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Chapter 1.  
Auditory adaptation to signals of biological value

I. G. Andreeva

Introduction
Prolonged presentation to an observer a constant or repeating visual stimulus 
can induce a transient alteration in the perception of following stimuli (after-
image or aftereffect). The cause of perceptual phenomena like afterimages 
or aftereffects is considered to be visual adaptation. Adaptation to signals of 
biological value matches processes in the visual cortex. A lot of auditory 
adaptation data to signals with biological significance has been received. 
It means that a sensory adaptation is the general principle of sensory tuning to 
the current structure of the information flow. Functionally, it is highly feasibly 
that adaptation may enhance the limited response range of neurons to encode 
sensory signals with much larger dynamic diapasons by shifting the range of 
stimulus amplitudes [Chung et al., 2002]. Perhaps, auditory adaptation to cur-
rent information may be useful to take into consideration as an algorithm in 
artificial neural networks such as long short-term memory networks for sepa-
rating acoustic flows and identifying new events in an acoustic environment.

Goal
The goal of the paper was to show that adaptation to signals of biological 
value is not only in visual but also in auditory modality and is implemented as 
the general principle of current information processing.

Auditory adaptation as a phenomenon
One example of auditory adaptation is the so-called “Zwicker tone,” in which 
an illusory tonal sensation is heard for a few seconds following the presenta-
tion of a broadband noise containing a spectral notch about one-third octave 
in width [Zwicker, 1964]. The Zwicker tone has been described as a “negative 
auditory afterimage,” because the pitch of the transient illusory tone corre-
sponds roughly to the center frequency of the spectral notch in the preceding 
noise. Potential neural correlates for the phenomenon have been identified 
at the level of the auditory cortex [Hoke et al., 1996; Norena, Eggermont, 
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2003]. It appears that the aftereffect is related to a temporary enhancement of 
responsiveness, possibly related to a release from inhibition, in central audi-
tory neurons with best frequencies within the spectral notch, which were least 
stimulated during the presentation of the inducer. Contrastive adaptation after-
effects were accounted not only for low-level stimulus qualities, but also for 
complex auditory stimuli. Auditory aftereffects have been identified for many 
features of auditory perception, including amplitude modulation [Rosenblith 
et al., 1947; Gutshalk et al., 2008], sound source location [Frissen et al., 2003; 
Phillips, Hall, 2005; Malinina, 2014], motion [Ehrenstein, 1978; Grantham, 
Wightman, 1979], phonemic category [Eimas, Corbit, 1973; Landahl, Blum-
stein, 1982; Sussman. 1993], voice gender [Schweinberger et al., 2008], voice 
timbre [Latinus, Belin, 2011], vocal emotion [Skuk, Schweinberger, 2013]. 
Perceptual aftereffects provide a unique psychophysical tool as evidence for 
the existence of specific feature detectors in the auditory system.

Auditory adaptation to motion cues
Human adaptation to sound source motion leads to a change in the percep-
tion of subsequent moving and stationary sound stimuli. After audition of 
repeated unidirectional adapting sound stimuli, a static test stimulus was 
perceived by listeners as shifting in the direction opposite to that of adapt-
ing stimuli. A test signal moving slowly toward the adapting stimuli was 
estimated by listeners as static (motionless). The fact that the auditory mo-
tion aftereffect is weaker than the visual aftereffect [Grantham, Wightman, 
1979], as well as the multisensory interaction, when the motion of the visual 
adaptive stimulus causes changes in sound perception [Deas et al., 2008], 
suggests that the motion aftereffect is the result of central auditory system 
activity. The value of auditory motion aftereffect was maximal in case of 
real motion of sound sources. The auditory radial and azimuthal motion af-
tereffects depended on the motion simulation quality: how the motion sim-
ulation approximates real motion closely and also how the localization cues 
contained in the motion model are significant for the motion estimation. The 
effects were considerably less during motion simulation using only a single 
localization cue. The auditory motion aftereffect was demonstrated under 
different stimulation conditions: upon presentation of stimuli whose motion 
was simulated by varying the interaural differences in time or intensity of 
sound stimuli [Grantham, Wightman, 1979]; on the basis of the head-related 
transfer function or their simulation [Deas et al., 2008; Grantham, 1989; 
Neelon, Jenison, 2003; Shu et al., 1993]; upon presentation of stimuli real-
ly moving in the free field [Dong et al., 2000; Grantham, 1998]. The data 
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indicate a manifestation of the motion aftereffect in all coordinates of the 
acoustic space.
Studies of the auditory motion aftereffects during the sound azimuthal and 
radial motion revealed a spatial and frequency selectivity of this effect. For 
the spatially coinciding areas of adapting and test stimuli, the aftereffects 
magnitude proved to be the same on the motion trajectory ±35° relative to the 
head midline [Dong et al., 2000]. In another study addressing the spatial mo-
tion selectivity, the pronounced aftereffect was observed only for the adapt-
ing stimuli moving toward the head midline [Neelon, Jenison, 2003]. The 
auditory motion aftereffects of approaching and receding were larger when 
the trajectory of adapting and test stimuli ran within the limits of the certain 
coinciding trajectories [Malinina, Andreeva, 2013].
There were observed the significant differences in the magnitude of the mo-
tion aftereffect depending on the sound frequency and similarity/dissimilarity 
between spectral compositions of the adapting and subsequent test stimuli. 
The band low-frequency noise stimuli evoked the larger motion aftereffect 
in the horizontal plane than the high-frequency ones for which the effect was 
observed not in all listeners [Grantham, Wightman, 1979]. In another study, 
the noises with a bandwidth of one octave were applied to yield a several-fold 
reduction in the aftereffect magnitude with a discrepancy in the composition 
of adapting and test stimuli; and the larger the spectral distance, the weaker 
was the effect [Dong et al., 2000]. The effect reduction was more pronounced 
when the adapting stimulus had a higher frequency than the test one. Provid-
ing a coincidence between spectral compositions of adapting and test stimuli, 
a minimum magnitude of the effect was registered in the spectral range of 2–4 
kHz where the binaural mechanisms of azimuthal localization, based on the 
interaural differences in time and intensity, function with lower efficacy. The 
above-presented data support the well-known fact of high significance of low 
frequencies for azimuthal localization. The radial coordinate aftereffect was 
observed in the event of coincidence between spectral compositions of adapt-
ing and test stimuli, while in the event of non-coincidence the radial motion 
aftereffect was not revealed [Andreeva, Nikolaeva, 2013]. For the high-fre-
quency stimuli with a bandwidth of 3–20 kHz, the effect was obtained in the 
adaptation to approaching and receding sound stimuli, while for the low-fre-
quency stimuli with a bandwidth of 0.05–1 kHz to approaching only. The data 
demonstrating spectral and spatial specificity reflect the known features of the 
human spatial hearing. Novel data were also obtained in studies of the optimal 
velocity ranges which cause a maximal aftereffect and correlate in literature 
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with optimal velocities at which a motion detection is performed in the audi-
tory system most effectively [Deas et al., 2008; Andreeva, Malinina, 2011]. 
The motion aftereffects occurred independently of the spatial coordinate with 
the similarity of the adapting and test stimuli according to the main character-
istics of the motion — ​spectral and temporal structure, spatial trajectory.

Auditory adaptation to speech cues
Thus, adaptation methods are widely used in sensory perception studies in 
order to investigate the mechanisms underlying the dynamic and environ-
ment-dependent processes of perception. Selective adaptation to linguistic fea-
tures has been shown also for synthetic stimuli in speech perception [Eimas, 
Corbit, 1973; Coady et al., 2003]. Authors’ works, mentioned below demon-
strate the role of adaptation in calibrating properties of auditory representations 
of voices and show that recent perceptual experiences may significantly bias 
everyday perception of social information in voices. For instance, adaptation 
to nonlinguistic information in voices elicits systematic auditory aftereffects. 
Prior adaptation to male voices causes a voice to be perceived as more fe-
male (and vice versa), and these auditory aftereffects were measurable even 
minutes after adaptation [Schweinberger et al., 2008]. When sinusoidal tones 
(with frequencies matched to male and female voice fundamental frequencies) 
were used as adaptors, no aftereffects on voice perception were observed. This 
excludes explanations for the voice aftereffect in terms of both pitch adaptation 
and postperceptual adaptation to gender concepts and suggests that contras-
tive voice-coding mechanisms may routinely influence voice perception. The 
role of adaptation in calibrating properties of high-level voice representations 
indicates that adaptation is not confined to vision but is a ubiquitous mecha-
nism in the perception of nonlinguistic social information from both faces and 
voices. Candidate regions for neural adaptation to voice gender remain to be 
determined, but based on previous neuroimaging results, one may expect such 
regions within auditory association cortex anterior to Heschl’s gyrus and/or the 
superior temporal sulcus area of the right hemisphere [Belin, Zatorre, 2003; 
Lattner et al., 2005]. Adaptation may well be a general property of high-level 
auditory coding, and a full understanding of the mechanisms mediating audi-
tory adaptation may ultimately benefit from progress in modeling sparse neural 
coding of auditory information [Smith, Lewicki, 2006].
Perceptual aftereffects to explore the representations of voice identity were 
used [Latinus, Belin, 2011]. A voice stimulus lying opposite to this voice 
relative to the average voice — ​i. e., its matched anti-voice — ​in a perceptual 
voice space yields aftereffects stronger than other adaptors, even though this 
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anti-voice is perceived as an unrelated identity. The results cannot simply be 
explained in terms of adaptation to low- level auditory representations: adap-
tation to low-level acoustical features would be expected to affect similarly 
the different adaptation conditions. Aftereffects were stronger for morph tra-
jectories that pass through the average voice thus ruling out any explanation 
in terms of adaptation to low-level acoustic representations. The study pro-
vides empirical evidence supporting prototype-based coding of voice iden-
tity. Vocal emotion aftereffects for angry-to-fearful test voice continua were 
reported [Bestelmeyer et al., 2010; Skuk, Schweinberger, 2013]. Contrastive 
aftereffects were found for voice adaptation conditions, in that test voices 
were perceived as happier after adaptation to angry voices, and vice versa. 
A degree of variability in the data might be attributed to stimulus properties, 
such as differences in emotional expressiveness of individual stimuli. These 
data suggest that adaptation as a universal mechanism revealed in the central 
auditory system provides identification of the speaker during the processing 
of various stimuli, including non-linguistic speech information concerning 
gender and emotion of the speaker.

