataStreams, all data points below a threshold
of 0.2 were removed. The area with the largest movement was calculated using the pandas method
pd.idxmax5. This method returns the column with the largest value for each row. If no movement
was detected in the DataStreams of the different radar nodes, the “no_ movement” variable was
selected as the index with the maximum value.
To differentiate between general movements with a local maximum, the large movements were
subtracted from the location data.

To calculate large movements, all radar nodes had to measure substantial movement. This
thesis distinguishes between large and very large movements using different thresholds, which
can be seen in Table 4.4. It is assumed that the participant sleeps approximately in the middle of
the bed, which leads to artificially increased amplitudes of movement in radar nodes 2 and 3. To
counteract this, different thresholds were used for the periphery and center nodes.

5https://pandas.pydata.org/pandas-docs/stable/reference/api/pandas.DataFrame.idxmax.html
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Movement Type Periphery Value Center Value
Large 0.30 0.50

Very Large 0.60 0.75

Table 4.4: Thresholds for detecting large and very large movements.
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Figure 4.5: Example of a recording of four hours with the differentiation between large and very
large movements.

4.2.8 Thresholds
Before metric calculation, a threshold was applied to both the PSG movement data and the pro-
cessed radar data. In the PSG signal, all data points smaller than 0.05 were set to 0.0 to reduce
noise. The radar data threshold and MAF window size were progressively evaluated to maximize
the F1-score of the signal in relation to the PSG. Varied window sizes demonstrated a positive im-
pact on precision and a corresponding negative impact on recall. Smaller window sizes revealed
more noise, leading to false positive (FP) datapoints.
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Conversely, excessively wide window sizes could inadvertently suppress and overlook smaller
movements, resulting in false negative (FN) samples. A balanced approach between these two
phenomena was important.
For this, the different window sizes between 10 001 and 20 001 have been tested for the maxi-
mization of the F1-score and a balance between precision and recall. Additionally, a review of
the effectiveness of thresholds ranging from 0.01 to 0.34 has been conducted.
This optimization process yielded optimal performance with a threshold of 0.2 and a window size
of 19 001 corresponding to approximately 8.5 s, with a sampling rate of 2 kHz.

4.3 Feature Extraction
Feature extraction plays a pivotal role in ML algorithms by transforming raw data into meaningful
representations that serve as inputs for ML models. The selection of relevant and high-quality
features is essential as it directly impacts the performance of these models in learning and making
accurate predictions. The extracted features are listed in Table 4.5.

Feature Name Description
Mean Calculates the average value of the radar movement data
Median Finds the median value of the radar movement data
SD Standard deviation of the radar movement data
Maximum Finds the highest value in the radar movement data
Minimum Finds the lowest value in the radar movement data
Variance Measures how spread out the radar movement data is
Sum Adds up all movement events of the radar movement data
Skewness Measures the skewness of the radar movement data
MLM Calculates the mean of large movements (MLM)
MVLM Calculates the mean of very large movements (MVLM)
Kurtosis Measures the kurtosis of the radar movement data
25th Percentile Only considers the values below 25% of the complete radar

movement data
50th Percentile Only considers the values below 50% of the complete radar

movement data
75th Percentile Only considers the values below 75% of the complete radar

movement data
Autocorrelation Measures the similarity between observations as a function

of the time lag between them

Table 4.5: Feature set extracted from the radar data.
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Time-series features were extracted by utilizing centered moving windows with window sizes
varying from n = 2, . . . , 19, encompassing a progressive expansion of temporal intervals within
the feature extraction process. For each window size, n represents the number of 30-second inter-
vals. The total number of extracted features amounted to 272. The decision to initiate the window
size at 2 reflects the redundancy of using a window size of 1, which merely replicates the original
signal without contributing any additional temporal information.
The original signal was incorporated as an additional feature and appended to the feature DataFrame.
The ground truth movement data were then trimmed to align with the features extracted from the
radar data in terms of length and corresponding “local_datetime” index. Finally, both the ex-
tracted features and ground truth data were stored in a comma-separated values (CSV) file for
utilization with the use of the ML algorithms.

4.4 Machine Learning Algorithms
Inside the ML algorithm scripts, the features in combination with the ground truth were utilized
for training and subsequently testing of the algorithms.
The study compared the performance of three ML algorithms in classifying sleep stages using
radar data. The algorithms were modified to handle the new modality called
“radar_movement” and to interface with the dataset.

• Support Vector Machine (SVM): SVMs are supervised ML algorithms, primarily used
for classification and regression tasks. By maximizing the distance between two classes,
SVMs identify the optimal hyperplane separating the data. This hyperplane, a n-dimensional
plane, acts as a decision boundary that separates the data into two classes, such that the max-
imum possible distance is maintained between the instances on either side.

• Multi Layer Perceptron (MLP): MLPs are artificial neural networks that consist of inter-
connected layers of nodes, making them versatile tools for tackling a wide range of tasks.
The input layer receives raw data, while hidden layers progressively refine its representation,
extracting higher-level features and patterns. The output layer generates the final prediction
or classification based on the acquired knowledge.
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• Extreme Gradient Boosting (XGB): XGB, is an ensemble ML algorithm, that leverages
gradient boosting to enhance decision tree performance. Gradient boosting, an iterative ap-
proach, constructs a superior model by building upon the predictions of preceding models.

