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The H.R. Wilson and J.D. Cowan model of human brain neural activity is considered, which connects
the latent (non-measurable) parameters of external excitation with the brain neuronal activity parameters
which are available for observation, with alpha rhythm frequencies being in use in this capacity. By means of
computational experiments, revealed are the ranges of latent parameters, which ensure the occurrence of the
Poincaré—Andronov—Hopf bifurcation (transforming the spiral sink to the spiral source equilibrium point
with a limit cycle, or vice versa) that leads, in the first approximation, to the appearance of alpha rhythms.
Relative changes of the latent parameters representing external excitation are estimated through the pri-
mary indices of oculomotor activity (gaze movement entropies and gaze fixation durations), which makes
it possible to assess the pilot proximity to falling into a low efficiency state, including the real time mode.
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PaccmarpuBaercs Mozesb HEHPOHHON aKTHBHOCTH Mo3ra Yuicona—KoaHa, cBA3bIBaioNas JaTeHT-
Hble (He 3MepsieMble) MapaMeTpPhl BHEITHUX BO30YKACHUH ¢ OCTYTHBIMHE /ISl HAOTIOICH I TapaMeTpaMu
HEHPOHHOI aKTUBHOCTH TOJIOBHOTO MO3Ta, B KAYE€CTBE KOTOPBIX MCIOJB3YIOTCS YacTOThI alib(ha-PUTMOB.
[IyTeM BBIYMCIUTENHLHOTO IKCIIEPUMEHTA BBISIBJISIIOTCS JUATIA30HbI JIATEHTHBIX IIAPAMETPOB, obecrieunBa-
toe Bo3HukHoBeHue Oudypranuu [lyankape—AnaponoBa—Xomnda (HOsIBJIEHUE MPEAETBHOTO [UKIIA
U3 yeTolunBoOii 0c060il TouKHU THIA «(DOKYC» ), KOTOPast IIPUBOAUT, B IEPBOM TIPUOIUKEHIH, K BO3HUK-
HOBEHMIO aibda-puTMoB. OTHOCUTENbHbIE U3MEHEHSI JTATEHTHBIX aPAMETPOB BHENTHUX BO30Y KIEHMIT
OIICHUBAIOTCS Yepes MepBUYHbIE TOKA3aTeN T/1a30/IBUTATE/IbHON aKTUBHOCTH (9HTPOINIO U IIPOJIOJIKH-
TEeJSBHOCTD (PUKCAIMI B30Pa), YTO MO3BOJISIET OIIEHUBATD GJIM30CTH MUJIOTA K KPUTHYECKOMY COCTOSTHUIO, B
TOM YHCJIE B PEKUME PEaTbHOTO BPEMEHH.
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Introduction

Today, both the human factor and the professional training are considered as the main
causes of critical situations arising from the work of operators of complex technical systems, in-
cluding aircraft pilots. In particular, despite the fact that a pilot takes part in the aircraft control
process only several minutes during each flight hour on the average, the number of accidents
caused by the crew errors is up to 65%. At the same time, their impacts will become even more
significant in the future, thanks to a number of trends, such as increasing the level of functional-
ity, automation and aircraft intellectualization.

Up to the present, the human factor and its impacts on the development of critical situations
in flight are not sufficiently taken into account during the cockpit design and in flight crew training.
The past approach to this factor accounting, as a rule, was based on the analysis of incident statistics
only, which is its principal drawback. In its turn, flight training programs have been usually based
on subjective observation and post-flight analysis by the instructor to assess proficiency and ma-
neuverability. As a result, existing methods and recommendations which take into account the hu-
man factor were focused only at changes in the procedure of flight crew training itself and operation
of poorly designed systems and devices that does not allow quantifying the risks in specific flights
and detecting critical values of factors that contribute to dangerous flight situations.

However, in recent years, the leading flight simulator manufacturers have begun to develop
methods for measuring situational awareness and perception of the pilot cognitive load using
biometrics [5; 17]. The goal is to capture what is the pilot response to different scenarios imple-
mented via a flight simulator. Nevertheless, this work is at the initial stage of its development.