Conclusions
Auditory adaptation is a useful mechanism that allows flexible and quick 
change of the sensitivity to external stimuli in accordance with the environ-
ment. Adaptation, a mechanism by which specific neural responses decrease 
after prolonged stimulation, has been referred to as ‘‘the psychologist’s micro-
electrode’’ [Frisby, 1979] for its ability to reveal neuron populations tuned to 
the adapting stimulus. The versatility of adaptation with respect to various dy-
namic characteristics of the acoustic environment indicates the effectiveness 
of such a short-term tuning to the parameters of information about current 
events and the need to include this algorithm in the implementation of tech-
nical solutions in speech recognition systems and other dynamic processes.
The work was supported by state budget funding for 2013–2020 years (reg. 
no. АААА-А18–118013090245–6).
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Chapter 2. 
Development of spatial frequency filters in ontogenesis

V. M. Bondarko

Introduction
Processing of visual signals is carried out by spatial-frequency channels 
[Campbell, Robson, 1968, Blakemore, Campbell, 1969]. Each channel con-
sists of certain filters. It is possible to estimate the development of the high-
est-frequency filters in ontogenesis by measuring the minimal sizes of stimuli 
when their orientation is discriminated, and by studying crowding effect (de-
terioration of perception due to nearby surroundings).
The quantitative characteristic of the crowding effect at the resolution limit 
of visual system was measured by Flom, Weymouth and Kahneman in 1963 
for adult subjects. The study showed that the recognition of the central test 
Landolt C deteriorated when it was flanked by four tangential bars at close 
distances. The distance between the test stimulus and flankers (or size of the 
inhibitory area where impairment was found) was equal about the size of the 
Landolt C. These researches [Flom et al., 1963] suggested that the distance 
over which spatial interaction occurs is related to the size of the receptive field 
that is most sensitive to the target.
To test this hypothesis many psychophysical experiments with different 
test stimuli and surroundings were carried out [Bondarko, Danilova, 1999, 
2002; Danilova, Bondarko, 2000, 2007] for adult subjects. It was shown 
that the shape of the masking functions for test Landolt Cs in crowding ef-
fects at the resolution limit of the visual system is described well by a sim-
ple model. The model incorporates integration of the spatial profile of a re-
ceptive field (bar detector for symmetrical surrounding) with the luminance 
profile of the test Landolt C and distractors. These receptive fields corre-
spond to the highest spatial frequency channel described by Wilson and 
Gelb (1984). The width of the excitatory area of the bar detector is almost 
equal to minimal size of Landolt C, when observers can discriminate its 
orientation. Moreover the size of inhibitory areas of crowding effect equal 
to the width of inhibitory areas of the minimal receptive fields. Correspon-
dence was specified between the line spread function of bar detectors, the 



V. M. Bondarko	 17

optical scattering function and retinal cones mosaic [Shelepin, Bondarko, 
2004]. It was shown also that high-frequency bar or grating detectors can 
perform initial processing of the test stimulus under different experimental 
conditions [Danilova, Bondarko, 2002, 2007].
But the dependence of minimal sizes of stimuli, when observers can discrim-
inate their orientation, and sizes of inhibitory areas of crowding effect were 
unknown in ontogenesis. These values were measured partly in the early 
[Bondarko, Semenov, 2005] and in the present psychophysical experiments.

Method
Stimuli. Rectangular gratings or Landolt Cs were presented on a monitor 
screen as black images on a bright background. The background luminance 
was 80 cd/m2 and the luminance of the bars was 5 cd/m2. Landolt Cs were sur-
rounded by tangential bars (Figure 1, a) or were presented alone. The gratings 
either were presented alone at the centre of the screen, or they were surround-
ed by four gratings having the same frequency (Figure 1, b). We changed dis-
tance (α) between the central stimulus and the surrounding ones. The duration 
of all stimuli was unlimited.

Figure 1. Examples of stimuli.

Procedure. Two experiments with each stimulus were carried out. The ob-
server’s task was to determine the orientation of the stimulus. The viewing 
distance was 4.1 m. The minimal sizes of rectangular gratings or/and Landolt 
Cs were measured at 75 % levels of correct responses for orientation discrim-
ination, using the forced-choice staircase procedure 3:1. Playing situation was 
applied for little children. An example of a response card for such children is 
shown on figure 2 for the test Landolt Cs (a) and gratings (b, c). For Landolt 
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Cs used three-dimensional objects with parts removed. When the rectangular 
grating was presented the child said that the cat is lying or climbing a tree.
The influence of flanking stimuli in different separations (distances between 
edges of stimuli and distractors) on perception of these stimuli was studied 
as well. Flanking stimuli were bars for the test Landolt Cs and gratings sur-
rounded the test gratings. We calculated right responses probability in each 
separation between the test stimuli and distractors and defined the sizes of 
the inhibitory areas by comparing the percent of correct responses obtained 
when the stimulus was surrounded by distractors with the percent of correct 
responses to the isolated stimulus (10 % level). Maximal separations were 
taken as the sizes of the inhibitory areas.
Subjects: 677 observers of 4–22 years old took part in study with normal vi-
sion.

Figure 2. Response card for the little children.

Results
The minimal size and inhibitory area were measured for each observer. Figure 
3 shows example of minimal sizes distribution for the test Landolt Cs. Then 
the data were averaged in age groups. Figure 4 represents mean values of 
minimal sizes and inhibitory areas in age groups for the test gratings (A) and 
the Landolt Cs (B).
The obtained minimal sizes gradually decreased when age increased and 
reached the adult level at 8–11 years for both stimuli. When the test stimuli 
were surrounded, deterioration in the identification of stimulus orientation 
for the short separations between stimulus and flanking patterns was found 
(crowding-effect). But age dependences were different for Landolt Cs and 



V. M. Bondarko	 19

gratings. These separations decreased until 16 years for gratings when age 
increased and did not change after 9–10 years for the Landolt Cs.

Figure 3. Example of distribution of the minimal sizes. Dependence on age (months).

These results have been specified on a large group of schoolchildren of 8–17 
years old, which were tested by two stimuli. In one group of observers the 
first stimulus was Landolt C, for the other one it was grating. Then results of 
these groups were averaged. Significant decreasing of inhibitory areas for the 
test gratings were shown with age increasing until 16–17 years. But for the 
Landolt Cs inhibitory areas decreased until 12 years only. The minimal sizes 
did not change almost for these observers in dependence on age.

Figure. 4. Dependence on age of minimal sizes and inhibitory areas for the test grat-
ings (A) and Landolt Cs (B).

As shown early, the minimal sizes almost equal to the width of excitatory 
areas of minimal receptive field (RF) while the inhibitory areas of crowding 
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effect correspond to RF inhibitory areas. Line spread functions were calcu-
lated using experimental data and parameters of model by Wilson and Gelb 
(1984). The line spread functions were approximated by the difference of two 
Gaussians for the little children and by the difference of three Gaussians for 
the other children. Their even line spread functions correspond to functions of 
RFs which are named lines detectors and have 3 and 5 separate excitatory and 
inhibitory areas respectively. The line spread function for the adult subjects 
was represented as Gabor element with equal width of excitatory and inhib-
itory areas. Its even function had almost 3.5 periods and similar to grating 
detectors in neurophysiology [Glezer, 1995].
We assume that such RFs form the highest spatial-frequency channels based 
on data for orientation sensitivity in ontogenesis [Bondarko, Semenov, 2017] 
because the dependence on age for orientation sensitivity was similar to the 
dependence for the gratings inhibitory areas.

Conclusions
We found different characteristics of crowding effects for test Landolt Cs and 
gratings and the same for minimal sizes of these stimuli. It is shown that the 
minimal sizes decrease with increasing age up to 8–11 years for both stimuli. 
But age dependences were different for the test Landolt Cs and gratings in 
crowding-effect. Separations between test stimuli and distractors where rec-
ognition was impaired decreased till 14–16 years for gratings and did not 
change after 10–12 years for Landolt Cs. The difference may be explained by 
considering different spatial elements or RFs of the visual system. Such ele-
ments in the first case may be the highest frequency grating detectors [Glezer, 
1995] and the highest frequency line detectors [Wilson, Gelb, 1984] in the 
second case. These elements are lower frequency and broadband filters at 
younger age and higher frequency and narrowband filters among older ob-
servers. Our result develops the model by Wilson (1988) for the organization 
of spatial frequency channels in ontogenesis, which was elaborated for infant 
vision only.
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Chapter 3.  
Can image statistics explain anomalous perception of 

length?

V. M. Bondarko, S. D. Solnushkin, V. N. Chikhman

Introduction
It is known that visual perception connects with environment. Setting of arti-
ficial neural networks also depends on the images which are presented during 
the learning. We considered from this point of view some illusions. Back in 
the 19th century, it was shown that vertical line appears to be longer than the 
same line presented horizontally (the vertical-horizontal illusion). But depen-
dences of length estimation on lines orientation are different in various stud-
ies. In some investigations the maximum length being seen when the stimulus 
is oriented 20–30° from the vertical axis [e.g., Cormack, Cormack, 1974]. At 
these points line appear about 10–15 % longer than the minimum length seen 
by observers when the orientation of the stimulus is horizontal. In the other 
Studies, the maximum length seen by observers occurs when the line is verti-
cal [e.g., Landwehr, 2017].
This dependence was tested by some researchers. The results were ambiva-
lent. The reason of this discrepancy is unknown. But interpretation of the 
illusion connects with the nature of dependence and we tried to study the form 
of this dependence. We evaluated lines length varying their orientation, length 
and distance between them in a wide range.

Method
In psychophysical study four experiments were carried out with distances 
between lines 0.0 (connected lines), 2.4, 5.8 or 9.2 deg. In separate sets the 
lines length was equal to 0.7, 1.4 or 2.1 deg. The task of observers was to 
compare the length of horizontal and inclined lines. The lengths of inclined 
lines were fixed; but lengths of horizontal ones were varied. The forced-
choice procedure was used. Three observers with normal vision took part 
in experiments.
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Figure 1. Examples of stimuli of experiment 1 (a) and experiments 2–4 (b).

Results
We obtained different deviation of the length estimates for our observers. The 
highest illusion magnitude was 15–20 %. On Figure 2 data of observers S1, 
S2 and S3 are averaged. The dependence of illusion on orientation is shown. 
The distances between lines are equal to 0.0, 2.4, 5.8 or 9.2 deg (columns 1, 
2, 3, 4).

Figure. 2. Dependence of illusion on orientation. Lines length 0.7 deg, 1.4 deg and 
2.1 deg. On top of the figure examples of stimuli are shown that were used in the 

experiments.

It was found that the magnitude of the illusion depended on the relative orien-
tation of the lines and almost invariant to the line length. The illusion hardly 
changes with distance, but dependences were different. The illusion was a 
little less for abutting lines. In some cases, the longest lines seemed to be the 
lines with orientation 60 or 120° to the horizontal. But the tendency was not 
steady. Only for lines with length 2.1 deg and abutting lines the maxima were 
for orientations 60 or 120° for all observers.
On Figure 3 the averaged thresholds of observers S1, S2 and S3 are shown in 
dependence on orientation. 1 — ​adjoined lines, 2 — ​distance between lines 2.4 
deg, 3–5.8 deg, 4–9.2 deg.
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The thresholds were higher for those orientations for which there was a larger 
illusion. Minimal thresholds were found for adjoined lines and maximal ones 
for lines of minimal length (0.7 deg).