Minor modifications were necessary to make the existing algorithms compatible with the col-
lected data from this study. The main change was the incorporation of a new modality called
“radar_movement”. Another modification involved adding an option to select between the differ-
ent datasets and to fit the new dataset “D04MainStudy” to the algorithms. To facilitate interaction
with ML algorithms, two properties, “ground_truth”, and “features”, were added to the dataset
structure. Additionally, three interface methods were implemented to provide a seamless link
between the algorithms and the data.

The ground truth data were then modified to align with the intended sleep stage classification
categories: Wake/Sleep or Wake/NREM/REM.
For the Wake/Sleep classification, the labels for N1, N2, N3, and REM were all replaced with
Sleep. The Wake/NREM/REM classification involved merging the N1, N2, and N3 phases into
a single NREM category. These modified classifications were stored in separate columns of the
“ground_truth” data structure, labeled “binary” and “3stage”, respectively.

4.5 Summary
This Chapter 4 explained the systematic approach to sleep analysis using CW radar technology.
The methodology includes pre-processing, feature extraction, and the application of ML algo-
rithms. Pre-processing consisted of a centered MAF that smooths the radar data, the FOD detects
instances of amplitude variation and pre-determined thresholds mitigate noise and suppress un-
wanted artifacts. Movement differentiation involves analyzing the amplitudes of individual radar
nodes to identify movement patterns. Afterwards, feature extraction involves selecting and cal-
culating a set of time-series features from the radar data. Furthermore, ML algorithms, such as
SVM, MLP, and XGB, were employed for the classification of the sleep stages.





Chapter 5

Evaluation

5.1 Performance Metrics
To assess the effectiveness of the processing pipeline and the outcomes obtained in this research, a
diverse range of performance metrics were employed. These metrics encompass a broad spectrum
of aspects pertaining to the resulting data. The movement detection process was evaluated using
precision, recall, and the F1-score, while the performance of the ML algorithms was evaluated
using all metrics listed in Table 5.1.

Metrics Definition Formula
Accuracy The proportion of correctly classified in-

stances
TP+TN

TP+TN+FP+FN

Precision The proportion of positive predictions that
are actually positive

TP
TP+FP

Recall The proportion of positive instances that
are correctly classified as positive

TP
TP+FN

F1-Score The harmonic mean of precision and re-
call

2 · Precision·Recall
Precision+Recall

Kappa A measure of agreement between pre-
dicted and ground truth labels, consider-
ing chance

(Observed Agreement−Expected Agreement)
1−Expected Agreement

Specificity The proportion of negative instances that
are correctly classified as negative

TN
TN+FP

MCC Matthews correlation coefficient (TP ·TN)−(FP ·FN)√
(TP+FP )(TP+FN)(TN+FP )(TN+FN)

Table 5.1: Performance metrics for evaluating the effectiveness of the movement detection
pipeline and ML algorithms.
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5.2 Evaluation of the Study Dataset
First, the data were recorded, and then the performance metrics, which can be seen in Table 5.1
were calculated.
This section will analyze the dataset used in this study, assessing its strengths and limitations.

• Data collection and processing: This thesis incorporates the recording of 37 participants
in overnight sessions. All recordings were part of the reference group to the cohort with
PD. For more information on the recording process, see Chapter 4.

• Data characteristics: The data were synchronized using m-sequence synchronization and
then pre-processed using a MAF, a FOD, and energy calculation. Movement differentiation
was performed by analyzing the amplitudes of the four radar nodes, with thresholds applied
to both the PSG and the processed radar data. Time-series features were extracted using
centered moving windows with window sizes ranging from 2 to 19. The dataset was then
used to evaluate the performance of the contactless sleep analysis system.

• Reliability and Quality: The PSG system, which includes numerous sensors, is suscepti-
ble to data loss caused by malfunctions or sensor detachment. However, the movement cal-
culation is resilient to this issue since it relies on a subset of sensors. Nonetheless, complete
PSG failures or radar system impairments have resulted in data loss, limiting the number
of recordings that could be evaluated to 32.

• Relevance and Suitability: In contrast to this thesis, the study on early detection of PD
aims to include both movement data and vital signs. For this, the PSG recorded a broader
range of signals than were strictly necessary for movement validation, resulting in a surplus
of data that was not directly utilized in this thesis.



5.3. EVALUATION OF MOVEMENT EVENT DETECTION 31

5.3 Evaluation of Movement Event Detection

Accurate movement detection is essential for reliable radar-based sleep stage classification. This
thesis aims to develop a method for approximating recorded movements during sleep using radar
data.

• Data Processing: The movement detection approach employed in this thesis comprises
two key steps: signal refinement and movement information extraction. Signal refinement
involves applying a MAF, taking the FOD, scaling, and absolute value transformation. This
refined data is then utilized to calculate the total energy over a 30-second interval for de-
tecting movement events.

• Localization and Magnitude: As a secondary objective of this thesis, the localization and
differentiation between large and very large movements using radar data were explored.
This side project sought to improve the accuracy and robustness of radar-based sleep stage
classification by discriminating between movement magnitudes and their locations.
The identification of large and very large movements was accomplished by employing two
distinct thresholds, one for peripheral and central regions. These thresholds can be seen in
Table 4.2.8.
This approach effectively identified the desired data points. A threshold of 0.2 was estab-
lished for localizing movement events by comparing the signals from all four radar nodes.
This approach aimed to identify significant movements in different regions. However, the
implemented localization method failed to produce satisfactory results. For further infor-
mation see Chapter 6.