Contemporary challenges make it topical to develop the relevant methods for assessing the
operator or crew skills and condition. The main activity direction is the assessment based on the
results of work on modern simulators and benches, where it is possible to repeat the special condi-
tions of pilots’ work easily enough. The problem to be overcome is, firstly, in the lack of acceptable
mathematical models and methods, and, secondly, in the lack of effective and reasonable means
of assessing the skill level and conditions of crews, as well as means to reduce the risks caused by
these conditions.

Comparing the main currently applied approaches to assessing the conditions of technical
system operators (for example, aircraft pilots) using such characteristics as:

— non-invasiveness

— the ability to measure and analyze with reliable diagnostic conclusions

— impossibility of correcting indicators with the help of medications

— sensitivity to changes in the pilot psychophysiological state

— sensitivity to the level of cognitive load

— absence of measurement influence on pilot actions and conditions

— invisibility of measurements for pilots, etc., \
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— made it possible to conclude that currently the most promising and valid means of assess-
ing the condition are non-invasive technologies based on the analysis of the characteristics of the
distribution of visual attention (video oculography and assessment of parameters of gaze motor
activity), with non-contact technical means — eye trackers being used to register the movement
of the pilot gaze, which make it possible to exclude subjective assessment of the pilot’s condition
indicators [6; 10—13]. To a lesser extent, infrared thermometry and speech analysis may be also
included into consideration; however their real practical application looks unpromising.

Considering this area, the complete overview of classical techniques for analyzing video
oculography data is presented in [2], the relevant promising contemporary approaches are con-
sidered in [15], the promising future ones are given in [14].

Basing on the results obtained, it was concluded that video oculography data could be
used for creating quantitative criteria to reveal dangerous operator states or behavior, with the
approaches being discussed and combined. The analysis that was carried out also revealed that:

— There are highly statistically significant integral influences of the stress factor on the
relevant observed oculomotor activity primary indices

— The more difficult the flight stage implementation, the stronger the integrated differenc-
es in oculomotor activity primary indices and their shifts between the pilot samples of interest.

Nevertheless, given the complexity and features of the problem under consideration, video
oculography data are not sufficient to obtain acceptable practical results, and essential involve-
ment of the brain activity characteristics for analysis is desirable. Among the first results in this
field are data obtained by A. F. Iznak in the 1970s [8], but the powerful experimental, mathemati-
cal and software tools currently used were not available that time, which gives prospects for con-
tinuing such a work now at a significantly higher technical and mathematical level.

Presented here is the approach to assessing the operator condition according to video ocu-
lography data and parameters of brain alpha rhythms by modeling the neural activity. It is based
on the concept that is in use at the traditional structural equation modelling, viz.: to assess the la-
tent characteristics which are not available for direct measurements basing on the observed ones.
Since the simplest connections between latent and observed parameters did not allow solving the
difficult problems in question, complex nonlinear models were applied for the first time. These
models represent the brain neural activity properly implementing the convoluted dependencies
in question in the differential form. As a result, the approach called the advanced structural equa-
tion modelling with dif ferential connections between parameters has been formed.

Traditional structural equation modelling and its transformation the concept
of the advanced structural equation modelling

Principal components of the traditional structural equation modelling are presented in
Figure 1.

A strictly determined factor model of the phenomenon under study is assumed. A factor
model that connects latent and observed parameters is formed using knowledge about the appli-
cation domain. The hypotheses concerning the model structure have to be based on the analysis
of the investigated factors nature (that is to say, both theory and observations are taken into ac-
count) [16]. It is admissible to formulate quantitative assumptions concerning covariances,/cor-
relations between latent parameters as well as factor loadings. Free model parameters are calcu-
lated to get the best approximation of correlation (covariance) matrices for observed parameters
(from the viewpoint of a given criterion).
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Fig. 1. Principal components of the traditional structural equation modelling

Objects of the traditional structural equation modelling are correlation or covariance ma-
trices for observed parameters. Analysis purpose is to find model parameters that explain vari-
ability of observations with acceptable errors.