Figure 3. Dependence of averaged thresholds on orientation. Lines length 0.7 deg, 
1.4 deg and 2.1 deg. 1 — ​adjoined lines, 2 — ​distance between lines 2.4 deg, 3 — ​5.8 

deg, 4 — ​9.2 deg.

Discussion
We examined the variable perception of line length as a function of stimu-
lus orientation and distance between them. Deviation of the length estimates 
was different for observers. The highest illusion magnitude was 15–20 %. It 
was found that Illusion depended on the relative orientation of the lines and 
almost invariant to separation between them. Refined dependences on orien-
tation were individual. For the long (2.1 deg) adjacent lines, the illusion had 
maxima with orientations of 60 and 120º to the horizontal for all observers. In 
most other cases, the maximum was at 90º, i. e. in a vertical orientation. Thus 
we have not identified a common tendency.

The illusion was tried to be explained by various mechanisms. Several au-
thors have proposed that the horizontal–vertical illusion is a consequence of a 
fixed distortion in the visual field. The basis for the distortion has been sought 
in (1) imperfections in the refractive properties of the eye [Avery & Day, 
1969], (2) nonhomogeneous photoreceptor spacing in the retina [Begelman 
& Steinfeld, 1971], (3) no uniformities in retinal pigment distribution [Bayer 
& Pressey, 1972], and (4) the oval shape of the visual field [Künnapas, 1955].
Wolfe, Maloney and Tam (2005) considered the perspective theories [Greg-
ory, 1968a, 1968b]. Perspective theories attribute such interactions to size 
constancy scaling: The configuration of line segments present in the visual 
field includes depth cues that trigger size scaling of each line segment. They 
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concluded that the available depth cues, even when supplemented by known 
biases in perspective interpretations, do not account for observed distortions 
in judgments of relative length.
Howe and Purves (2002) proposed other interpretation of illusion. They con-
sidered statistics of real images projections. An analysis of the natural images 
that included the three-dimensional location of every point in the scenes into 
two-dimensional projection showed that the average length of a physical in-
terval in three-dimensional space changes systematically as a function of the 
orientation with maximums in 60 and 120°.
The absence of a general principle in our experimental data does not allow 
concluding about the mechanisms of the observed illusion.

Conclusions
Possible mechanisms for the appearance of an illusion are discussed, in par-
ticular, explaining the illusion by the statistics of two-dimensional projections 
of three-dimensional scenes, the theory of perspective or the connection of 
illusion with the elliptical form of the visual field.
Ambiguous dependencies may reflect the interaction of several mechanisms 
that manifest themselves in different observation conditions associated with 
the ellipsoid form of the visual field and the statistics of two-dimensional 
projections of three-dimensional real scenes. Thus, our data do not confirm 
direct connection between the projected images statistics and the variation of 
perceived length.
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Chapter 4.  
Comparison of the cosmonauts and the pilots visual 

system status after gravitational loads

S. N. Danilichev, Yu. E. Shelepin, S. V. Pronin

The consequences of the long-term effects of lowering of the level of gravity 
(conditions of hypogravity or microgravity) on the processes of visual per-
ception are the most important factor in changing the working capacity of a 
person in orbit and on Earth [Bogomolov et al., 2015; Danilichev, Manko, 
2018; Danilichev, Shelepin, 2013; Donina et al., 2013; Kuzmin, 2013; Mader 
et al., 2011]. The most sensitive method for assessing the state of the pri-
mary stages of the visual analyzer is visocontrastometry. To implement this 
method, visual stimuli with a precisely defined luminance profile are needed, 
suitable for measuring spatial frequency-contrast characteristics [Danilichev, 
Shelepin, 2013; Moiseenko et al., 2018; Shelepin, 2017; Vakhrameeva et al., 
2013, Valiakh et al., 2017]. The synthesis of such stimuli on conventional 
liquid crystal monitors presents significant technological difficulties. For their 
synthesis, we have developed software (Ergotest‑3), which allows for viso-
contrastometry using public laptops and tablet computers.

Figure 1. An example of test images — ​Gabor elements, as a function of modulating 
of the black and white pixels density.
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Figure 2. Three-dimensional image of a test stimulus — ​the Gabor element.

We analyzed the results of our measurement in two examined groups. The 
first group (70 measurements) was represented by astronauts flying into space 
at the age of 40 to 60 years. The second group (63 measurements) was rep-
resented by crew members of transport aircraft aged 40 to 60 who did not fly 
into space. The difference between the first group and the second was that the 
cosmonauts examined in this group were previously subjected to prolonged 
exposure to microgravity in space missions. The study of contrast sensitivity 
was carried out at frequencies of 0.3; 1.0; 4.0 and 8.0 cycle / city according 
to the program developed in the laboratory of physiology of vision of the 
Institute of physiology of the Russian Academy of Sciences (Pronin S. V., 
Shelepin Yu. E.). This method of conducting visocontrastometry is described 
in detail in the “Methodology for ophthalmological monitoring of the state 
of the organ of vision of operators” (Ergotest‑3) approved by the “Federal 
State Budgetary Institution Scientific Research Institute of CPC named af-
ter Yu. A. Gagarin”. Vision and comparison with data for optical coherence 
tomography of the eye (OCT) in persons associated with driving, including 
aircraft and spacecraft. The results of the measurements are presented in the 
figure 3. The 3-d group of the cosmonauts was 30–40 years old.
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Figure 3. The contrast sensitivity of the cosmonauts,  who made long space missions 
and the pilots, members of the aviation crews of the same age 40–60 years old.

Statistically significant differences according to the Student’s criterion  (P <0.005) in the 
range of middle and low spatial frequencies between the groups of the cosmonauts (who 
made long space missions) and the pilots. The contrast sensitivity is on the ordinate K–1.

To study the long-term effects of microgravity on the organ of vision of the 
astronauts, measurements were made of contrast sensitivity at frequencies of 
0.3; 1.0; 4.0 and 8.0 cycle / degree before (background values), and on days 
1, 3, 7 and 14 after long space flights (DCT). The results of the surveys are 
presented in  figure 4.

Figure 4. The contrast sensitivity of the cosmonauts (age 30‑40 years old), before 
(top dark blue curve) and after long space missions.

Statistically significant (P <0.01) differences of the cosmonauts before and after long 
space missions at different days (1, 3, 7, 14) after the end of the flight according to the 

The Wilcoxon Rank-Sum Tes criterion. The contrast sensitivity is on the ordinate K–1.
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Of particular interest is the change in contrast sensitivity in the region of low 
spatial frequencies. A decrease in sensitivity at low spatial frequencies reflects 
an increase in internal noise. In our subjects, the main factor that can lead to 
an increase in the level of internal noise is a change in hemodynamics. The 
combination of visocontrastometry and OCT makes it possible to give this 
explanation [Bogomolov et al., 2015; Danilichev, Manko, 2018; Danilichev, 
Shelepin, 2013; Donina et al., 2013; Kuzmin, 2013; Mader et al., 2011; Moi-
seenko et al., 2018; Shelepin, 2017; Vakhrameeva et al., 2013].
In the end, we propose such conclusions:

1. The method that measures contrast sensitivity of the visual system us-
ing public laptops was developed. The software presents the gradations 
of brightness on the monitor as a density of black and white pixels.

2. The method of measuring contrast sensitivity (visocontrastometria) 
made it possible to establish visual system status after gravitational 
loads by a long space flight. We provide the measurements  during the 
first 14 days of rehabilitation after the end of the flight. We noted the 
decrease of contrast sensitivity at low and medium spatial frequencies, 
which reflects a change in the state of the nervous (not the optical) part 
of the visual system.

3. The decrease in contrast sensitivity is associated with a deterioration in 
the processing of visual information in the central nervous system and 
reflects an increase in the level of internal noise in the nervous system 
of the subjects.

4. It has been suggested that an increase in the level of internal noise in 
the nervous system occurs as a result of changes in blood circulation 
and the appearance of intracranial hypertension, recorded by optical 
coherent tomography (OCT).
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Chapter 5.  
Cross-modal interaction of visual and auditory 

components of media content

K. F. Glasman, E. N. Grinenko

Introduction
The current stage of the development of television broadcasting as a techni-
cal field is determined by the following main trends: the growing usage of 
audiovisual information in data networks, the increasing role of interactivity 
and the growing of mobile audiovisual services. The goal of current research 
in the field of quality assessment is to take into account all aspects of creating 
a holistic approach to quality assessment, which will determine the integral 
quality taking into account the characteristics of the user, system and context 
of use.
Today’s television systems deliver programs that affect the organs of vision 
and hearing of the viewer. Quality assessment should be multimodal (in the 
framework of visual and audio modalities), giving a holistic description of 
the impression received by the final user. But television and other multime-
dia applications are not only the media, they also can be considered as parts of 
culture and art. Therefore, the assessment of the quality experience should be 
extended to the sphere of aesthetic perception and objects of art.
Progress in different applications of digital television broadcasting technolo-
gies is linked with the improvement of compression methods of digital vid-
eo and audio data streams. Compression makes all new television services 
economically feasible because it allows consuming economically the most 
expensive resource of communication and information systems — ​the band-
width of communication channels. However, compression causes distortions 
and artifacts of image and sound. The aim of this work is to study cross-modal 
interaction in assessing the quality of experience in digital television systems 
with data compression.