• Performance Measurement: For the measurement of the resulting approximation, the
performance metrics described in Section 5.1 were introduced. These metrics were then
calculated to adjust the variables used in the data processing. Furthermore, the effectiveness
of the processing pipeline was also showcased in Chapter 4. This calculation was done for
all suitable recordings and either averaged or otherwise collected and represented in the
following Chapter 6.
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5.4 Evaluation of Machine Learning Algorithms
The calculated motion events obtained through the movement event detection pipeline served as
the basis for extracting specific motion features. These features were subsequently employed as
input for the ML algorithms described in Section 4.4 for sleep stage classification.
This section evaluates the processing pipeline involving feature extraction and the utilization of
ML algorithms.

• Feature Extraction: In order to get a large data set on which to train the algorithms, 15
motion features were computed from the movement data, as can be seen in Section 4.3.
These features were calculated for all 32 recordings and then fed into the ML algorithms
for training.
They included the calculated differentiation of large and very large movements, as well as
a variety of metrics such as mean, median, and SD.

• Machine Learning Algorithms: Three algorithms were chosen to classify the different
sleep stages: SVM, MLP, and XGB.
All of them were provided with the mentioned features and the corresponding ground truth,
consisting of the automatically labeled sleep stages of the PSG. The algorithms were mod-
ified to include a new modality and a new dataset type.
The dataset used in this thesis, required further processing to match the format of the
original “Mesadataset” used with the same algorithms. This included changing the label-
ing of the PSG ground truth, to match the different sleep stage classifications categories
Wake/Sleep or Wake/NREM/REM.

• Performance Metrics: In accordance to the methodology outlined in the Section 4.4, seven
performance metrics were obtained. These metrics provide a comprehensive assessment
of the efficacy of the ML algorithms employed.



Chapter 6

Results

6.1 Movement Detection

6.1.1 Optimization of Threshold and Window Size
The accompanying visualizations, in Figure 6.1 illustrate the correlation between the diverse per-
formance metrics outlined in Section 5.1. The Precision metric exhibits a gradual improvement
in tandem with the rising threshold applied to the signal. Conversely, the Recall results manifest a
diminishing performance with the advancement of the Threshold. This phenomenon stems from
the aforementioned noise, as well as the small movement suppression effect of the threshold.
The F1-score is a composite of both Precision and Recall, and it attains its peak at the optimal
alignment of the two performance metrics. These visualizations in 6.1 were generated utilizing a
subset of 10 recordings.
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Figure 6.1: These metrics were calculated based on the threshold values.

Variable window sizes have a similar impact on noise filtering and the inadvertent suppres-
sion of minor movements as the threshold. Accordingly, the MAF window size exhibits a similar
impact on Precision and Recall, albeit with a lower magnitude.
Figure 6.2 illustrates this effect in relation to the MAF window size, where Precision generally
exhibits an ascending trend, contrasting with the Recall metric, which declines.
The F1-score follows a similar trajectory to the threshold, reaching a peak at the optimal equi-
librium of Precision and Recall. The performance visualization of the various window sizes was
generated using a dataset of 24 recordings.
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Figure 6.2: These metrics were calculated based on the window size of the MAF.

To identify the optimal thresholds and window sizes for maximizing movement detection,
performance metrics were calculated for thresholds ranging from 0.17 to 0.20 and window sizes
between 17 000 and 22 000.
Movement detection can be affected by two types of errors: FP (movement is detected when
there is no ground truth) and FN (ground truth is present but not detected). To assess these errors,
the metrics precision, recall, and F1 were calculated. Precision measures the ratio of true posi-
tive (TP) to all detected movements. Raising the threshold and window size effectively filters out
noise, but also reduces the detection of genuine movements, consequently improving the preci-
sion of movement detection.
Recall, on the other hand, measures the ratio of TP to all movements detected by the ground truth.
As the threshold and window size increase, fewer movements are detected, leading to lower recall.
To balance precision and recall, the F1-score was also calculated. The F1-score reaches its max-
imum value when precision and recall are equal. Figure 6.3 demonstrates the trade-off between
precision and recall. The Figure also highlights the combination of both threshold and window
size that yields the highest F1-score, with the least amount of outliers.
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Figure 6.3: The figure shows the distribution of the precision, recall, and F1 metrics of all sleep
recordings. It also highlights the detection rates of movement of the processing pipeline for spe-
cific thresholds and window sizes.
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6.1.2 Calculation of the Performance Metrics
To identify the optimal window size and threshold, all recordings were systematically evaluated.
A window size of 19 001 and a threshold of 0.2 were determined to achieve the highest average
F1-score with the least number of outliers.
This window size corresponds to an average duration of approximately 8.5 s when synchronized
with a sampling rate of 2 kHz. Using these settings and encompassing all eligible recordings, the
averaged performance metrics were as shown in Table 6.1.

Precision Recall F1
65.56% 73.29% 66.21%

Table 6.1: The overall performance of movement detection across all recordings, as assessed by
the mean values of precision, recall, and F1 score.

