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Abstract

One of the promising direction of the modernization of airborne equipment of prospective aircrafts
is to estimate operator’s state. The article focuses on the problem of estimating the operator’s state during
the flight task performing. The proposed algorithms are based on the electroencephalogram data analysis
using methods of spectral analysis and the method of principal component analysis. The essence of the
methods is to choose a small set of characteristics that allow determining the degree of operator’s fatigue
without information loss. The experimental results of testing of the developed algorithms are presented in
the article. The authors also have shown the correlation between the quality of performing the flight task
and the encephalogram signal parameters presenting the degree of operator’s fatigue. On the example of
the landing approach task solution the dependence between the percentage of information described by the
first two principal components and the average coherence between the altitude error and the operator's
control signal in the longitudinal channel was established. It was also determined that the average coherence
between the altitude error and the operator's control signal in the longitudinal channel correlates with the
standard deviation of altitude error.
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1. Introduction

An important problem in the modernization of airborne equipment of prospective aircrafts is to
estimate operator’s state during the piloting (Burlak, 2018). Such factors as flight overload, workload, etc.,
can significantly affect the quality of performing the flight task. One of the approaches (Korsun, Mikhaylov
& Nakhaev, 2017; Korsun & Gabdrakhmanov, 2017) to the estimation of the human operator’s state, in
particular, according to such symptoms as fatigue, falling asleep, etc., is the analysis of his
electroencephalograms (EEG) (Jap et al., 2009). Electroencephalograms (Borghini, 2014) allow qualitative
and quantitative analysis of the functional state of the human brain and its response to various stimuli or
the absence of such. For example, the analysis of brain's alpha rhythms helps to determine the boundary
between the state of calm wakefulness and increasing attention and mental activity.

In this paper, the spectral analysis methods and the principal component analysis were used for
analyzing the operator's electroencephalograms during the piloting. Principal component analysis allows to
significantly reduce the dimension of the signals' basis from sensors recording various brain's rhythms
without information loss. The following approaches were wused for analyzing operator's
electroencephalograms:

- calculation of the spectral density estimates for signals from various sensors;

- calculation of the signal percentage described by the first two principal components, depending

on the time and accuracy of the piloting;

- calculation of the norms' ratio of the first and second principal components computed for sets

of signals corresponding to alpha and theta rhythms as a function of time and accuracy of the

piloting.

2. Problem Statement
The article is aimed at studying of the possibility of estimating the operator's state using the data of

his encephalograms.

3. Research Questions
The study had the following objectives: first, to determine how fatigue affects the quality of piloting.

Secondly, to develop a method for estimating the operator's state using his encephalograms.

4. Purpose of the Study
The main purpose of the present study is to find out the way we could estimate operator's state and

determine his fatigue, which can decrease the accuracy of piloting.
5. Research Methods

The main approach to the analysis of the operator's encephalograms is the principal component

analysis, which description is given below.
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5.1. Principal component analysis

The principal component analysis (Poliev, 2017) is used to reduce the dimension of the observable
vectors' space without a significant loss of information content. The principal components are an orthogonal
coordinate system where the variances of the components characterize their statistical properties.

Let us take the initial set of vectors X of the linear space LP. The use of principal component analysis

allows us to go to the basis of linear space P, (p’ « p) with the following properties: the first component
(the first basis vector) corresponds to the direction along which the variance of the vectors of the initial set
is maximal; the direction of the second component (the second basis vector) is chosen in such a way that
the dispersion of the initial vectors along it is maximal under the condition of orthogonality to the first basis
vector. The remaining basis vectors are defined the same way. Thus, the directions of the basis vectors are
chosen to maximize the variance of the initial set along the first components, called the principal
components. The main variability of the vectors from the initial sets is represented by several first
components and it is possible to go to a space of smaller dimension by discarding the less significant
components.

Let us take a multidimensional random observation
x@
X = :
x@®)

The problem is to reduce the number of components from p to p’. This task can be solved if we
define all possible linear orthogonal normalized combinations z®(X) = ¢j; (x® — p @) + - +
Cip(x®) — @)y  where [u @, ..., p ®] " is the vector of the averages for the variable X. As a measure of

!
Dzl+--+DzP
Dx1+--4+DxP '

the p’-dimensional system (zV(X), ..., z(P")(X)) informativeness let us take a variable I, =
where Dz is the operation for calculating the variance of a random variable. It can be shown that the relations
for the determination of all p principal components of the matrix X can be represented in the following
form Z = LX, where Z = (z, ..., z®)), X = (x@, ..., x®))" and the matrix L contains the rows 1; =
(l]-l,...,l]-p),j = 1,p, which are eigenvectors of the covariance matrix Y of the random variable X.
Eigenvalues 2;,j = 1, p correspond to these eigenvectors.