Cross-modal interaction of image and sound quality assessment
Existing methods do not meet the goals of current work, therefore, a new 
methodology for conducting psychophysical experiments was developed, 
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which can be used to study cross-modal interaction in assessing the quality of 
experience [Peregudov et al., 2010].
Quality assessment as a subjective quantity characterizing the degree of user 
satisfaction should take into account both semantic and aesthetic information 
contained in films and television programs. In the news and similar television 
programs, this is mainly semantic information. This information helps to de-
crease the degree of uncertainty (to increase viewer’s knowledge) about any 
fact, event, phenomenon. Artistic and musical television programs contain 
mainly aesthetic information. Getting aesthetic information gives the view-
er an aesthetic enjoyment. It is proposed to evaluate the degradation of in-
tegral quality caused by compression distortions as reducing the amount of 
semantic information and reducing the degree of aesthetic enjoyment (aes-
thetic information). In accordance with the proposed information approach, 
a double-stimulus quality assessment method was created, which uses of a 
new version of impermanent scale. A prototype of this method is described in 
Recommendation ITU-R BT.500 [Methodology for the subjective assessment 
of the quality of television pictures, 2012]. The evaluation process is regulat-
ed by the developed instruction for viewers, which is used in the process of 
experiments.
An important aspect of conducting subjective experiments is to choose a 
proper measurement standard: a scale and the determination of its properties. 
The scales proposed in the Recommendations developed by the International 
Telecommunication Union (ITU), including the scale of impairments [Meth-
odology for the subjective assessment of the quality of television pictures, 
2012], are ordinal scales. The numbers on such scales are ranks that allow 
ordering the values of the measured quality. But to use the results obtained in 
subjective experiments for solving mathematical modeling and optimization 
problems, it is necessary to have a scale that has the properties of an interval 
scale or, more preferably, a ratio scale. To build an impairment scale, which 
has the properties of scales of intervals or rations, the Thurstone method was 
used [Thurstone, 1925].
Statistical processing of data obtained in experiments by the Thurstone meth-
od showed that the impairment scale, built on the basis of the judgments “Deg-
radation is imperceptible”, “Degradation is perceptible, but does not hinder 
perception of information”, “Degradation is perceptible and slightly hinders 
perception of information”, “Degradation is perceptible and hinders percep-
tion of information”, “Degradation is perceptible and hinders perception of 
information very much”, “Distortion is extremely perceptible and extremely 
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hinders perception of information” has the properties of a scale of relations. 
The equivalents of judgments are the numbers 5, 4, 3, 2, 1, 0, that are used 
for all mathematical operations. The scale can be recommended for use in 
research and quality assessment of television broadcasting systems.
The developed methodology and scale ware used for integral quality as-
sessment of compressed television materials [Peregudov et al., 2009; 2010, 
2010a]. Three test audiovisual sequences were used in the study: a fragment 
of the news program (“talking head”), a music video clip and a sports report. 
Selected sequences have different audiovisual characteristics. The relevant 
factors in the video and audio domains that varied in the study were: video bit 
rate (video compression ratio), audio bit rate (audio compression ratio).
It was shown experimentally that cross-modal interaction exists. Distortions 
of both components (image and sound) caused by compression of video and 
audio signals influence the decision of experts when setting grades. One of the 
components can complement and modify the perceptual experience created 
by the other one. Evaluation of multimodal quality depends on the content 
(genre) of audiovisual work. Both modalities (visual and auditory) influence 
the quality perception, but one modality may be of high importance. In high 
motion sport programs the image quality has relatively higher weight com-
pared to the sound. On the other side, in musical programs like music videos 
the sound quality is more significant. In head-and-shoulder news content the 
quality of sound is of greatest importance.
A quantitative assessment of the effects of cross-modal interaction was car-
ried out as part of mathematical model creation that allows predicting the inte-
gral assessment of audiovisual quality of programs in television systems with 
data compression, taking into account the effect of cross-modal interaction.
Modeling the assessment of image and sound quality in modern multimedia 
systems is a complex task. Level decomposition can be used as an effective 
way to solve it. In this paper, it is proposed to use level decomposition when 
developing a model for integral quality assessment. At the first level, the mod-
el describes the relationship between image quality Q*V and sound quality 
Q*A and bit rates of compressed video and audio signals and these functions 
depend on the genre of audiovisual program, as it can be concluded on the 
basis of the experiments. The predicted quality at the first level of the model 
can be called monomodal ones. At the second level, the model describes the 
relationship of the integral quality Q*AV as a function of the image quality and 
sound found at the first level. The Q*AV integral quality predicted by the model 
at the second level can be called multimodal.
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Finding the parameters of the subjective perception model describing the in-
fluence of audio and video bit rates on the integral quality is based on exper-
imental research data, when viewers were asked to evaluate the image and 
sound quality, as well as to give a multimodal assessment of the same au-
dio-visual clips: news program, sports reportage and music video clip.
At the second level, it is reasonable to use a polynomial approximation:
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Figure 1 represents the relationship between multimodal quality Q*AV and 
monomodal image quality Q*V and sound quality Q*A at various numbers of 
nonzero coefficients in the polynomial approximation and experimentally ob-
tained data for a music video clip. The parameters of a multinomial model of 
subjective assessments of multimodal quality were obtained using the method 
of the least squares. As a parameter for the curves, the corresponding sound 
quality values are selected.
The linear model, when the values of monomodal image quality Q*V and sound 
quality Q*A are added up with weight coefficients cV1 and cA1, generally de-
scribes the relationship obtained in the experimental studies. But according to 
the figure (Figure 1a), it can be concluded that the model does not fully corre-
spond to the experimental results and does not take into account the interaction 
of two factors (the lines are parallel for each of the values of the QA parameter).
To describe the effect of two modalities interaction, the coefficient cAV of the 
product of Q*V and Q*A must be nonzero. As can be seen from Figure 1b, 
straight lines are not parallel. In this case, the model will have the form of an 
incomplete quadratic model, which better describes the experimental data, 
reflecting the properties of mutual compensation of the quality of the com-
ponents.
Numerical verification of the adequacy of the model using the criteria for-
mulated by the VQEG (Video Quality Experts Group) image quality expert 
group: prediction accuracy, monotonicity of the prediction, prediction se-
quence. The value of the mean-square error characterizing the accuracy of 
prediction of the second-order polynomial model is 0.1568. Spearman’s rank 
correlation coefficient characterizing the monotonicity of the prediction is 
0.9883. The value of the emission factor, reflecting the consistency of the 
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model, is 0. Values of the metrics that determine the accuracy, monotonic-
ity and consistency of prediction is sufficient, the second-order polynomial 
model well describes the multimodal assessment of quality of experience as a 
function of monomodal image and sound quality.

Figure 1.  ​Relationship among Q*V, Q*A, 
and Q*AV for different numbers of terms 
of the polynomial approximation (a – co, 
cA1, and cv1 are non-zero coefficients; 
b — ​cO, cA1, cV1, and cAV are non-zero 
coefficients, c — ​cO, cA1, cV1, cAV, cA2, 

cV2 are non-zero coefficients

Figure 2.  ​Relationship between multimod-
al quality (Q*AV) and monomodal video 
(Q*V) and audio quality (Q*А) for а — ​

news; b — ​music video clip; c — ​sport
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Audio and video quality interaction: quantitative estimates
Using the developed mathematical model of subjective assessments, it be-
comes possible to obtain quantitative estimates of the exchange relationships 
between audio and visual modalities and to reveal patterns of the interdepen-
dence of perception of audio and video information, for which only a qualita-
tive description was previously known.
Figure 2 illustrates the relationship of the integral quality level predicted by 
the model as a function of monomodal image and sound quality for three 
sequences. Sound quality is selected as a parameter for the curves. An analy-
sis of presented characteristics allows us to conclude that there are so-called 
neutral points. At these points, there is no decrease or increase in the level of 
subjectively perceived integral quality compared to monomodal image quali-
ty. Figure 2b represents the relationship between the integral quality predicted 
by the model and monomodal image and sound quality for music video. For 
example, if the values of image and sound quality are equal to Q*V  =  4 and 
Q*A  =  4.5, the level of integral quality will correspond to “4”, i. e. equal to 
image quality. All neutral points lie on the line Q*AV  =  Q*V. For low image 
quality (i. e., for low video bit rates), the level of perception of integral quality 
will always be higher than the level of perception of image quality only for all 
three sequences. However, for medium and high values of image quality, the 
situation is not so simple and depends on the level of sound quality.
The developed model of multimodal quality assessment allows solving optimi-
zation problems that are very important for television broadcasting [Grinenko 
et al., 2014]. In television systems with data compression, including mobile 
television systems, that use the least broadband communication channels, the 
main task is to ensure an acceptable level of quality with limited channel 
bandwidth. For example, the task of achieving maximum multimodal quality 
with a fixed bandwidth of communication channel can be solved. The devel-
oped model of perception of multimodal quality will be used as an objective 
function in solving optimization problems. Using the optimal ratio between 
bit rates of digital audio and video data streams during the transmission of 
audio-visual programs can significantly increase the level of integral quality, 
especially in conditions of a narrow bandwidth of communication channel.

Conclusions
The effect of cross-modal interaction of two components of audiovisual 
program was studied. One modality (image or sound) can complement and 
modify the subjective perception created by the other one, also information 
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received by one sensory modality (visual or audio) affects the perception of 
information received by another sensory modality for different genres and 
contents of television programs. Quantitative estimates of exchange relation-
ships between audio and visual modalities are obtained and the patterns of the 
interdependence of perception of audio and video information are revealed, 
for which only a qualitative description was previously known.
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Chapter 6.  
The role of non-simultaneous masking in auditory

perception of continuous and discontinuous sound images

А. P. Gvozdeva

Introduction
Many environmental sounds such as communicative signals of animals, 
sounds of steps and humans’ speech have discontinuous temporal structure 
[Kozhevnikova, 1980; Catchpole, Slater, 1995; Wilden et al., 1998; Zellner, 
1994]. In a simplified manner these signals can be presented as sequences of 
sound bursts with pauses between them, and durations of the bursts and paus-
es can vary in a wide range, depending on the type of the signal and its source. 
When approaching to a listener, sources of these signals produce a gradual 
increase of sound bursts amplitude in the place of listening. This can lead to a 
pronounced backward masking of sound bursts in a sequence, and, as a result, 
to the perception of continuous motion instead of discontinuous (or broken) 
one. The aim of this study was to determine threshold pauses for perception 
of broken and continuous approaching sound images in a wide range of sound 
bursts durations and to compare them with known temporal characteristics of 
backward masking.
Fifteen healthy adult individuals with clinically normal hearing participated 
in the study. Their hearing thresholds were assessed by pure-tone audiome-
try. All participants also successfully passed the random gap-detection test 
to ensure that they do not have impairments of temporal auditory analysis. 
Experiments were conducted in a soundproof anechoic chamber with the vol-
ume of 62.5 m3 (5 × 5 × 2.5 m). Attenuation of external noise in the chamber 
was not less than 40 dB in the frequency range 0.5–16 kHz. Sound signals for 
modeling of sound source approaching were sequences of broadband noise 
bursts (0.03–20 kHz) with durations of 5, 10, 20, 40, 70 or 100 ms separated 
by 10–150 ms pauses. The noise bursts had trapezoidal shape with linear rise/
fall times of 0.5 ms. Duration of sequences was 400 or 1000 ms. Amplitude of 
noise bursts increased from the beginning to the end of sequences for 40 dB. 
When played back through a loudspeaker placed in front of the listener at the 
distance of 1.1 m these sequences made an illusion of an approaching sound 
source. Maximum sound pressure level in the place of listening amounted 67 
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dB SPL and was the same for all stimuli. Assessment of threshold pause for 
perception of continuous and broken approaching sound images was carried 
out by the usage of adaptive transformed up-down method [Levitt, 1971]. For 
determining threshold of continuous motion, the experiment began from the 
sequences with the longest pause between sound bursts, and for thresholds of 
broken motion — ​from the sequences with the shortest pause. After listening 
to each of the sequences the subject had to push one of two buttons on a con-
trol panel to answer the question: “Does the sound image approach continu-
ously or brokenly?” Threshold pauses for continuous and broken motion per-
ception were determined at the level of 75 % of answers on the corresponding 
perceptive quality of motion. Significance of differences for the thresholds of 
continuous and broken motion perception was determined using Wilcoxon 
matched pairs test. The same approach was used to determine significance of 
differences between the thresholds of the same (continuous or broken) quality 
of motion in case of different durations of sound bursts.
Threshold pauses of broken and continuous approaching of sound images for 
the group of 15 subjects are presented at Figure 1.

