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Summary. A method, an algorithm and a software tool for processing daily EEG signals for
computer electroencephalographic systems to detect the manifestation of epileptic seizures in humans have
been developed. Mathematically, the daily EEG signal is presented as a random sequence of white Gaussian
noise zones and additive mixtures of different-frequency harmonic components. Harmonic functions interpret
the manifestations of epileptic seizures. The core of the method of processing daily EEG signals is a time-
shifted window inter-covariance processing with multiple kernels in the form of different-frequency harmonic
functions. Based on the method of window processing, an algorithm and a software tool for daily EEG signal
processing with a graphical user interface using the MATLAB environment have been implemented. The
developed software can be used as a component of computer EEG systems. The results of daily EEG signal
processing using the software are displayed in the form of averaged products of covariance results (the value
is measured in power units) within each processing window, which quantitatively reflect the time points of
epileptic seizures in a person. Manifestations of epileptic seizures are reflected through the increase in the
averaged values of the power of covariances in relation to observation intervals without corresponding
manifestations of these seizures. To ensure the authorization of the process of determining the level of
decision-making regarding the moments of epileptic seizures (exceeding the normal level), the threshold
algorithm and the Neumann-Pearson statistical criterion were applied.

Key words: daily EEG signal, processing method, software tool, time-shift window, mutual
covariance, harmonic functions of different frequencies, Neumann-Pearson criterion, computer EEG system,
MATLAB.
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Statement of the problem. Epilepsy is one of the most common chronic disorders of
human brain functioning, which manifests itself through epileptic seizures and can lead to
memory loss. According to the WHO, as of the beginning of 2023, the number of epileptic
seizures in the world is approximately 50 million people. However, according to the
conclusions of many specialists, these figures are underestimated, since many cases remain
undiagnosed. Causes of epileptic seizures can be head injuries, excessive use of drugs and
alcohol, stroke, diseases of the nervous system, and brain tumors.

In medical practice, electroencephalography is an effective informative method for
detecting epileptic seizures in humans. This method provides registration of the total electrical
activity of the brain in the form of EEG signals.

Studying human brain activity during the day using EEG signals makes it possible to
detect manifestations of epileptic seizures, in particular, their intensity and duration, which can
usually be missed.

Analysis of the well-known results of the research. The software tool in modern
computer EEG systems is implemented on the methods of processing EEG signals for the
detection of epileptic seizures in humans, in particular:

- the spectral method [1-3] provides a frequency analysis of EEG signals within a short
observation time, which does not enable the study of daily signals for the fact of detecting
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epileptic manifestations and does not provide the process of determining the moments of time
of these manifestations;

- the visual method [46] provides a visual study of the structure of long-term EEG
signals for the detection of epileptic leads within short time observation zones;

- the morphological method [7] provides analysis of a short-term EEG signal in time
space (amplitude, time), but does not work with daily realizations of signals;

- the correlation method [8] provides an analysis of relationships in the implementation
of the EEG signal for a short period of time;

- the spectral-correlation method [9, 10] provides a study of the density of the
distribution of power values of a short-term EEG signal in the frequency space;

- wavelet transformation [11, 12] provides decomposition of short-term
implementations of the EEG signal into different frequency bands by decomposition of the
wavelet packet of the 4th level and the process of calculating the entropy value of the signal
within different frequency ranges when classifying the type of epileptic seizure, however, the
process of determining the moments of time is not is carried out.

The Objective of the work. The development of an effective method for processing
long-term EEG signals and a software tool for detecting epileptic manifestations based on a
new mathematical model and a method for computer EEG systems to study the interdependence
of variations in the signal structure in time space for the purpose of detecting manifestations of
epileptic manifestations is an urgent task.

Mathematical model of daily EEG signals. During the manifestation of an epileptic
seizure, the implementation of the EEG signal is dominated by harmonic oscillations within a

certain frequency range [f,; f,]. The values of the lower and upper limits of the frequency

range depend on the type of epileptic seizure (juvenile absence epilepsy — 2-4 Hz, Lennox-
Gastaut syndrome — 1.5-2 Hz, idiopathic generalized epilepsy — 3-5 Hz).

The experimental implementation of the daily EEG signal is shown in Fig. 2 (database
resource from the website http://www.physionet.org was used). Data of EEG signals from this
database were also used in works [13, 14].
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Figure 1. Experimental realization of daily EEG signal
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Pre-selected short time fragments from the daily EEG signal (Fig. 1) from the daily

implementation without the manifestation of an epileptic seizure and during the seizure are
shown in Fig. 2-3.
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Figure 2. A fragment of the EEG signal without the manifestation of an epileptic seizure
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Figure 3. A fragment of the EEG signal with the manifestation of an epileptic seizure

Based on the Fourier transformation of selected fragments of EEG signal
implementations (Fig. 2-3), it was established that during the period of epileptic seizure
(manifestation of juvenile absence epilepsy), the dominance of components in the frequency
range of 2-4 Hz is observed, in contrast to the implementation of EEG signals without
manifestations of an epileptic seizure.