Structural equation modelling has the following peculiarities:

 Nonzero (free) factor loadings in the equations of model and number of investigated fac-
tors are defined in advance

* Nonzero correlations between measurement errors are possible

* Factor loadings and covariances between latent parameters can be free model parameters
or be equal to the given constants

* The analysis of several model groups is supposed

* Possibility of checking hypothesises about model properties by selecting optimum values
of free parameters

 Estimations of free parameters can be determined by the maximum likelihood method.

Using the maximum likelihood method, the following statistic is to be minimized as a crite-
rion for selection of free parameters:

F=[In|g| - n|S| +tr (ST —m] (N 1),

where S — sample covariance matrix for observed parameters, £ — expected covariance matrix
for observed parameters, |2 and |S| — determinants of matrices ¥ and S, ¢ (S ') — trace of matrix
Sx-1) N — size of the sample used to calculate matrix S, m — number of observed parameters [16].

Elements of the expected covariance matrix are analytical expressions composed of free
model parameters. In case of multivariate normalcy of observed parameters, values of the statistic
F are described by a y? distribution.
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Fig. 3. Variance components factor model represented by a path diagram

Two typical model variants represented by the path diagrams are shown as examples in
Figures 2 and 3, where latent parameters are indicated with ovals, and observed parameters are
shown in rectangles. The covariance connections between latent parameters as well as their vari-
ances are drawn as double-headed arrows. Single-headed arrows represent causal influences of
some parameters on others, which are simply summarized at the entry point.

In case of path coefficients factor models, expressions for covariances and variances of ob-
served parameters W, are non-linear:

Coo (W, Wj) = zk; Tt
Var (W) = ;21: Tty

where k and [ are factor numbers, u,, — path coefficients, ., — correlations between factors.
These non-linearities make it impossible to get simple direct unambiguous estimations of free
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model parameters of interest. As contrasted to this, in case of variance components factor models,
similar expressions are linear:

Cov (W, W) = ; Cop

Var (W) = zkj vV, + zk:; C,

where & and [ are factor numbers, V, — variances, C., and C,,. — covariances between fac-
tors. Path coefficients in this model are equal to unity.

In case of the path coefficients factor models, to estimate the values of free model param-
eters it is necessary to solve numerically a sufficiently laborious local multivariate optimization
problem by the iteration methods. In general case, this way results in impossibility of the global
minimum estimation, since one of the possible local minima depending on its initial approxima-
tion is usually found. Consequently, the solution is ambiguous.

In case of the variance components factor models, it is possible to obtain direct estima-
tions of free model parameters using the alternative variant of the structural equation modelling.
Corresponding examples can be found in paper [16].

Simple summarizing parameters multiplied by path coefficients at an observed
parameter entry point is a significant simplification that does not take into account the known
complexities of human behavior. This argument is an obvious reason for generalizing the
mathematical model of the phenomenon in question, one of the variants of which is presented
below as the advanced structural equation modelling with the parameters connections
described by differential equations.

Advanced structural equation modelling with differential connections
between parameters

The model by H.R. Wilson and J.D. Cowan [18; 19] considers the human brain as a network
of neurons connected by synapses. When a neuron fires, a signal is sent to adjacent neurons.
Activation of adjacent neurons occurs after synaptic delay. Neurons are divided into “excitatory”
ones, giving a positive signal, and “inhibitory” ones, issuing a negative signal. The neuron is acti-
vated when the sum of the input values exceeds some threshold value. After “firing”, the neuron
is insensitive to input signals for a certain time.

In accordance with the concept of the advanced structural equation modelling, the depen-
dence between latent parameters is expressed with the aid of the following set of differential
equations:

dE 1 1—rE
dl 1 1—rl

where E(2) is the rate of activation of “excitatory” neurons, I(¢) is the rate of activation of
“inhibitory” neurons, 7 is the synaptic delay, P is the external excitation, Q is the inhibition, 7 is
the insensitivity period, 4(x) is the logistic function, viz.:

1

1 +exp (—a(x—8))

Alx) =
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In response to variations of external excitation P and inhibition Q, this dynamical system
suffers the supercritical Poincaré—Andronoov—Hop{ bifurcation. This bifurcation arises at the criti-
cal point where the system stability switches to a periodic behavior, or vice versa. In the other
terms, it is a local bifurcation in which an equilibrium point in the dynamical system phase space
changes stability, since a pair of complex conjugate eigenvalues resulted from this system linear-
ization around the equilibrium point crosses the complex plane imaginary axis [1]. Under reason-
ably generic assumptions about the dynamical system [1], a limit cycle arises from or transformed
to this equilibrium point.