Figure 1. Median threshold pauses for perception of continuous (solid line) and bro-
ken (dashed line) approaching sound images by the group of subjects.

Asterisks show significant differences between the thresholds of the same quality of mo-
tion, but different sound bursts durations (**- p<0.01, * - ​p<0.05, Wilcoxon matched pairs 

test). 1st and 3rd quartiles are shown. N = 15.
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For both continuous and broken motion the thresholds were highest in case 
of the shortest sound bursts (50 ms pause for broken motion and 40 ms — ​for 
continuous motion perception). Step-by-step increase of sound bursts dura-
tion from 5 to 70 ms led to a consistent statistically significant lowering of 
the threshold pause up to 10–20 ms. Subsequent increase of the sound bursts 
duration up to 100 ms did not cause significant changes of threshold pauses 
for both continuous and broken motion perception. The threshold pause of 
40–50 ms for the shortest durations of sound bursts coincide with the results 
of Vartanian and Tchernigovskayas’ (1980) study, which was carried out in 
close experimental conditions. The obtained lowering of threshold pause 
with an increase of sound bursts duration is in accordance with the data on 
backward masking, which was shown to have the longest duration for short 
masked signals and shorten with an increase of their duration [Pickett, 1959; 
Deatherage, Evans, 1969]. Comparison of perception thresholds of continu-
ous and broken approaching sound images showed that threshold pauses for 
broken motion were significantly higher (p<0.05, Wilcoxon matched pairs 
test) than those for continuous motion in case of comparatively short noise 
bursts (5–20 ms). At the same time there were no significant differences be-
tween thresholds of continuous and broken motion for longer noise bursts. 
These facts can also be explained by properties of backward masking, more 
precisely by its logarithmic decay with time [Elliot, 1962]: for comparatively 
short pauses between a masked signal and a masker even a small increase of 
the pause can lead to a significant lowering of masking and, consequently, 
to the fast change of perceptual quality of motion which was observed for 
sequences with 40–100 ms noise bursts. In contrast, for shorter sound bursts 
durations (and longer pauses, starting from 25–30 ms) the same amount of 
unmasking can be achieved only when an increase of the pause is 10 ms or 
longer. Probably, that is why we found statistically significant differences 
between threshold pauses of continuous and broken motion perception for 
sequences with 40–100 ms noise bursts. Thus, auditory perception of contin-
uous and broken moving sound images is considerably affected by non-si-
multaneous masking. It is possible, however, that thresholds of continuous 
and broken motion perception for receding sound images will be different 
from the ones for approaching sound images due to prevalence of different 
types of non-simultaneous masking in these cases: backward masking for 
approaching sound images, and forward masking for receding ones. This 
question is a topic of further research.
The work is supported by means of the state budget for 2013–2020 years 
(theme № АААА-А18–118013090245–6).
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Chapter 7.  
Dyslexia assessment model using the eye-tracker 

technique investigations

E. Yu. Shelepin, K. A. Skuratova

Dyslexia is a reading disorder, characterized by trouble with reading despite 
normal intelligence. Previously, it was common to call dyslexia “word-blind-
ness”. Dyslexia affects not only reading but also learning, writing, socializing. 
Modern theories associate dyslexia with lack of visual perception, disorders 
of the magnocellular pathway of the visual sensory system that affect the or-
ganization of eye movements and scene perception.
Objectives of our work were to study the influence of the visual text format 
on the spatial-temporal parameters of oculomotor activity on reading skills 
and to develop a prognostic model of reading skill disorder based on atypical 
oculomotor patterns while reading.

The purpose of the study was to analyse the oculomotor activity of the sec-
ond-grade pupils and to reveal its connection with dyslexia and the visual 
format of the text display.

Our hypothesis was that dyslexia cause atypical patterns of oculomotor ac-
tivity when reading texts aloud, increasing the number of fixations and their 
duration, increasing the frequency of regressive saccades, as well as reducing 
the amplitude of saccades.
Our study was standardized.

1.	 Instruction
2.	 Eye-tracker calibration
3.	 Reading aloud the stimulus text displayed on the screen
4.	 Interview on comprehension assessment
5.	 Repeat 2–4 for other stimulus (texts randomized)

Stimuli consisted of 5 texts of different.
1.	 Normal. Black font, white background, standard line length.
2.	 Emoji. Black font, white background, standard line length, illustra-

tions in the form of pictograms, two in each line after the keywords.
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3.	 Beige on black. Beige font (shade # f2c976), black background, stan-
dard line length.

4.	 Colored syllables. Accentuation of syllables using yellow (shade # 
e0d205), green (shade # 05e035), red (shade # e00505) and blue (shade 
# 0514e0) colors, white background, standard line length.

5.	 Newspaper. Black font, white background, shortened line length.

The sample (examples) of the stimuli is presented on the Figure 1.

Figure 1. The examples of the ordinary and reorganized texts images used as a stimulus.

The study was conducted in three secondary schools of St. Petersburg (№ 505, 
567, 3).
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The sample consisted of 77 second-grade students, normalized by gender. 
All subjects had normal or adjusted to normal vision and hearing. The intel-
ligence of the subjects corresponded to the age norm (reading skill):

–	 55 of them without a reading disorder
–	 22 with dyslexia (based on psycho-medical pedagogical commission)

Results
The results of the eye tracks for normal and dyslexic patients are presented 
on the figure 2. These are not quantitative, qualitative data of visible differ-
ences in the characteristics of the eye movements of the two groups of subjects 
examined.

Figure 2. Example of scan paths of the eye movements for two groups of patients 
(violet — ​normal, green — ​dyslexia). The lines demonstrate the direction of saccades 
from the text beginning from the end of the text. The discs are the points of fixation.
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You can see from the Figure. 2 that average typical patterns of the eye move-
ments that belong to the dyslexia patients includes larger number of fixations 
smaller saccades.
On the next Figures 3 we present quantitative results on measured parameters 
of reading speed and the number of fixations per 1 word for of each text by 
two groups of school students. For each diagram, you can see a median, 25th 
and 75th percentiles, and minimum and maximum values.

Figure 3. Parameters of reading speed and the number of fixations per 1 word of each 
text for two groups of school students. The median, 25th and 75th percentiles, and 
minimum and maximum values. The abscissa of A, B, C, D, E columns consists the 

stimuli 5 different variations of text formats.
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Again, here is a scan path example for two groups.
Based on that data, we made two prognostic models. First one is a classification 
tree method. As a predictors, model includes fixation duration, fixations per 1 
word, regressions ratio. That model describes 100 % of the sample. On the Fig-
ure.4 you can see the prognostic model based on the classification tree method.

Figure 4. Prognostic model based on the classification tree method.

Using classification we developed the tree method and the discriminant anal-
ysis. Another model is based on the discriminant analysis, again it is very 
accurate. The results you can see in the Table 1.

Table 1

Prognostic model based on the discriminant analysis
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We revealed possibility of using a prognostic method and the assessment of 
reading skills including dyslexia (for second-grades pupils), based on the spa-
tial-temporal parameters of oculomotor activity as the:

●	 fixation duration
●	 ratio of regressive saccades
●	 fixations per 1 word.

This work is the demonstration of our way to develop a prognostic model of 
reading skill disorder based on the atypical oculomotor patterns during the 
reading.
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Chapter 8.  
Investigation of the EEG variations during Verbal 

and Non-Verbal Communication during the Dialogue

О. V. Shchemeleva, О. V. Zhukova, P. P. Vasiljev, Y. Е. Shelepin, 
G. A. Moiseenko

Comparison of various types of EEG indicators of brain activity of two in-
terlocutors was conducted. The appropriate methodology and hardware-soft-
ware complex has been developed for EEG hyperscanning: simultaneous 
EEG recording of two people with different location: face to face (with mimic 
observation of interlocutor) and back to back (without mimic observation) in 
terms of dialogue, monologue, listening and silence.
It was shown that the total EEG of interlocutors depends on the combination 
of verbal and nonverbal components.
The highest total EEG capacity of brain activity is shown for the interlocutors’ 
location “face to face” compared to “back to back”, when non-verbal infor-
mation about the interlocutor was available. When comparing the conversa-
tion modes the largest total EEG power appeared in the monologue mode 
compared to silent, listening and dialogue mode.
Non-verbal communication of two people (not only mirror activity) leads to 
decrease in power of mu frequency band. During the “open eyes, silence” 
mode, a statistically significant difference in power values of mu rhythm 
between the face-to-face and back-to-back interlocutors was found (in  the 
middle central and parietal areas).
Both verbal and non-verbal communication lead to an increase in power of 
beta 2 and gamma frequency band. It is interesting that changes in power 
during the «monologue» mode compared with the mode «open eyes, silently» 
were found only for location “back to back”
It is shown that the EEG of the speaker is different from the listener’s EEG. 
There are statistically significant differences in power of theta frequency 
band in frontal channels (F7, F3) of the brain.
Event-related spectral perturbation (ERSP) (event-related shifts in the power 
spectrum) shows that more rhythmic spectral changes occur at channels FP1 
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and FP2 for both the speaker and listener. The ERSP image of speaker (chan-
nels FP1 и FP2) shows a rhythmic increase in power starting at about 1500 ms 
at 0–14 Hz (∆, θ, α frequency ranges).
The ERSP image of the listener (channels FP1 и FP2) shows a rhythmic in-
crease in power starting at 0 ms at 0–20 Hz (∆, θ, α, β frequency bands).

Figure 1. Compared power of EEG signals of the brain in different conditions: 
A — ​«open eyes, silently» and B — ​«monologue». The data are averaged over 18 par-
ticipants group. Grey color — ​increasing of signal power of gamma rhythm in condition 
«face to face». Black color — ​increasing of signal power of alpha rhythm in condition 

«back to back».