A significant proportion of FP and FN data points are situated within adjacent time intervals
(30 s) to the TP or true negative (TN) indices. The false classification of data points could be
attributed to the signal-broadening effect introduced by the MAF algorithm. As the signal is
averaged over a sequence of data points, sharp edges tend to be smoothed out, resulting in a
less distinct representation of the movement events. This phenomenon is evident in the example
depicted in Figure 6.4.
A more comprehensive discussion of the problem leading to this phenomenon was done in Chapter
7.2.2.
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Figure 6.4: This figure demonstrates the signal-broadening effect over three-time intervals, intro-
duced by the MAF algorithm on a simplified rectangular example signal. This phenomenon can
lead to movement events detected in one timeinterval extending into neighboring intervals.
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When analyzing all available recordings, the mean number of FP or FN in close proximity led
to the proportions of all incorrectly identified instances, as presented in Table 6.2.

All False Data Points False Positive False Negative
33.18% 19.92% 15.26%

Table 6.2: The mean proportion of inaccurate data points in adjacent time intervals.

Figure 6.5 depicts the percentage of incorrectly detected movement events that are within
a close temporal window (30 s) of genuine movements, for each recording. It also provides a
comprehensive overview of the distribution of FP and FN data points relative to the total number
of falsely identified instances. This serves to approximate the overall temporal proximity of falsely
identified movement events to genuine movement events.
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Figure 6.5: The proportion of FP and FN detections across temporally adjacent time windows,
with each data point representing an individual dataset.

6.1.3 Localization of Movement
Although not the primary focus of this thesis, the localization of movement was investigated as a secondary
objective.
This said, the localization data obtained was deemed imprecise and therefore unsuccessful, primarily due
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to the inability to consistently track or differentiate between similar movement events. Despite these limi-
tations, the differentiation between large and very large movements produced satisfactory results and was
successfully integrated into the feature extraction process.

6.2 Machine Learning based Sleep Stage Classification
The performance metrics of sleep score estimation were evaluated using three ML algorithms: MLP, SVM,
and XGB. These algorithms were employed for sleep stage classification in two categories: Wake/Sleep
and Wake/NREM/REM.
For each category a confusion matrix was generated, to depict the number of instances that were correctly
classified (TPs and TNs) and incorrectly classified (FPs and FNs) for each algorithm. These matrices can
be used to calculate metrics, such as precision, recall, or the F1-score.
The first matrices in Figure 6.6 depict the binary classification results, indicating the proportion of instances
correctly classified as Wake or Sleep events. The latter matrices illustrated in 6.7 show the three-stage
classification outcomes, further differentiating between Wake, NREM, and REM.

(a) (b) (c)

Figure 6.6: The confusion matrices of the binary Sleep/Wake classification.

(a) (b) (c)

Figure 6.7: The confusion matrices of the three-stage sleep stage classification.
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As mentioned in Section 5.1 the results of the ML algorithms were provided in the metrics Accuracy,
Precision, Recall, F1, Kappa, Specificity, and MCC.
The results of the binary classification and three-stage classification tasks are illustrated in Figures 6.8 and
6.9, respectively.

Accuracy Precision Recall F1 Kappa Specificity MCC
Metric

0

10

20

30

40

50

60

70

80

90

100

A
m

pl
itu

de
 [%

]

Binary SVM Performance Metrics

(a) Binary classification of the SVM algorithm.
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(b) Binary classification of the XGB algorithm.
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(c) Binary Classification of the MLP algorithm.

Figure 6.8: These boxplots depict the distribution of the performance metrics accuracy, precision,
recall, F1, kappa, specificity, and mcc across the three ML algorithms MLP, SVM and XGB for
the binary classification of sleep stages.
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Three ML algorithms, MLP, SVM, and XGB, were evaluated for binary sleep stage classification. The
boxplots in Figure 6.8 show that the performance metrics of all three algorithms are relatively high. How-
ever, the XGB algorithm consistently outperforms the other two methods. This suggests that the XGB
model is, with an F1-score of 81%, more accurate and consistent than the MLP or SVM models. The
resulting metrics can be seen in Table 6.3.
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(a) Three-stage classification of the SVM algorithm.
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(b) Three-stage classification of the XGB algorithm.
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(c) Three-stage classification of the MLP algorithm.

Figure 6.9: Performance metrics accuracy, precision, recall, F1, kappa, specificity, and mcc across
the three ML algorithms MLP, SVM and XGB for the three-stage classification of sleep stages.
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Figure 6.9 presents a comparative analysis of the three-stage sleep classification results obtained using
the MLP, SVM, and XGB algorithms. These results are summarized using seven performance metrics,
analogous to the binary classification task.

• SVM: SVM emerged as the most proficient algorithm in the three-stage sleep classification, consis-
tently outperforming the XGB and MLP algorithms across most metrics.

• XGB: The XGB algorithm demonstrated comparable performance in terms of accuracy, precision,
recall, and F1-score to the MLP algorithm. However, XGB exhibited a slight inferiority compared
to SVM across these metrics.

• MLP: Closely following XGB, the MLP algorithm demonstrated a similar pattern of performance
across all metrics, albeit slightly lower than SVM.

6.2.1 Algorithm Performance
This chapter summarizes the performance of three ML algorithms (MLP, SVM, and XGB) in classifying
sleep data.

Binary Classification

• XGB: Emerged as the top performer, achieving an average F1-score of 81%, surpassing MLP (80%)
and SVM (80%).

• MLP and SVM: Despite not achieving the same value as XGB, with 80% they also demonstrated
respectable F1-scores in Wake/Sleep identification.

Three-Stage Classification

• SVM consistently outperformed XGB (54%) and MLP (53%) to achieve an average F1-score of
63% in three-stage classification.