It is assumed that the implementation of the EEG signal in the time zone without the
manifestation of epileptic seizures is an approximation based on the structure of white Gaussian
noise, and in the zone of manifestation it is an approximation to a set of different-frequency

harmonic components. Under this assumption, the structure of the daily EEG signal is presented
structurally in Fig. 4.
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Figure 4. Temporal structure of the daily EEG signal with zones of manifestation and without manifestations
of epileptic seizures
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Under this assumption (Fig. 3), the mathematical model of the daily EEG signal is
presented in the form of a random sequence of k-th white Gaussian noise zones n,(t),...,n, (t)
and additive mixtures of n-th different-frequency f, harmonic components $"s(a , f,,t)

n=1,N

(modernization of work model [13, 14]):

e X
D) =n0)U S s(A, f . )un,(t)..u S s(A,, f ,t)un,(t) 1)

n=1,N n=1,N

R~ R A

where n, (t) — the k-th zone of the EEG signal without the manifestation of an epileptic seizure
in the form of white Gaussian noise;

N — the number of harmonic components that are formed during the period of epileptic
seizures;

s(A,, f,,t) — zone of the EEG signal during the manifestation of an epileptic seizure

in the form of a set of additive components of different frequencies fn and

amplitudes An :

s(A,f t)=A sin(2A4 t), teR (2)

where A, —amplitude level of the harmonic component (for all components A=1);
f — the range of n-th frequencies of the harmonic component, which are generated under the

influence of epileptic seizures.
The alternation of $~s(a , f,,t) @nd n(t) zones is a random sequence without any a

n=1,N
priori determinations.
The number of zones in the structure of the daily EEG signal with and without
manifestations can be the k-th number, therefore expression (3) is rewritten in a more compact
form through sets, in particular their union:

§(t>=g{nk<t)uek- (A, fn,t)} ter o)

n=1,N
where n,(t) — the k-th zone of the EEG signal without the manifestation of an epileptic seizure;
6, — unknown parameter that takes the value (6, < {0,1}):

- 6,=1 (k-th zone of manifestation of an epileptic seizure);

- 6,=0 (k-th zone without manifestation of an epileptic seizure).

Method of processing daily EEG signals. Therefore, the method of processing the
daily EEG signal should detect time zones with manifestations of epileptic seizures (Fig. 2) by

detecting the set of harmonic components ZS(AH, fn,t) of the range fn = [fl; fz]

n=1,N
depending on the type of epileptic seizure.

122 ... ISSN 2522-4433. Scientific Journal of the TNTU, No 1 (113), 2024 https://doi.org/10.33108/visnyk_tntu2024.01


https://doi.org/10.33108/visnyk_tntu2024.0

Mykola Khvostivskyi, Roman Boiko

Taking into account that the daily implementation of the EEG signal in the database is
a numerical data array of a large volume and requires a powerful computing resource, it is
therefore proposed to process the EEG signal data within the limits of a sliding window with a
discrete step (Fig. 5).
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Figure 5. Realization of the daily EEG signal with sliding processing window

Selection of the k-th sliding window for processing the EEG signal fragment &, (t)
within the time interval len is provided by the indicator function 4, (t) of the time duration

D, according to the expression:

E(t)=&) 5, (), teR, (4)

1if teD
where %, (t):{o if te Dk
) K

sliding window of EEG signal processing in a time interval D, .
D, =[k-dt,k-dt +len) — the time interval of the k-th processing window (Fig. 5),

dt = const — shift step.

The minimum length of the sliding window len for daily EEG signal processing should
be 1 minute, taking into account the recommendations of neurophysiology experts. Since
arbitrary variations in the realization of the EEG signal within 1 minute are considered as
pathological signs.

Window processing of the EEG signal is implemented using the intercovariance
method with multiple kernels in the form of different-frequency harmonic functions of the

— an indicator function that forms the time domain of the k-th

[fl; f2] frequency range depending on the type of epileptic seizure detection.

Window intercovariance processing operates with the centered values of the EEG
signal in order to determine the quantitative measure of similarity of the variations of the
EEG signal values with centered sets of n-th harmonic components within k-th sliding
processing windows:

snk(u):leén(A, S (-u), n=LN ter, f<[f . f_] (5)

teR

where f — frequency range of the core (harmonic components with frequencies [f,,., f...])
mutual covariance processing;
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0

sn(A, f,t) — the centered kernel of mutual covariance processing (harmonic component of
frequency range f =[f,; f,] with amplitude level A);

N — the number of mutual covariance processing cores;

0

&, (t—u) — shifted by the u-centered implementation of the EEG signal within the k-th sliding
processing window.