Figure 2. Example of event-related spectral perturbation (ERSP) images for speaker 
and listener for channels FP1 and FP2.
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These results are interesting to compare with the previous hyperscanning 
studies that demonstrated a greater correlation between different structures of 
the speaker’s and listener’s brain.
It is shown that the EEG indicators can serve as markers reflecting different 
modes of communication.
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Chapter 9.  
Speech detection in spatially distributed speech-like noise

V. A. Smirnova, O. V. Labutina, A. P. Gvozdeva

Introduction
The human auditory system has an ability to separate a target sound source 
from other sound sources. This ability plays a great role in speech communi-
cation in noisy and crowded environments and allows an individual to con-
centrate on a certain speaker while neglecting other speakers or noises. The 
problem solved by the auditory system in this case is referred as “the cock-
tail-party problem” and several physiological mechanisms which underlie its 
solving are currently known. One of them is connected with properties of 
speech itself.
Speech is a very convenient communicative signal for noisy environment 
because it concentrates energy in limited spectral regions, which makes it 
resistant to masking by background noise [Diehl, 2008]. In addition speech 
is a highly redundant signal which gives one an ability to “reconstruct” its 
missing (or  masked) parts [Kalikow, Stevens, & Elliot, 1977]. The other 
mechanism involved in solving “the cocktail-party problem” is based on the 
fact that sources of the target speech signal and masking signals are usually 
separated in space. Thus, the effects of spatial release from masking improve 
speech detection and intelligibility in noisy crowded environment, and the 
improvement arises from differences in the binaural cues of the target speech 
signal and the masking signal [Andreeva et al., 2019; Sutojo et al., 2018]. For 
example, the separation of sources of the target speech signal and the masker 
by the azimuthal coordinate can lead to the release from masking up to 12 dB 
[Best et al., 2013; Culling et al., 2004]. Separation by distance also improves 
speech detection: spatial release from masking amounts up to 2–3 dB when 
sources of target speech signal and speech-like noise masker placed in front 
of a listener and separated by 3 m distance [Andreeva et al., 2019]. Authors 
of this work assume that there is a possibility of auditory spatial tuning to 
egocentric distance characterized by a certain opening angle, under which the 
sound wave arrives to the left and right ears, when the source placed directly 
in front of the listener. I.e. spatial release from masking for the speech signal 
and the speech-like noise masker separated by distance is also determined by 
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a binaural mechanism. However in real conditions, for example in a crowded 
café, or a market place, the source of speech-like noise has no certain position 
and typically it is distributed in space. The present study was conducted to 
assess the impact of spatially distributed (internalized) speech-like noise on 
target speech signal detection threshold for typical communicative distances 
(1–4 m).

Goal
The goal of the study was to determine detection probabilities of speech sig-
nals from the sources placed at distances of 1, 2 or 4 m in case of spatially 
distributed speech-like noise of different intensities.

Method
Psychoacoustic experiments were conducted in accordance with International 
Ethical Guidelines for Biomedical Research Involving Human Subjects.
Subjects: 17 individuals aged 20–34 years (8 men and 9 women). Hear-
ing conditions of subjects were estimated by using a pure-tone audiometry 
(AA‑02 audiometer) and a random gap-detection test.
In experiments target speech signal was located directly in front of a subject 
at different distances — ​1, 2 and 4 m. The sources of internalized babble-noise 
were placed around the head of the listener (Figure. 1).

Figure 1. Experimental apparatus diagram.
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The stimuli were eight disyllabic Russian words (“pochva”, “stroka”, “rubezh”, 
“plata”, “vypusk”, “kredit”, “ruchka”, “nabor”) with a low frequency of usage 
in accordance with the national corpus of the Russian language. These words 
were pronounced by four native speakers — ​two men (whose fundamental fre-
quencies were 117 and 139 Hz) and two women (fundamental frequencies 208 
and 234 Hz). Monophonic audio recording of words was made in a quiet room, 
the background noise level was 30 dB SPL. In this way, 32 different speech 
files were recorded using Sennheiser E845 vocal microphone with a cardioid 
pattern and an external USB audio interface Creative E-MU 0202 connected 
to a desktop PC with Adobe Audition 1.5 software. As a speech-like masker, 
the result of mixing 32 audio files with duration of 10 s was applied, in each 
of which one of the words was repeated several times successively without 
pauses. While listening to this speech-like masker, the subjects has an auditory 
sensation similar to those he/she experiences being in a room where many 
people speak at the same time. The technique for creating such crowd noise is 
described in more details in the paper [Best et al., 2013].
Ten randomly selected fragments of 2 s duration each with 100 ms rise and 
fall times were cut from the received sound file. These fragments were used 
in experiments as masking signals. Duration of 32 speech stimuli was in the 
range from 515 to 935 ms while duration of maskers was 2 s.
Experiments to evaluate probabilities of speech signals detection were carried 
out under conditions of a soundproof anechoic chamber with a volume of 62.5 
m3. The attenuation of external noise in the chamber was not less than 40 dB 
in the frequency range 0.5–16 kHz. Acoustic measurements were conducted 
using microphone 4145, preamplifier 2639 and amplifier 2606 of Bruel and 
Kjaer Company in a mode of averaging the mean square power over a time 
interval of 1000 ms.
Speech stimuli were played back on MicroXperts PC with external USB au-
dio interface Creative E-MU 0202, the analog signals from which were fed to 
ONKYO power amplifier, and then to loudspeaker SONY XSF1720 located 
in the chamber in front of the listener at the level of his/her ears (azimuth 0º, 
elevation 0º) at one of the following distances: 1, 2 or 4 m. Speech-like noise 
maskers were played back using the same equipment except they were fed to 
three loudspeakers placed at distances of 1 m in front of left and right ears of 
the listener and above his/her head.
There were three experimental series of stimuli which differed from each other 
by position of the source of target speech stimuli (1, 2 or 4 m). Each series was 
a sequence of 40 pairs of speech-like maskers, which varied in intensity be-
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tween pairs. One of 32 target speech stimuli was presented during sounding of 
one of the two speech-like maskers in each pair. The pause between the pairs 
of signals was 5 s, and the pause between the signals in the pair was 1 s. For-
mation of sequences of experimental series and their subsequent reproduction 
was carried out automatically with the help of an original computer program. 
As a result of equalizing the meansquared power of all speech stimuli at the 
listening position, their level was 50 dB of sound pressure level (SPL) and was 
the same in all experimental series. The level of the speech-like masker at the 
listening position was changed in 3 dB increments and was equal to 55, 58, 
61 or 64 dB (SPL). More details of the method are in [Andreeva et al., 2019].
Subjects listened to each of the experimental series once. After listening to a 
pair of speech-like maskers, the subject had to answer the question: “During 
which period of noise, first or second, a speech signal appeared?” by pressing 
one of two buttons on a control panel. The answer of the subject was recorded 
automatically.
Probabilities of correct judgments were assessed for each subject at each 
of three spatial configurations and signal-to-noise ratios (SNRs): -5, -8, -11 
and -14 dB. The reliability of changes in the probability of detecting speech 
stimuli depending on SNR and the distance between the speech sound 
sources and speech-like noise was estimated using non-parametric Wilcox-
on pair test.

Results
Probabilities of detection of speech signals under condition of their frontal 
placement at distances of 1, 2 and 4 m from the listener (typical distances for 
a communication situation) were determined in case of different intensities of 
spatially distributed (internalized) speech-like noise masker.

Figure. 2: Group mean probability of target speech signal detection at various SNRs 
for three different distances: A — ​4 m, B — ​2 m, C — ​1 m. The SNR, dB, is on the X 

axis, the signal detection probability,%, is on the Y axis.
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Аt 4 m distance from the target speech signal source and SNR of -14 dB, the 
average value of the signal detection probability was 89 % and then reliably 
increased (p <0.01) to 96 % for -11 dB. For -8 and -5 dB SNRs probabilities 
amounted 98 % and 99 % respectively (Figure 2, A). For 2 m distance from 
the listener to the speech signal source, the average probability of detection at 
-14 dB SNR was 83 %, and increased up to 87 % at -11 dB SNR, and then reli-
ably increased (p <0.01) to 97 % at -8 dB SNR and 98 % at -5 dB SNR (Figure 
2, B). The data on the detection probability at different SNRs for the distance 
to the source of the target speech signal of 1 m are presented in Figure 2, C. At 
-14 dB SNR the probability was 72 %, at -11 dB it amounted 82 %, and for 
SNRs of -8 and -5 dB — ​91 % and 95 % respectively. There was a tendency to 
a difference (p <0.01) between the probabilities at the SNRs of -8 and -5 dB.
Comparison of the relative changes in the probabilities of detecting the target 
speech signal at 4 (Figure 3, A) and 2 m (Figure 3, B), revealed a number of 
significant differences, discussed below.
For both 4 and 2 m distances to a source of speech signals probabilities of 
speech detection were higher than for 1 m distance. The decrease was statis-
tically significant for SNRs of -14 and -11 dB SNRs in case of 4 m distance 
(17 and 14 % respectively, p<0.01, p<0.05) and only for -14 dB SNR under 
condition of 2 m distance to the source of speech signals (11 %, p<0.05).

Figure 3. Relative change of detection probability for 4 m (A) and 2 m (B) distances 
as compared to detection probability at 1 m distance. The S/N ratio, dB, is on the X 
axis. The relative detection probability change (%) is on the Y axis. (** – ​p<0.01;  

* – ​p<0.05, comparison with corresponding values for 1 m distance)

Conclusions
The probability of signal detection decreases proportionally to the SNR de-
crease for all tested distances. The most prominent decrease was observed for 
1 m distance to the target speech stimulus, and the least prominent — ​for 4 
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m. Distance is a crucial factor for speech detection at low SNRs: an increase 
of distance from 1 to 2 m leads to a significant improvement of speech de-
tection at -14 dB SNR, and increase from 1 to 4 m significantly improves 
speech detection for both -11 and -14 dB SNR. Thus, speech stimuli from dis-
tant sources are more likely to be detected in spatially distributed speech-like 
noise at low SNRs than stimuli from closer sources. It is possible that the way 
of making spatially distributed noise that was used in present work produced 
a sound image of internalized noise and consequently was more efficient as 
a masker for closer (more internalized) than for farther (more externalized) 
sources of speech signals.
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SENSORY PHYSIOLOGY AND  
NEURAL NETWORKS
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Chapter 10.  
Effects of trace amine-associated receptors (TAARs) 