• XGB exhibited a lower performance than SVM, and was comparable to the results obtained with
MLP.

• MLP algorithm displayed moderate performance in both binary and three-stage sleep classification.
However, its performance did not reach the level of the other two algorithms.

These findings are summed in the Table 6.3 for binary classification and Table 6.4 for three-stage classifi-
cation.
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Algorithm Accuracy Precision Recall F1 Kappa Specificity MCC
MLP 71% 73% 91% 80% 21% 27% 24%
SVM 70% 73% 89% 80% 21% 29% 22%
XGB 71% 74% 92% 81% 23% 29% 26%

Table 6.3: Performance metrics for Wake/Sleep classification.

Algorithm Accuracy Precision Recall F1 Kappa Specificity MCC
MLP 59% 54% 59% 53% 14% 63% 16%
SVM 68% 60% 68% 63% 24% 67% 26%
XGB 60% 54% 60% 54% 15% 64% 18%

Table 6.4: Performance metrics for Wake/NREM/REM classification.





Chapter 7

Discussion

This Chapter discusses the key findings, contributions, and limitations of this thesis. The discussion is
organized into sections focusing on movement detection, sleep staging, and a comparison with existing
literature.
This work introduces a method for approximating movement events and extracting movement features,
these were then employed in ML algorithms for sleep stage classification. The study involved the record-
ing of 37 participants who will later serve as a control group for patients with PD in a broader study.
Despite the occurrence of signal loss and other data impairments, as described in Chapter 4.1.4, only five
recordings were excluded from the final evaluation process. This was due to the fact that the PSG system
recorded more data channels than were strictly necessary for the movement detection pipeline. As a result,
a loss of data in some channels did not necessarily mean that the entire recording had to be discarded.
However, this surplus data could still be leveraged to enhance the accuracy of the automated sleep stage
classification used as the ground truth for the ML algorithms.
The resulting usable dataset of 32 recordings, consisted of a contactless radar signal as well as a conven-
tional PSG. Additionally, the movement was differentiated in either large or very large movement data if
certain thresholds were met, as can be seen in Table 4.4.
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7.1 Findings
Movement Detection

The movement detection method developed in this thesis achieved an F1-score of 66%, a recall rate of 73%,
and a precision of 65%. These results suggest that the system’s ability to detect movements is slightly lower
than anticipated.
It also tended to produce both FP and FN values, often in close proximity to TPs. While the resulting
performance of movement detection using radar data exhibits only reasonable accuracy, the significant
proportion of false data points nearby, as demonstrated in section 6.1.2, indicates that movement can be
detected within a tight timeframe. Despite this, it also highlights the potential for enhancement by reducing
FP and FNs.
The higher recall relative to precision may suggest that the signal widening introduced by the MAF plays
a significant role in the performance metrics. This effect is evident in the visualization 4.2, and described
in Section 7.2.2.
The assessment of the movement detection pipeline’s performance is further complicated by the absence
of reported performance metrics in the studies analyzed, with only sleep stage results being documented.

Sleep Staging

ML algorithms were applied to classify sleep stages using the calculated movement data.
To compute the various performance metrics outlined in Chapter 5.1, the employed ML algorithms gen-
erated confusion matrices. These depict the proportion of TPs and TNs relative to FPs and FNs, and are
presented in Section 6.2.
In the binary sleep staging task, all employed algorithms exhibited a tendency to overpredict the sleep
phase. A trend, that was particularly evident in the NREM phase, as shown by the three-stage classifica-
tion results. This is exemplified by the confusion matrices for both binary (Figure 6.6) and three-stage
(Figure 6.7) categorization. One possible explanation for this overprediction may be the exclusive reliance
on movement data in this thesis. This could result in misinterpreting wake phases with minimal movement
preceding and following the NREM sleep phase as sleep.
The algorithms achieved an F1-score of 81% for the binary (Wake/Sleep) and 63% for the three-stage clas-
sification (Wake/NREM/REM).
Among the considered ML algorithms, XGB performed best for binary classification, while SVM yielded
superior performance for the three-stage categorization. Overall, the metrics for the ML-based sleep stag-
ing were within the expected range. The only deviation from expected performance was observed in the
specificity metric, with values ranging between 27% and 29% for binary classification and between 63%
and 67% for three-stage sleep staging.
The F1-scores achieved in this study were marginally lower than those reported in a similar study by Rah-
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man et al. [Rah15], which achieved 86.2% accuracy for binary classification and 75.8% accuracy for three-
stage sleep staging. This difference may be attributed to the imperfect ground truth sleep phase annotations
provided by the PSG.

Movement Localization

Although not the main focus of this thesis, the differentiation of movement events was only partially suc-
cessful. While the distinction between larger movements was successfully attained, the identification of
movement locations was excluded from the extracted features due to imprecise results. This is further
described in Chapter 6.1.3.