Parameter assignments are the following;

— E(t), I(t), P, and Q are the latent parameters of interest, which represent the brain behav-
ior but cannot be measured, these quantities being observed indirectly via other relevant charac-
teristics,

—c,C,8,8,1,a, 0and rare intrinsic parameters of the differential model, which are deter-
mined by personal characteristics, and, therefore, should be identified using empirical data for the
samples of subjects involved separately.

Taking into account experimentally grounded interpretation of several relevant gaze move-
ment activity primary indices, the latent parameters under study can be observed indirectly with
the aid of certain relevant characteristics which are available for measurements, viz.:

— Relative changes of gaze movement entropies 7, during the subject transition from calm
activity to abnormal stressful response to dangerous circumstances can be used for monitoring
external excitation P.

— Relative changes of gaze fixation durations 7, during the subject transition from calm
activity to abnormal stressful response to dangerous circumstances can be used for monitoring
inhibition Q.

The given relative changes are calculatedasr, =Y /Y  whereY  isthe gaze move-
ment entropy during the calm subject activity, Y, is the same index after the subject transition
to the abnormal stressful behavior of interest, and 7, =Z _/Z  ~, where Z represents the gaze
fixation duration in a similar way.

In detail, the choice of the selected indices is determined by the subsequent experimentally
established facts. Specifically, the average time of recognition of the situation under study, as
experimentally established [12], is directly proportional to the entropy of the distribution of the
gaze in the area of the indicator. A decrease in this indicator indicates an increase in the efficiency
of reading information from indicators. In general, the criterion evaluates the duration of read-
ing information from the indicator, taking into account its distribution over areas of interest and
the actions of the pilot accompanying the reading, including the decision-making time (as a rule,
until the decision is made). As for the gaze fixation durations, in general, this characteristic esti-
mates the duration of reading information from the indicator and the actions of the pilot accom-
panying the reading, including the time for making decisions (as a rule, until a decision is made)
[2—4]. This quantity here is assumed to be proportional to the inhibition.

In its turn, appearance of the bifurcations for the dynamical system under study can be
observed directly by monitoring the human brain alpha-rhythm frequencies evaluated with the
aid of the available electroencephalography equipment. Thus, the above relative changes of gaze
movement entropies and gaze fixation durations as well as the human brain alpha-rhythm fre-
quencies, can be considered as the observed parameters representing the dynamical system be-
havior in question via the given empirical data.
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Some of the above intrinsic parameters represent individual features. Their values can be
identified on samples of subjects divided according to various criteria, with revealing their spe-
cific levels for each subsample. Such identification can be tied to the alpha-rhythm frequencies
of subjects from various subsamples, with are used as empirical data to which latent parameters
should be bound. Taking into account non-linearity of the given dynamical system and its result-
ing complex behavior, the identification in question can be implemented using the exhaustive
search method with a specified step for the possible ranges of the relevant parameters.

The human brain alpha-rhythm frequencies are well known to lie in the range from 8 to 13 Hz.
The actual typical values for 7 and a are 1 and 1.7, correspondingly (no need to identify them). If
time is measured in seconds, the actual typical ranges of the other parameters to be identified are
as follows: 15<¢,<20,14<¢,<30,19<g <25,19<g <25,1.8<g<35,3<60<5,0.02<7<0.07.