agonists on the mismatch negativity (MMN) and sensory 
gating

A. A. Aleksandrov, V. M. Knyazeva, Е. S. Dmitrieva, L. N. Stankevich

Trace amines (TAs) have long been known to be present in low concen-
trations in the mammalian nervous system. TAs are related by structure to 
classical biogenic amines and violation of their concentration is associated 
with different psychiatric impairments [Branchek and Blackburn, 2003; Bur-
chett and Hicks, 2006; Berry et al., 2017; Gainetdinov et al., 2018]. The so-
called trace amine associated receptors (TAARs) belong to the family of G 
protein-coupled receptors and are divided into three subgroups: TAAR1–4, 
TAAR5 and TAAR6–9 [Lindemann et al., 2005]. TAARs family members, 
which are relatively well represented in the central nervous system, are 
TAAR1 and TAAR5.
TAAR1 is the best studied member of the TA receptor family [Bradaia et al., 
2009; Lindemann et al., 2008; Revel et al., 2011; Leo et al., 2014]. TAAR1 is 
mainly expressed in the limbic system and monoaminergic systems regions 
[Lindemann et al., 2008; Panas et al., 2010]. Large amount of data suggest 
that TAAR1 is an important dopaminergic, serotonergic and glutamatergic 
neuromodulator [Lindemann et al., 2008; Revel et al., 2011; Miller, 2011; Es-
pinoza et al., 2015]. Some data indicate TAAR1 role in a number of patholog-
ical conditions, including schizophrenia [Gainetdinov et al., 2018]. Currently, 
the promising drugs for the schizophrenia treatment, based on TAAR1 agonist 
as a therapeutic target, are at the stage of clinical trials [Berry et al., 2017].
The co-expression of mouse TAAR1 and TAAR5 in the amygdala, arcuate nu-
cleus and ventromedial hypothalamus have been recently reported by Dinter 
and co-workers [Dinter et al., 2015]. TAAR5 has been found to be a target of 
3-iodothyronamine [Dinter et al., 2015], a neuromodulator that affects adren-
ergic and histaminergic neurons and improves learning and memory [Zuc-
chi et al., 2014]. Furthermore, recent studies have discovered the effect of 
TAAR5 agonist on brain monoamine systems, electrical and locomotor activ-
ity in mice [Efimova et al., 2019].
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Thus, at the moment, research into the role of trace amines receptors in the 
pathophysiology of psychiatric impairments, including schizophrenia, is one 
of the key areas of neuropharmacology. The research work of our laboratory 
was focused on the effects of TAAR1 and TAAR5 agonists on the schizo-
phrenia electrophysiological endophenotypes, such as mismatch negativity 
(MMN) and sensory gating (SG) in rodents.
Electrocorticogram was recorded on mice and rats with implanted epidural 
electrodes before and after the injection of TAARs agonists: alpha-NETA, the 
TAAR5 agonist, and RO5263397, the TAAR1 agonist. The paired-click and 
oddball paradigms were presented acoustically for SG and MMN researches, 
respectively.
The results obtained indicate that the TAAR1 agonist RO5263397 and 
TAAR5 agonist alpha-NETA have the opposite effect on schizophrenia bio-
markers. We found a significant enhancement of SG index [Aleksandrov 
et al., 2019c]  and an increased MMN-like response [Aleksandrov et al., 
2019a] after the TAAR1 agonist administration in mice. Conversely, the 
TAAR5 agonist causes a significant SG index decrease in rats [Aleksan-
drov et al., 2018] and an additionally amplitude decline and latency increase 
in mice ERPs [Aleksandrov et al., 2019d]. In the MMN research paradigm 
the TAAR5 agonist has been found to decrease an MMN-like response that 
resulted from the N40 increase to standard stimuli without corresponding 
changes in the response to deviant stimuli (unpublished data). It should be 
noted, that TAAR5 agonist administration also increased the amplitude of 
the late positive ERP component both in mice (unpublished data) and rats 
[Aleksandrov et al., 2018b].
Previous studies have established that TAAR1 is localised in dopaminergic 
and serotonergic regions of the brain and acts as a neuromodulator for dopa-
minergic, serotonergic and glutamatergic systems [Lindemann et al., 2008; 
Revel et al., 2011; Miller, 2011; Espinoza et al., 2015]. TAAR1 agonists are 
known to have the unique ability to normalize the glutamatergic and mono-
aminergic neurotransmission [Gainetdinov et al., 2018]. Studies of TAAR5 
agonist cognitive and behavioral effects show that the alpha-NETA admin-
istration leads to a decreased sensory gaiting in rats, as well as behavioral 
abnormalities in mice that are similar to human tardive dyskinesia [Aleksan-
drov et al., 2018a; Aleksandrov et al., 2019b]. Furthermore, TAAR5 agonist 
causes an increase in dopamine (DA) and its metabolites levels [Efimova et 
al., 2019]. These results allow us to assume that TAAR5 may presumably 
affect the dopaminergic system.
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It can be assumed that the SG index and MMN-like response changes under 
the TAAR1 and TAAR5 agonist’s action is due to the influence of the classical 
monoamine neurotransmitters. An increased SG index and MMN-like response 
in mice after the RO5263397 injection gives us a reason to suggest that TAAR1 
activation may help to normalize the SG index and MMN in various pathologi-
cal conditions, including schizophrenia. Otherwise, a decrease of ERP response 
amplitudes and latency in paired-click paradigm as well as the MMN-like re-
sponse after the alpha-NETA injection allows us to suggest the potential TAAR5 
contribution in the pathophysiology of schizophrenia spectrum disorders.
This work was supported by the Russian Foundation for Basic Research 
(Grant No. 17-04-00082).
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Chapter 11.  
Comparative analysis of event related potentials in 

monkeys and humans

A. K. Harauzov, I. A. Varovin, L. E. Ivanova, D. N. Podvigina

Neurophysiological basis of human brain functioning is difficult to study 
without using animal models. Monkeys are the closest animals to humans in 
evolutionary terms, as well as anatomical structure and physiological char-
acteristics. Here we present comparative research of humans’ and monkeys’ 
electrophysiological reactions during visual pattern discrimination.
Visual stimuli were rectangular matrices each composed of 100 Gabor patches 
having different orientations. Matrices differed in the number of Gabor patch-
es with vertical, or horizontal, orientation [Kharauzov et al., 2008; Shelepin 
et al., 2009; Figure 1].

Figure 1. Examples of the test matrices with different degree of orderliness of the 
Gabor patches’ orientation in percentages.

The observers’ task was to discriminate the dominant orientation (vertical or 
horizontal); therefore the difficulty of perceptual tasks depended on the degree 
of order in the matrix. While humans were presented 7 different types of stim-
uli and were required to press the left or right mouse button to indicate their 
choice, the monkey’s task was to choose the vertical matrix out of the two ones 
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presented on a touchscreen; four most difficult matrices were used. Percentage 
of correct responses, reaction times and event related potentials (ERPs) were 
recorded while subjects performed the task. In total, 25 human subjects partic-
ipated once in the experiment, and one macaca mulatta monkey repeated the 
same experiment 21 times. The data obtained from all 25 human subjects and 
from all 21 experiments on monkey were averaged and then compared.
Figure 2 illustrates dependencies of the accuracy and the median reaction 
time of humans’ (left) and monkey’s (right) on the number of co-oriented 
Gabor patches in the matrix. As for humans and monkey, the percentage 
of correct responses was low (70 %) for less ordered matrices and sharply 
increased with the degree of “orientational orderliness”, reaching a plateau 
(95 %) where matrices contained 40 or more co-oriented elements. In con-
trast, reaction time gradually decreased with increasing numbers of co-ori-
ented gratings, demonstrating a shorter duration of stimulus processing for 

Figure 2. Percentage of correct responses (up) and median reaction time (down) as a 
function of the number of co-oriented Gabor elements in the matrix for humans (left) 
and monkey (right). For humans each trace is averaged across 25 participants [data 
taken from Harauzov et.al, 2016]. For the monkey the data were averaged across 21 
experiments hold on different days. Error bars indicate 95 % percentile bootstrap con-

fidence intervals with 1000 bootstrap samples (for humans) and SEM for monkey.
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highly ordered matrices. Note the similarity of the humans’ and monkey’s 
responses with exception of the slight increase of the monkey’s reaction time 
comparatively to humans, which is most probably explained by the differ-
ence in the response acquiring methods (mouse button press for humans and 
touch the screen for monkey).
Comparison of the shape of ERPs recorded from humans and monkey re-
vealed much earlier responses in monkey’s ERPs which appeared in occipital 
area as early as 40 ms after stimulus presentation, whereas in humans’ ERP 
the first prominent wave we observed at 90 ms after stimulus onset. In the 
time interval of 90–230 ms after stimulus onset the components’ polarity and 
latency in occipital area were similar in humans and monkey. Both species 
showed positive waves at 90–100 ms and at 220–230 ms and negative wave 
at 150–160 ms after stimulus onset. However, later waves showed different 
polarities between humans and monkey. ERPs recoded from central areas of 
the brain were quite different in humans and monkey both in shape and polar-
ity of the main waves (see figure 3).

Figure 3. Human (left) and monkey (right) evoked potentials to matrices recorded 
at central and occipital areas. Grand average data: for humans N = 25 (subjects), for 

monkey N = 21 (experiments).
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Whereas ERP’s shape between human and monkey can be explained by 
different position of recording electrodes relatively to the source of the 
activity in the brain, the most intriguing question is when and how the task 
difficulty affects the ERPs obtained from two species. As it is seen in figure 
3, stimulus type has much earlier effect on human ERPs as compared to 
monkey ERPs. However, additional study performed on human subjects 
with the same stimuli but with different instruction that changed the diffi-
culty curve (the task was to detect collinear elements in the matrix) showed 
that the amplitude of ERP wave P220 in occipital areas correlated only 
with image complexity, but not with task difficulty. The first effects on the 
human ERPs amplitude arising from decision difficulty were observable at 
400 ms after stimulus onset [see Harauzov et.al, 2016]. The first effects of 
the decision difficulty on ERPs latency was observed in central areas of the 
human brain at approximately 300 ms after stimulus onset (N300 and P450 
in the figure 3).
We than compared dependencies of the amplitude and latency of the main 
ERPs components on the stimulus type, which were obtained for humans 
and monkey. In human ERP the earliest wave that showed significant de-
crease of its amplitude with the stimulus degree of orderliness was P220, 
but the analogous wave in the monkey ERP (P230) did not depend on the 
stimulus type (see figure 4). Such discrepancy can be explained by the dif-
ference in the gaze fixation conditions between humans and monkey. If the 
humans’ task was to keep their gaze on the fixation point in the center of 
the screen, monkey was trained to look towards the screen after the warning 
sound without any fixation points. Therefore, for humans the projection of 
the image on the retina was always constant, whereas for monkey the image 
could appear with a variable shift at any direction from the central point of 
the retina. Taking in account that P220 wave in humans’ ERPs depended 
on the stimulus properties such as degree of orderliness, but not on the task 
difficulty, we suppose that this wave is sensitive to the position of the image 
projection onto retina.
Next waves affected by the stimulus type were N300 (for humans) and P300 
(for monkey) recorded in central areas. Their latency decreased with the num-
ber of co-oriented elements in the image (see figure 4). Note that the analo-
gous decrease we observed for the reaction times (see figure 2). We suppose 
that these waves reflect activation of the decision making mechanisms, be-
cause the more difficult the task is, the later the decision takes place which in 
turns increases the reaction time.
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Figure 4. Dependence of mean amplitude (left) and latency (right) of some ERP com-
ponents on the number of co-oriented elements in the matrix. Stars above data points 

indicate significant changes in amplitude with the stimulus type (T-test, P<0.01).