7.2 Comparison with Existing Literature
Movement Detection

The movement detection pipeline yielded lower performance than anticipated. This could be attributed to
a multitude of factors, including the influence of the MAF as described in Section 7.2.2.
Rahman et al. [Rah15] documented an average recall rate of 86% for movement detection utilizing radar
data. Nonetheless, the authors did not provide complete information on precision and F1-score, limiting
a full assessment of their method’s overall effectiveness. Kagawa et al. [Kag16] evaluated their motion
detection capabilities by using a body motion index to distinguish between sleep and wake states, achieving
a sensitivity of 76% and a specificity of 77%. Conversely, the study failed to provide comprehensive
performance metrics for motion detection, hindering a thorough evaluation of the method’s overall efficacy.
Hong et al. [Hon18] did not share their method for approximating movement with the ground truth data.
They solely presented the sleep stage classification results obtained using their ML algorithms.
The absence of comprehensive and comparable performance metrics across the examined literature has
limited the evaluation of movement detection from the radar data. Consequently, the focus shifted towards
comparing the performance of different ML algorithms to classify the sleep stages.
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Sleep Staging

Sleep staging was done with two sets of classification metrics, first, it was differentiated between Wake/Sleep,
and secondly between Wake/NREM/REM. These same classification tasks have been addressed in various
studies with similar research objectives.
Most previous studies on sleep staging have incorporated vital signs along with movement data, achieving
detection rates ranging from 66.4% to 89.6%. Only Rahman et al. [Rah15] reported their findings solely
based on movement data, achieving an F1-score of 86.2% for Wake/Sleep and 75.8% for Wake/NREM/REM
detection.
The obtained performance metrics of this thesis were slightly lower compared to the results reported by
Rahman et al. [Rah15]. However, it remains challenging to definitively attribute this discrepancy to short-
comings in the processing pipeline, inaccuracies in the ground truth provided by the PSG, or a combination
of these factors.
The reliance on automatically extracted sleep stage information from the PSG introduces an inherent am-
biguity in the evaluation process. Not only that, but given the focus of this study on movement as the sole
input for sleep staging, it was anticipated that the overall detection rate would be lower compared to studies
incorporating vital signs.
Despite these limitations, the obtained classification results demonstrate the significance of movement in
the sleep staging process.

7.2.1 Methodology of Related Work

The approach for the extraction of movement data employed in this thesis resembles that of Hong et al.
[Hon18]; with the difference being, that the signal energy was measured over a 6-minute period, which
differs from the 30-second interval used in this work.
Rahman et al. [Rah15] adopted a different approach by calculating the RMS of the signal and dividing it
into 30-second intervals.
This Thesis integrated elements from both approaches, employing 30-second intervals for movement de-
tection while calculating the mean movement value within each interval. The strategy employed aimed to
distinguish between different movement magnitudes by analyzing mean values while effectively address-
ing the influence of outliers.
In addition, this thesis uniquely incorporated the FOD of the filtered signal to enhance movement event
detection. Unlike previous studies that solely relied on a MAF, the proposed preprocessing pipeline aimed
to simultaneously address signal distortion and enhance movement detection by combining MAF with a
fixed threshold and the FOD.
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7.2.2 Effects of the Moving Average Filter
The MAF was utilized to suppress high-frequency noise and to handle signal anomalies.
Although effective in smoothing signals, the MAF can inadvertently blur signal events, particularly sharp
changes or short-duration pulses. This occurs because the MAF averages the value of all data points in the
window size, resulting in a widening of the motion event, as can be seen in the visualization in Figure 4.2
and Figure 6.4. This can result in FPs, if the motion occurs at the edge of a time interval, as the broadened
signal may spill over into the adjacent time segments.
To decrease the number of FP detections, it may be beneficial to use a smaller window size and adjust the
threshold accordingly. Alternatively, other filters, such as a Wiener filter, could be considered for improved
performance.

Localization

The localization effort of this work was unique when compared to the examined related work. Even though
it was only partially successful, it gave valuable insight into the magnitude of the recorded movement. Fur-
thermore, the approach for differentiating between areas of movement is still valid and could be picked up
and refined in future work.
The inability to accurately localize movement could arise from various error sources, including wrong
thresholding or insufficient discrimination between the maximum amplitude of other significant move-
ments.
Setting an excessively high threshold could effectively eliminate noise but also inadvertently discard nu-
merous smaller movements. Moreover, overly inclusive criteria for classifying large movements might
obscure distinct movement events. This issue might stem from the lowered threshold applied to peripheral
nodes for classifying movements as large. As a result, movements primarily concentrated in inner radar
nodes but displaying low amplitude in outer nodes could be mistakenly identified as large movements.
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7.3 Strengths and Limitations
Strengths

The thesis employed a data-driven methodology leveraging a substantial dataset of radar signals, enabling
a thorough evaluation of the movement detection and sleep stage classification algorithms. This approach
offered several advantages, including objective and unbiased assessment of the processing pipeline, perfor-
mance evaluation across diverse movement patterns, and the ability to incorporate data irregularities that
may be overlooked in smaller datasets.
Furthermore, the use of ML algorithms makes it possible to optimize the classification of sleep stages in
this work without the need for frequent code adjustments.
The methodology is evaluated using a rigorous set of metrics, which ensures that the results are reliable
and generalizable.

Limitations

Despite the valuable insights obtained, the thesis acknowledges several limitations that warrant further in-
vestigation. A notable limitation pertains to the inherent unreliability of the ground truth data. Medical
professionals from the university clinic of the FAU, will score the sleep stages, but this process will occur
after the completion of the thesis. Consequently, this study utilizes the automated PSG classification as
the ground truth for evaluating the performance of the ML algorithms. This approach introduces potential
limitations, as automated methods may not be as reliable as human expert annotations. These limitations
could reduce classification performance and introduce uncertainty into the evaluation process, making it
difficult to determine the precise cause of any errors.