Special software has been developed both for calculating the dynamical system behavior (that
is, for calculating E(¢) and I(¢)) and for identifying its above intrinsic parameters (Figures 4 and 9).
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Fig. 4. The program control panel for identifying the dynamical system intrinsic parameters

Initially, external excitation P and inhibition Q are to be identified the same way as the
above intrinsic parameters for each subject subsample of interest, however then these quantities
have to be studied in order to determine their bifurcation values with the aid of the above special
software. Simultaneously, the above relative changes of gaze movement entropies and gaze fixa-
tion durations, which separate the subjects under study in different circumstances of interest,
are determined by means of relevant experiments in relation to the presence or absence of alpha
rhythms and their frequencies. These separation points are matched to the bifurcation values of
the external excitation and inhibition. In rough approximation, in the vicinity of these bifurca-
tion values, linear dependence between the latent parameters and gaze movement activity pri-
mary indices is supposed, viz.:

kP:r —1, when Q = const,
k,Q=r,—1,when P = const,
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where k,and &, are empirical factors. Obviously, with the accumulation of empirical data,
these dependencies should be clarified and refined.

Dependencies between the latent and observed parameters (parameters) under consider-
ation are given in Figure 5.

According to the experimental data available [8], the brain alpha-rhythms arise in the oc-
cipital region of the head when a subject (more precisely, an operator of a complex technical system,
including a pilot) falls into a low efficiency state to be revealed when performing relevant profes-
sional activities [7]. So the values of P, and Q, can be considered as bifurcation values (for P and
Q, correspondingly), passing through which leads to the transition to low efficiency subject states.

It is important that the study of alpha-rhythms can be carried out independently of the di-
agnostics based on the oculomotor activity, which is to be implemented in the process of piloting
and is not a distraction for the pilot. This fact makes it possible to calibrate alpha-rhythms as well
as the above relative changes of gaze movement entropies and gaze fixation durations in advance,
with revealing relevant bifurcation values and their corresponding separation points 7, and r,,
(for 7, and 7, correspondingly), and then monitor transitions of these separation points by pilots
during a flight in real time using eye-tracking techniques.

After determining bifurcation points P, and Q, and their corresponding separation pointsr,,
and - for a certain sample of subjects of interest, factors £, and £, can be identified as 'Y;fb_l and
'7;;1, correspondingly, and be thereafter in use to estimate quantities r,, and r,, through P, and Q,
for other samples of subjects of interest, correspondingly: 7, =k, P, +1,7,= k,Q, +1.

Figure 6 shows details of the procedure presented above.

Gaze movement entropy Gaze fixation duration

{observed parameter) (observed parameter)

External excitation P
(latent parameter)

Inhibition @

(latent parameter)

Dynamical system
dE 1 (1—71E)

dI 1 (1-rDn
i - A(cE — gl +Q),

v

Human brain alpha-rhythm frequency evaluated with the aid of
the electroencephalography equipment
(observed parameter)

Fig. 5. Dependencies between the latent and observed parameters in question

To illustrate the above procedure, results of flight experiments based on the Aircraft
Cockpit Universal Prototyping Bench developed at GosNIIAS (see Figure 7) [6] are in use.

A mobile software and hardware system has been developed for recording an electroen-
cephalographic signal over one channel. A pair of dry electrodes and one common wire are in use.
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Fig. 6. Procedure of revealing the presence of the abnormal stressful response to dangerous circumstances

The hardware part of these facilities is shown in Figure 8. Electroencephalography is a criti-
cal element of the technique presented since the relevant measurements and data processing
should detect the appearance of alpha rhythms properly. The measurement technology must
be very well thought out.
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Fig. 8. Facilities for registration of an electroencephalographic signal

Two samples of pilots were under investigation: subjects from the first sample demonstrat-
ed successful piloting during the transition from a calm flight regime to a dangerous one, while
subjects from the second sample suffered from an increased stressful response during the transi-
tion to dangerous circumstances and made activity mistakes. Presence of the increased stressful
response and activity mistakes was revealed by both measuring the brain alpha rhythms and su-
pervising instructor comments.