The main properties of the principal components are listed below:

- The matrix L is orthogonal, i.e. LL' = L'L = I, where [ is the identity matrix.

- The covariance matrix of the principal components vector:

A 0
Yz=LYL=| ¢ : :

0 - A

- The sum of the original characteristics’ variances is equal to the sum of all principal components

variances.

A+ A+t 7\pr

The criterion of the informativeness: 1,/(Z(X)) = where 24,2, ...,A, are the

A+ A+t Ap
eigenvalues of the covariance matrix X of the vector X, arranged in decreasing order. This criterion is the
basis for deciding how many of the last principal components can be removed without significant

information loss, thereby reducing the dimension of the initial linear space.
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6. Findings
6.1. Experiment with EEG
In order to study the effect of fatigue on the activities’ characteristics of the operator, the following
experiment was carried out. Operator carried out multiple landing approaches at the flight simulator for an
hour (19 approaches). As an additional factors increasing the workload were a test, which required a
response to a predetermined stimulus (GoNoGo-test), the need to pronounce a predetermined word when

the appropriate indicator was turned on. EEG was continuously recorded during the experiment. The

duration of the experiment was about an hour.

6.2. Experimental results
The EEG analysis was carried out for the spectral densities of the initial signals. For the calculated
spectral densities, the following procedure was carried out. We selected seven time intervals duration of
1...2 seconds uniformly distributed over the whole experiment duration of one hour. Also we selected
twelve signals, six of them corresponded to brain's alpha rhythms and the remaining six corresponded to
theta rhythms. After that for each signal we calculated a percentage of signal information, that was
described by first two principal components. Tables 01 — 02 describe the total percentages that are described

by the first two principal components for selected signals.

Table 01. Percentages of signal information that are described by first two principal components. Time
interval Nel.

Signal 1 2 3 4 5 6 7 8 9 10 11 12
Percentage | 99 66 | 97,54 | 99,59 | 98,74 | 99,64 | 98,63 | 97,34 | 95,97 | 99,98 | 98,35 | 99,83 | 99,45

Table 02. Percentages of signal information that are described by first two principal components. Time
interval No2.

Signal 1 2 3 4 5 6 7 8 9 10 |11 |12
Percentage | 9993 | 98,74 | 99,52 | 92,05 | 97,24 | 96,35 | 95,17 | 99,20 | 97,65 | 98,46 | 97,74 | 99,35

Results analysis shows that first two principal components are the most informative for every signal
(they describe about 95-99% of the initial basis). In this regard it is proposed to use only first two principal
components as the most informative.

Figure 01 illustrates the plot of the average coherence function between the altitude error (vertical
deviation from the glide path) and the operator’s control signal in the longitudinal channel against the
altitude error standard deviation. Every single point on the plot corresponds to individual landing approach.

This plot shows that the relationship between the coherence function and the piloting accuracy
(altitude error) is approximately exponential. With the exception of a few points, the lower altitude error
(or the piloting accuracy) corresponds to the higher values of the average coherence function between the

altitude error and the operator's control signal in the longitudinal channel.
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Figure 01. The plot of the average coherence function between the altitude error and the operator’s
control signal in the longitudinal channel against the altitude error standard deviation

Now let us show that the piloting accuracy is related to the EEG parameters. For these purposes, the
principal components were calculated separately for six signals corresponding to the alpha rhythms, and
six signals corresponding to the theta rhythms. Thus, two sets of principal components were obtained. As

it was shown before, the most informative are the first two principal components. Therefore, the ratios of

|PC1()]
|PC1 ()]’

the norms of the first principal components from both sets were calculated: where PC, () is the

first principal component for six alpha signals, PC; () is the first principal component for six theta signals.

The same way we calculated the ratios of the norms of the second principal components from both sets

(lPCZ ((l)|
|PC2(6)]

). Figure 02 shows the plots of these ratios against the average coherence function between the

altitude error and the operator’s control signal in the longitudinal channel.
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Figure 02. The plot of the first and second principal components norms ratio against the average
coherence function between the altitude error and the operator’s control signal in the
longitudinal channel
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This plots show that for both first and second components there is a tendency for the ratio to decrease
with an increase in the average coherence function. The decrease in the ratio means that that the values of
alpha signals decrease too and operator's attention and mental activity increase. In its turn, when the brain

functional activity increases during the piloting, the piloting accuracy also increases.

7. Conclusion

In this paper, we propose the algorithms for analyzing the operator's EEG based on the principal
component analysis. On the example of the landing approach task solution the dependence between the
percentage of information described by the first two principal components and the average coherence
between the altitude error and the operator's control signal in the longitudinal channel was established. It
was also determined that the average coherence between the altitude error and the operator's control signal
in the longitudinal channel correlates with the standard deviation of altitude error. Thus, the operator’s EEG

parameters can be used for a qualitative assessment of the piloting accuracy.
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