Another challenge was the incomplete synchronization of the radar and PSG signals. The available
synchronization methods from empkins-io were not operating correctly at the time of this research. This
said this research primarily focused on large body movements, which are generally less susceptible to mi-
nor temporal variations compared to smaller ones. Consequently, only the “local_datetime” index was
employed for signal synchronization.

While a comprehensive grid search was conducted to optimize the movement detection performance,
exploring threshold values ranging from 0.01 to 0.31, the final evaluation focused on a narrower range
between 0.17 and 0.20. Within this restricted range, the threshold of 0.20 demonstrated the highest perfor-
mance. This suggests that the optimal value may lie just beyond the explored range, and further investiga-
tion is warranted to identify the optimal threshold value.
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This work was done in the context of PD early detection. However, the dataset employed for developing
this methodology was exclusively comprised of the healthy control group, preventing a comprehensive
evaluation of PD-specific movement detection capabilities. This said the main goal of this thesis was to
create a model that could estimate the movement patterns captured by the PSG using radar data. This
implies that even though only the control group of the PD cohort was employed in this study, the data were
suitable for this purpose. It is worth mentioning that the quality of the recorded sleep had little impact on
the processing pipeline implemented in this thesis. The recorded data’s most crucial aspect was exhibiting
traceable and logically consistent movement features.





Chapter 8

Conclusion and Outlook

This research demonstrates the feasibility of utilizing radar data to discern movement patterns during sleep.
It also underscores the potential importance of movement as a feature for sleep stage classification using
ML algorithms.

8.1 Conclusion

Movement Detection

To achieve the goal of using movement for sleep stage classification, the detected motion in the radar signal
was compared to the ground truth of the PSG.
The processing pipeline achieved reasonable accuracy in detecting movement, although its performance in
this regard was slightly lower than expected. It is important to note that a comprehensive comparison to
related work, is not possible due to the lack of comparable data.

Sleep Staging

The sleep stage classification performance achieved in this study is comparable to the examined studies
[Kag16; Rah15; Hon18]. For binary classification (Wake/Sleep), the highest performing ML algorithm
XGB, yielded a precision of 74%, recall of 92%, and F1-score of 81%. In the case of three-stage clas-
sification (Wake/NREM/REM), the results were 60% precision, 68% recall, and 63% F1-score, with the
SVM algorithm. Rahman et al. [Rah15] reported slightly higher performance results for the sleep stage
classification, using only movement data. The full comparison of the results is presented in Section 7.2.
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8.2 Outlook
The results of this thesis demonstrate the potential of radar as a promising alternative to PSG for movement
detection.
To further enhance the findings of this thesis, future research could investigate alternative noise reduction
methods to the application of a MAF. This could potentially reduce FP and FN detection rates, thereby
enhancing the overall performance of the movement detection system.
Further investigations should also assess whether employing higher thresholds for noise suppression could
potentially enhance the performance of the movement detection pipeline.
The localization accuracy in this thesis could be improved by refining the applied thresholds or by adjusting
the radar node positioning to better capture the movements of different body parts.
Furthermore, alternative approaches to motion localization beyond solely considering the amplitude of
the movement could be explored. This could help to gain a more comprehensive understanding of the
movement’s source.
Future research should investigate how sleep staging can be accomplished using movement as a feature,
without the potential of misclassifying wakeful periods with minimal movement, as sleep. One potential
solution, as demonstrated by recent studies [Rah15; Hon18; Hon19], lies in integrating multiple sleep
features, including movement, respiratory rate, and heart rate. This approach can enhance the robustness
and overall performance of sleep staging. This work highlights the importance of movement as a feature
for sleep stage detection, achieving reasonable detection rates for the examined sleep phases.
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Questionnaire
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FragebogenFragebogen

11   PSQI   PSQI

During the past month, what time have you usually gone to bed at night?

Please enter the time using the 24-hour system (e.g. "22.00").

During the past month, how long (in minutes) has it usually taken you to fall asleep each night?

minutes

During the past month, what time have you usually gotten up in the morning?

Please enter the time using the 24-hour system (e.g. 08.00).

During the past month, how many hours of actual sleep did you get at night? (This may be different than the

number of hours you spent in bed.)

Please enter the hours of sleep.

hours

During the past month, how often have you had trouble sleeping because you cannot get to sleep within 30

minutes?

During the past month, how often have you had trouble sleeping because you wake up in the middle of the

night or early morning?

During the past month, how often have you had trouble sleeping because you have to get up to use the

bathroom?

During the past month, how often have you had trouble sleeping because you cannot breathe comfortably?

During the past month, how often have you had trouble sleeping because you cough or snore loudly?

During the past month, how often have you had trouble sleeping because you feel too cold?

During the past month, how often have you had trouble sleeping because you feel too hot?

During the past month, how often have you had trouble sleeping because you had bad dreams?

During the past month, how often have you had trouble sleeping because you have pain?
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22   STOP BANG   STOP BANG

Other reason(s), please describe:

How often during the past month have you had trouble sleeping because of this?

During the past month, how would you rate your sleep quality overall?

During the past month, how often have you taken medicine to help you sleep (prescribed or "over the

counter")?

During the past month, how often have you had trouble staying awake while driving, eating meals, or

engaging in social activity?

During the past month, how much of a problem has it been for you to keep up enough enthusiasm to get

things done?

Do you have a bed partner or room mate?