Accompanying experimental measurements of pilot entropies and durations of gaze move-
ment activity by means of an eye tracker (Figure 10) and the corresponding statistical analysis
showed that inhibition Q could be assumed to be constant, whereas external excitation P has
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Fig. 9. The program control panel for calculating E(¢) and I(¢) representing the dynamical system behavior,
with the identification results being obtained for two groups of pilots

Fig. 10. The Eye Tracker Used for Recording Video Oculography Data

undergone significant changes. In more detail, the means related to the samples in question vary
significantly during transition from the calm regime and to the dangerous one according to the
Cramer-Welch test (p < 0.01) in case of relative changes of gaze movement entropies r,, and the
same means do not vary significantly ( p < 0.25) in case of relative changes of gaze fixation dura-
tions r,,.

On a phase plane of the considered dynamical system, the spiral sink is transformed to the
spiral source with a limit cycle, or vice versa [1; 9]. Figure 11 illustrates qualitatively appearance/
disappearance of the bifurcation obtained in response to changes of quantity P when values of
magnitude Q are kept constant.

The eigenvalues for the linearized dynamical system under study at the relevant equilibrium
point, which are shown as a function of external excitation P, are given in Figure 12. Frequencies
of movement along a limit cycle, if there is, on the corresponding phase plane with axes E and I
which are shown as a function of external excitation P, are presented in Figure 13. After crossing
a bifurcation point, these frequencies stabilize quickly enough in the range of the human brain
alpha-rhythms. Characteristic sizes of this limit cycle, which are estimated by the length of the
diagonal of a rectangle it is inscribed in, are shown in Figure 14.
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Fig. 11. Appearance/disappearance of the Poincaré—Andronov—Hopf bifurcation in response
to changes of excitation P when inhibition Q is kept constant (E and I are phase plane axes
for the dynamical system under consideration)

100
50
f= 0 L .
P=0.5
P=1.0
-50
~100
—20 ~10 0 10 20 30

Re

Fig. 12. The eigenvalues for the linearized dynamical system under study at the relevant equilibrium point,
which are shown as a function of external excitation P

Computational experiments revealed bifurcation point P, for the external excitation, which
is equal approximately to 1.75. Corresponding relative entropy change separation point r,, that
is about 1.25 has been determined basing on the available samples of pilots. This separation point
can be further used to diagnose easily a pilot condition for the sample of subjects under study:
transition through this value, detected as a result of real-time eye-tracking data processing, in-
dicates the presence of the abnormal stressful pilot response to dangerous circumstances. The
above factor k,,, =7, =1 / P, equals to 0.135, so the expression 0.135 P, + 1 can be used to predict
separation point ,, from bifurcation point P, resulted from computational experiments for other
samples of subjects of interest.
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Fig. 13. Frequencies f (in Hz) of movement along a limit cycle, if there is, on the phase plane with axes E
and I, which are shown as a function of external excitation P
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Fig. 14. Characteristic sizes D of a limit cycle on the phase plane with axes E and I', which are estimated by
the length of the diagonal of a rectangle it is inscribed in and shown as a function of external excitation P

It is important to note that similar limit cycles also occur at lower levels of external excitation
P and higher levels of inhibition Q, if compared to those discussed. This condition corresponds to
disconnection from the external information flow and meets the available experimental data.

The results discussed represent only the first steps in using the bifurcation models for
identifying dangerous states of operators of complex technical systems. The revealed facts
require further clarification and detailing, which needs new empirical data to be collected.
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Principal results and conclusions

1. Developed is the particular form of the approach called the advanced structural equa-
tion modelling, in which differential connections between latent parameters are in use, with both
the oculomotor activity primary indices and the human brain alpha-rhythm frequencies being
observed parameters.

2. The human brain neural activity differential model by H.R. Wilson and J.D. Cowan is
applied to connect latent external excitation and inhibition parameters and observed frequencies
of brain alpha-rhythms resulted from the Poincaré—Andronov—Hopf bifurcation.

3. Basing on the brain neural activity differential model and empirical information about
the observed parameters, the procedure of revealing the presence of the abnormal stressful re-
sponse to dangerous circumstances has been developed.

4. Electroencephalography is a critical element of the technique presented since the rele-
vant measurements and data processing should detect the appearance of alpha rhythms properly.

5. The results discussed represent only the first steps in using the bifurcation models for
identifying low efficiency subject states. The revealed facts require further clarification and de-
tailing, which needs new empirical data to be collected.
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