To evaluate the n-th results of mutual covariance processing of b, (u) EEG signals

within the k-th sliding window of processing, an estimate of the product of the averaged
processing results for the frequencies of the n-th frequencies was used:

Yi(t)=

ﬁ(mu{bnkm)}* v ©

n=1

where M {e} —the averaging operator by the shift of the quantity u;
U,... — maximum time shift.
The generalized sequence of daily EEG signal processing is shown in Fig. 6.
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Figure 6. A generalized sequence of window mutual covariance processing of the daily EEG signal
The proposed method of processing the daily EEG signal makes it possible to

develop the core of the computer EEG system software, namely the EEG signal processing
algorithm for determining the moments of epileptic seizure manifestations.
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Algorithm for processing daily EEG signals. The algorithm for processing the
daily EEG signal to detect epileptic seizures is shown in Fig. 7.
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Figure 7. Algorithm of window mutual covariance processing of the daily EEG signal for detecting the
moments of epileptic seizures

The algorithm of window mutual covariance processing of the daily EEG signal (Fig. 7)
makes it possible to develop a suitable software tool for computer EEG systems.

Software and results of daily EEG signal processing. Using the algorithm (Fig. 7), a
software tool with a graphical user interface was developed on the MATLAB platform and its
GUIDE utility (Fig. 8). The software is configured to detect epileptic seizures in the range from
2 Hz to 4 Hz.
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Figure 8. General view of the daily EEG signal processing software

The result of loaded daily EEG signal with activated parameters and processing
parameters is shown in Fig. 9.
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Figure 9. The result of visualization of the daily EEG signal when using the developed software
The result of processing a daily EEG signal lasting 23 hours. 20.833 min. with the

sampling frequency f=100 Hz, the length of the sliding processing window len=2 min is shown
in Fig. 10 in the form of estimates of the averaged products of covariances.
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Figure 10. The result of daily EEG signal processing

Fig. 10 shows that at specific moments of time epileptic seizures are observed by means
of an increase in the values of the average power of the covariance Y, (t) in relation to time
intervals without the occurrence of seizures.

The threshold device g will be responsible for the process of automated detection of
manifestations of epileptic seizures and decision-making regarding their presence. The
threshold device functions according to the expression:

0,if v,
A(t):{ TYW)<a g )

Lf Y (t)>q
where g — decision threshold.

A(t) — the function of the patient's state, which takes the value 0 or 1 at a certain time t (0 — no
manifestation of an epileptic seizure, 1 — manifestation of an epileptic seizure).

According to expression (7), the threshold device in case of detection of an epileptic
seizure (Y, (t)> q) will generate 1 at the output, and in the absence of an seizure it will generate
0. To determine the level of decision-making, the Bayesian concept of likelihood ratios and the
Neumann-Pearson statistical test are applied. The specified criterion makes it possible to
determine the threshold level with an a priori value of the probability of an error in the decision
made (for medicine, p, ={0,001;0,01; 0,1} is declared).

The threshold level q is calculated for estimates of the averaged products of covariates
within the time zone without the manifestation of an epileptic seizure according to the
expression:

g =D, O)F - p, )+mly, (1)), ®

where te[0,T,....)— a period of time without the appearance of an epileptic seizure;

' " absence
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m(Y,(t) i DY, (t)) — mathematical expectation and variance of estimates of the averaged
products of covariates for the period of time without the manifestation of an epileptic seizure;

2

x
F — the integral of the normal distribution, F(x)= erf (x)= % _[e 2dt .
T —o0

Using expression (8), the value of the threshold was calculated with a minimum error
of the accepted decision of 0,001, which is equal to 2,0321-108 mV?2,

Taking into account the threshold value at the level of 2,0321-10* mV?, the time intervals
of the manifestation of epileptic seizures were determined, which are presented in Table 1.

Table 1

Results of detection of moments of epileptic seizures

The probability of a

Ne Manifestations of an epileptic seizure -
decision error

The first manifestation of an epileptic seizure:

1 the time point of the peak manifestation of
an epileptic seizure — 3.49 hour

The second manifestation of an epileptic seizure:

2 the time point of the peak manifestation of

an epileptic seizure — 19.04 hour

0,001

So, the developed software makes it possible to automatically determine the moments
of epileptic seizures in a person with an error probability of 0.001.