If you have a room mate or bed partner, ask him/her how often in the past month you have had loud

snoring:

If you have a room mate or bed partner, ask him/her how often in the past month you have had long pauses

between breaths while asleep :

If you have a room mate or bed partner, ask him/her how often in the past month you have had legs

twitching or jerking while you sleep:

If you have a room mate or bed partner, ask him/her how often in the past month you have had episodes of

disorientation or confusion during sleep:

Other restlessness while you sleep; please describe:

How often in the past month have you experienced this other restlessness you described?

Do you snore loudly?

Louder than talking or loud enough to be heard through closed doors

Yes

No
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33   RBD Screening Questionnaire   RBD Screening Questionnaire

Do you often feel tired, fatigued, or sleepy during the daytime?

Yes

No

Has anyone observed you stop breathing during sleep?

Yes

No

Do you have (or are you being treated for) high blood pressure?

Yes

No

BMI

<=35

>35

Age

<=50

>50

Gender

Female

Male

Other

I sometimes have very vivid dreams.

Yes

No

My dreams frequently have an aggressive or action-packed content.

Yes

No
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The dream contents mostly match my nocturnal behaviour.

Yes

No

It thereby happened that I (almost) hurt my bed partner or myself.

Yes

No

I have or had the following phenomena during my dreams:

speaking, shouting, swearing, laughing loudly

Yes

No

I have or had the following phenomena during my dreams:

sudden limb movements, “fights”

Yes

No

I have or had the following phenomena during my dreams:

gestures, complex movements, that are useless during sleep, e.g., to wave, to salute, to frighten mosquitoes,

falls off the bed

Yes

No

I have or had the following phenomena during my dreams:

things that fell down around the bed, e.g., bedside lamp, book, glasses

Yes

No

It happens that my movements awake me.

Yes

No

After awakening, I mostly remember the content of my dreams well.

Yes

No
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44   SF-12 Health Survey   SF-12 Health Survey

My sleep is frequently disturbed.

Yes

No

I have/had a disease of the nervous system (e.g., stroke, head trauma, parkinsonism, RLS, narcolepsy,

depression, epilepsy, inflammatory disease of the brain)

Yes

No

If yes, which?

In general, would you say your health is:

Excellent

Very good

Good

Fair

Poor

The following questions are about activities you might do during a typical day. Does your

health now limit you in these activities? If so, how much?

Moderate activities such as moving a table, pushing a vacuum cleaner, bowling, or playing golf.

YES, limited a lot

YES, limited a little

NO, not limited at all

Climbing several flights of stairs.

YES, limited a lot

YES, limited a little

NO, not limited at all
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During the past 4 weeks, have you had any of the following problems with your work or

other regular daily activities as a result of your physical health?

Accomplished less than you would like.

Yes

No

Were limited in the kind of work or other activities.

Yes

No

During the past 4 weeks, have you had any of the following problems with your work or

other regular daily activities as a result of any emotional problems (such as feeling depressed

or anxious)?

Accomplished less than you would like.

Yes

No

Did work or activities less carefully than usual.

Yes

No

During the past 4 weeks, how much did pain interfere with your normal work (including work outside the

home and housework)?

Not at all

A little bit

Moderately

Quite a bit

Extremely

These questions are about how you have been feeling during the past 4 weeks. For each

question, please give the one answer that comes closest to the way you have been feeling.

How much of the time during the past 4 weeks…
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55   Endseite   Endseite

Have you felt calm & peaceful?

All of the time

Most of the time

A good bit of the time

Some of the time

A little of the time

None of the time

Did you have a lot of energy?

All of the time

Most of the time

A good bit of the time

Some of the time

A little of the time

None of the time

Have you felt down-hearted and blue?

All of the time

Most of the time

A good bit of the time

Some of the time

A little of the time

None of the time

During the past 4 weeks, how much of the time has your physical health or emotional problems interfered

with your social activities (like visiting friends, relatives, etc.)?

All of the time

Most of the time

A good bit of the time

Some of the time

A little of the time

None of the time
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Appendix B

Acronyms

AI artificial intelligence

BMI body mass index

CDA canonical discriminant analysis

CSV comma-separated values

CW continuous wave

ECG electrocardiography

EDF european data format

EEG electroencephalography

EMG electromyography

EOG electrooculography

EmpKinS Empatho-Kinaesthetic Sensor Technology Sensor Techniques and Data Analysis Methods for
Empatho-Kinaesthetic Modeling and Condition monitoring

FAU Friedrich-Alexander-Universität

FNE first-night-effect

FOD first-order derivative

FP false positive

FN false negative
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GUI graphical user interface

HRV heart rate variability

I in-phase

IMS industrial, scientific, and medical

KNN k-nearest neighbor classifier

MAF moving average filter

ML machine learning

MLM mean of large movements

MLP multi-layer perceptron

MVLM mean of very large movements

MaD machine learning and data analytics

NREM non-rapid eye movement

PD Parkinson’s disease

PLMS periodic limb movement

PPG photoplethysmography

PSG polysomnography

PSQI Pittsburgh sleep quality index

Q quadrature

RBD REM sleep behavior disorder

REM rapid eye movement

RIP respiratory inductance plethysmography

RLS restless-legs-syndrome

RMS root mean square

RTOF roundtrip time of flight

SD standard deviation
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STOP-Bang snoring, tiredness, observed apnea, pressure, BMI, age, neck circumference, gender

SVM support vector machines

TP true positive

TN true negative

XGB extreme gradient boosting
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