Conclusions. The structure of the model of the mathematical daily EEG signal in the
form of a random sequence of white Gaussian noise zones and additive mixtures of different-
frequency harmonic components is substantiated, which enables the study of structural
variations in a time interval for the purpose of detecting epileptic seizures in humans. The
method and algorithm of time-shift window processing of the daily EEG signal was developed
on the basis of a well-founded mathematical model and the mutual covariance method with
multiple kernels in the form of different-frequency harmonic functions. In the MATLAB
environment, a software tool with a graphical user interface was developed for computer EEG
systems in order to process the daily EEG signal. New informative signs of daily EEG signal
processing were calculated in the form of averaged values of the power of covariances, which
make it possible to quantitatively determine the time points of manifestation and duration of
epileptic seizures in humans.
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METO/I TA MPOT'PAMHMI1 3ACIE OBPOBKHU JOBOBHUX
EET-CUTHAJIIB JJISI BUABJIEHHS ENLIENTUYHUX HATIAJIB ¥V
JIIOINHA

MuxkoJuaa XBocTtiBebknii, Poman Bboliko

Tepnoninbcokuu HayionanrbHuu mexHivHuu ynigepcumem imeni leana Ilynios,
Tepnoninw, Yrpaina

Pe3tome. Po3pobneno memoo, aneopumm ma npocpamuuil 3acio oopooxu 00606020 EEI-cuenanie ons
KOMN TOmepHux elekmpoenyedanocpagivnux cucmem 015 GUAGIEHHS NPOSIEI eniienmudHUx Hanaoig y J0OUHU.
Mamemamuuno 0obosuii EEI-cuenan nodano sk eunaoxkoéa noCiioO8HICMb 30H OLIUX 2ayCO8UX Wymie ma
AOUMUBHUX CYMiel PI3HO-YACMOMHUX 2APMOHIYHUX KomnoneHm. Modens nobyooeano 3a npunyweHHs, wjo
peanizayia EET-cuenany 6 uacosiii 30ui 03 nposgy eniienmuyHux Hanaoie € HabIUNCEeHHIO 3 CIPYKMYpPO 00
0in020 2ayco8020 wiymy, a 6 30HI NPOsABY € HADIUINCEHOI0 00 CYKYNHOCMI DI3HO-YACHOMHUX 2apPMOHIYHUX
Komnounenm. Sopom memody 00pobry dobosux EEI-cucnanie € uaco-3cyéHa GIKOHHA 63AEMOKO8ApIAYiiHA
00pO6Ka 3 MHONCUHOIO 0P Y GUIAOL PIZHO-YACMOMHUX 2APMOHIYHUX DYHKYIU Olana3oHy 4acmom [fl; fz] 8

3anedcHocmi 6i0 muny GusAGNeHHs eniienmuyHoz2o Hanady. Ha 0a3i memoody 6ikonHOi 00pobKu peanizosano
aneopumm ma npoepamuutl 3aci6 o6pooku 00606020 EEI-cucnany 3 epagiunum inmepgeticom kopucmysaua npu
suxopucmanui cepeooguwya MATLAB ma uozo ymunimu GUIDE. Po3pobnenuti npocpamuuti 3aci6 modice
eKCNIIYamy8amucs K ckiadoea o0unuys y ckaadi komn tomepruux EET-cucmem. Pesyromamu 06podku 00606020
EETl-cuenany npu euxopucmani npocpamnoz2o 3acody 8i0o0padiceHo y 6ueasioi  ycepeOHeHux O0o0ymKie
pe3yibmamis Kosapiayii (3HAYeHHs BUMIDIOEMbCS 8 OOUHUYSX NOMYAHCHOCHIE) 8 MEAHCAX KOIICHO20 GIKHA 00POOKU,
KT KIILKICHO 6i000pasicaioms 4acosi MOMEHMU Nposasy ma Mpusaiocmi eniienmudHux Hanaoié ) ar0OUuHU.
IIpossu eninenmuunux Hanaodie 8i006PANCAIOMbCS Uepe3 NPUPIC ycepeoHeHUX 3HAYeHb NOMYAICHOCIIE Kogapiayill
no GiOHOUWIEeHHIO 00 HMEPBANi6 CnocmepedicenHs 0e3 GiOnoGiOHux nposeie yux Hanadis. /[nsa 3abes3neyuenms
asmopusayii npoyecy USHAYEHHS DIGHA NPUUHAMMA DieHHs WOo00 GUAGIEHHA enilenmuyHux Hanaoie
(nepesuwenni pieHs HOpMU) 3d 3HAYEHHAMU YCepeOHeHUux 000YymKi6 pe3yabmamié Kosapiayiil 3acmoco8aHO
nopoeoguii anreopumm, baeciecbky KoHyenyito iOHOWEHb NPABOONOOIOHOCMI MA CMAMUCMUYHUL Kpumepit
Heiimana-Ilipcona.

Knrwuosi cnoea: 0obosuii EEI-cuenan, memood o06pobku, npoepamuuil 3acib, 4aco-3cysHe GiKHO,
83aemoxosapiayis, 2apMOHiuHi QyHKyil pisHux uyacmom, kpumepit Heumana-Ilipcona, komn romepua
EET-cucmema, MATLAB.
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