The amplitude of the later ERP waves with the latency of 350–370 ms and 
600–700 ms similarly depended on the number of co-oriented elements in 
the image both for humans and monkeys, though these waves differed in 
polarity between two species. The fact that the appearance and duration of 
N600 and P900 waves (for humans) and P700 waves (for monkey) exceeds 
the reaction time implies that they reflect some post-decision processes. The 
characteristics of these late components seem to be consistent with Sutton 
and colleagues’ original idea of “uncertainty resolution” [Sutton et al, 1965]. 
Indeed, the lager the amplitude of these waves, the higher the participants’ 
categorization accuracy and, therefore, self-confidence in their decision. In 
summary, the first electrophysiological signature of the task difficulty both in 
humans and monkeys was observed at approximately 300 ms after stimulus 
presentation. At this time, the latency of ERPs waves started to increase with 
the task difficulty, that implies that decision about the dominant orientation 
in the matrix takes place at the same time in both species. The amplitude of 
late ERPs waves recorded in humans and monkey decreased with the task 
difficulty in the similar way. The similarity of behavioral and electrophysi-
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ological responses in humans and monkeys in pattern discrimination tasks 
and a possibility to register electrical activity in monkeys directly from brain 
structures involved in decision-making processes opens up broad prospects 
for studying this issue.
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Electrophysiological assessment of emotional arousal is a rapidly developing 
area of the brain research. This work aims to identify the electrophysiological 
signs of a high arousal state of Macaca Mulatta monkeys using conventional 
EEG spectral analysis.
We recorded EEG at the occipital, parietal, central, and frontal regions of the 
monkey skull. Two conditions were compared: resting state without any ex-
citatory factors and viewing videos about the life of monkeys in the wild na-
ture. Watching videos caused strong behavioral reactions — ​the monkey kept 
a close look at the screen, occasionally making sounds and showing signs of 
communication. This was a confirmation that the arousal state of the monkey 
was indeed heightened while watching the video compared to the state of rest. 
Each recording session lasted for 20–30 minutes. In total, 33 EEG records 
were made in rest condition and 23 records were obtained when monkey was 
watching a video. Figure 1 represents averaged EEG spectra obtained from 
one animal J8 in two conditions.
EEG spectra obtained at rest showed one noticeable peak at a frequency of 
about 10 Hz, which was maximal at central occipital area and resembled the 
alpha rhythm in humans. Watching the video led to a significant reduction in 
the oscillation power of 10 Hz in EEG recorded at all electrodes, but at the 
same time, a new peak at a frequency of 17 Hz appeared in the EEG spectra, 
which was most prominent at lateral parietal sites. The two small peaks also 
appeared at lateral occipital areas with frequency 25 and 30 Hz, which most 
likely reflect monitor flickers.
To get statistical proof of changes in EEG spectra caused by high arousal 
state, we calculated areas of two peaks as is shown in figure 2 (left) for each 
recording session. The results were then averaged for each of the two condi-
tions and compared (Figure 2, right). Statistical analysis revealed high signif-
icance of the peaks’ power difference in the two conditions (P<<0.001, t-test; 
Figure 2, left).
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Figure 1. EEG spectra recorded in animal J8 in two conditions: at rest (blue line, 33 re-
cords averaged) and during watching video (red line, 23 records averaged). Electrodes 

placement roughly matches International 10–20 system for human EEG recordings.

Another animal L9 took part in 10 electrophysiological sessions at rest con-
dition and only in 4 sessions during watching movies. EEG spectra of animal 
L9 at rest resembled those obtained in animal J8 with dominant frequency at 
9 Hz. As well as for animal J8, watching a movie resulted in appearance of 
higher frequency peak of 18 Hz. However, unlike in animal J8, the power of 
9 Hz oscillation in EEG of animal L9 substantially increased during watching 
a movie (see Figure 3).
Thus, during watching a movie in EEG spectra of animal L9 we observed 
two peaks at the same time: at 9 and at 18 Hz correspondingly. This fact to-
gether with differences in topographic distribution over skull of the two peaks 
indicate that emotional arousal in monkeys leads not to a simple shift in the 
frequency of the existing brain oscillations, but causes the appearance of new, 
highly prominent rhythms of the brain at higher frequency. This is unusual 
feature for human EEG spectra. Explanation of that difference between hu-
man and monkey is a matter of further experiments.
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Figure 2. Changes in the EEG spectra (left) and in the power of two peaks of the 
spectrum at frequency 10 and 17 Hz (right) depending on the emotional arousal dur-
ing watching the movie. Error bars on the right figure represent SEM. Animal J8. 

Central parietal area (Pz).

Figure 3. Changes in the EEG spectra (left) and in the power of two peaks of the 
spectrum at frequency 9 and 18 Hz (right) depending on the emotional arousal dur-
ing watching the movie. Error bars on the right figure represent SEM. Animal L9. 

Central parietal area (Pz).
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Chapter 13.  
SMI‑32 labeling in the perigeniculate nucleus

N. S. Merkulyeva, A. A. Michalkin

Introduction
The main transition zone between the retina and visual cortex is dorsal thal-
amus, and its main part is dorsal lateral geniculate nucleus (LGNd) [Berson, 
Graybiel, 1983; Sherman, Guillery, 2002]. The communication of the LGNd 
and primary visual cortex is under strong modulatory influence of the perige-
niculate nucleus (PGN) located dorsally to the LGNd [Sanchez-Vives et al., 
1996; Guillery, Harting, 2003]. Neurons of the PGN are mainly GABAergic 
[Fitzpatrick et al., 1984; Stichel et al., 1988] and underlie recurrent inhibition 
of the LGNd [Dubin, Cleland, 1977; Friedlander et al., 1981]. Despite the 
importance of relationships between LGNd, PGN and visual cortex, postna-
tal development of the PGN, especially its neurochemical features, still have 
been poor understood. Since neurofilaments are strongly important for the de-
velopment and structural maturation of neurons [Kutcher, Duffy, 2007], in the 
present work we investigated the postnatal development of the neurofilaments 
labeling in the perigeniculate neurons using SMI‑32 antibody used for the de-
tection of the non-phosphorylated isoform of the heavy-chain neurofilaments 
[Sternberger, Sternberger, 1983].

Materials and Methods
All experimental procedures were approved by the Ethics Commission of the 
Pavlov Institute of Physiology (№ 12/03/2019) and were performed in accor-
dance with the requirements of Council Directive 2010/63EU of the European 
Parliament on the protection of animals used in experimental and other sci-
entific purposes. Four normal pigmented kittens, of either sex, aged 4 (n = 2) 
or 28 (n = 2) postnatal days, and one adult (1.5 years old) cat were used. All 
animals were reared in a standard “12 hrs dark/12 hrs light” environment. Un-
der deep anesthesia (a mixture of 2 mg/kg Zoletil and 20 mg/kg xylazine), all 
animals were transcardially perfused with 0.9 % NaCl, followed by 4 % para-
formaldehyde. After perfusion, brains were removed from the skull, stored in 
sucrose and subsequently cut on a freezing microtome (50 μm sagittal slices). 
The detailed procedure of the immunohistochemical staining was described 
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previously [Merkulyeva et al., 2016; 2018). In brief, slices had been incubated 
for 70 hours in an anti-mouse monoclonal primary antibody SMI‑32 (Sig-
ma-Aldrich, USA, 1:5000 dilution), and thereafter for 1 day — ​in biotinylated 
secondary horse anti-mouse antibody (Vector Laboratories, UK, 1:600 dilu-
tion). After processing for an avidin-biotin horseradish-peroxidase complex 
(ABC Elite system, Vector Laboratories, UK) for 1 hour, and diaminobenzi-
dine (DAB)-NiCl-Н2О2 reaction, slices were mounted, dehydrated, cleared 
and placed into mounting media (Bio Mount HM, Bio-Optica, Italy). Slices 
were analyzed with an Olympus microscope (Olympus CX33, Olympus Cor-
poration, Japan) using a Nikon camera (Nikon Corporation, Japan). The num-
ber and the sizes of the immunopositive neurons were manually estimated in 
free software Fiji [Schindelin et al., 2012]. Data were presented as mean±SD; 
the Mann-Whitney test was used to characterize the statistical significance.

Results and Discussion
Only scared SMI‑32(+) neurons (7±10 cells per slice) having triangle soma 
and multiple long and ramified dendrites both weak stained were visualized in 
the PGN of the neonatal kittens (P4) (Figure 1A). In contrary to them, a gross 
amount of SMI‑32(+) neural somas was observed in 28-days old kittens (up to 
210±15 cells per slice (Figure 1B)). These neurons were dark stained and had 
highly developed dendritic arborization forming dense neuropil (Figure 1A). 
A dramatic drop in the number of the SMI‑32(+) neurons was observed in 
adult cat, having only solitary SMI‑32(+) neurons (0–2 cells per slice) (Figure 
1A).
As it was said above, an SMI‑32 antibody recognizes the non-phosphorylated 
epitope of the heavy-chain neurofilaments [Sternberger, Sternberger, 1983]. 
Heavy-chain neurofilaments participate in the maintenance of the axonal cal-
iber [Hoffman et al., 1987; Sánchez et al., 2000], and it was proposed pre-
viously that SMI‑32 is expressed in descending output neurons [Campbell, 
Morrison, 1989; Fuentes-Santamaria et al., 2006]. These facts allow propos-
ing a transient participation of the SMI‑32-labeled perigeniculate cells in the 
long-lasted projections during particular period of the ontogenesis. According 
to the literature, reciprocal axonal projections of the PGN in adult animals are 
restricted to the LGN [Uhlrich et al., 1991]. But some unidirectional connec-
tions are known, for example, direct projections from the visual cortex to the 
PGN [Murphy, Sillito, 1996]. Can these communications be transiently bidi-
rectional, is a question that only waiting to be answered. Since a great number 
of the SMI‑32(+) cells were observed by us in kittens at P28 — ​the peak of the 
critical period plasticity [Crowley, Katz, 2002], a transient SMI‑32 labeling 
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in the PGN can be related to the transient plasticity-dependent interneural 
communication of the perigeniculate cells with the sources that only expected 
to be observed.

Figure 1. SMI‑32-labeling in the perigeniculate nucleus of kittens aged 4 days (P4), 
28 days (P28), and in adult cat (Ad). A — ​representative examples of the immunos‑
taining at sagittal slices. B — ​an amount of the SMI‑32-immunopositive cells per 

slice in three age groups. *** — ​p<0.001.

In other side, it was proposed that SMI‑32 antibody selectivity label so-called 
Y visual neurons related to the motion processing channel [Gutierrez et al., 
1995; Bickford et al., 1998]. But up today we don’t know, is an input from the 
Y cells predominant for the PGN cells or all principal geniculate cells have 
equal contribution to them [Friedlander et al., 1981; Cucchiaro et al., 1991]. 
But we can expect that a balance in these inputs can be modified during the 
ontogenetic development.
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Chapter 14.  
Neurophysiological mechanisms of images classification 

invariant to their size

G. A. Moiseenko, S. V. Pronin

The mechanisms of objects classification are crucial for the humans being. 
The classification process is invariant to the size transformation. General de-
scription of the image is provided in occipital (BA17-BA19, BA37) cortex 
[Glezer et al, 1975; Shelepin, 1973]. In recent years, interest has increased 
in the study of the mechanisms of invariance in connection with the creation 
of artificial intelligence systems [Baranov, 2012; Cecotti, 2015; Lowe, 1999; 
Wiskott, 2003; Wiskott, 2002].
In our previous two series of studies, we studied the influence of the intuitions 
of the observer on the classification processes in the human brain. Subjects 
were shown images filtered at different spatial frequencies, projected into 
the fovea region, and were given instructions to classify images according to 
physical (clear / blurred object) and semantic characteristics of images (ani-
mate/inanimate object). As a result of the research, components of cognitive 
evoked potentials associated with the semantics of images were identified. 
Differences in the components of evoked potentials from image semantics 
were significant with frontal (in P200 components), temporal and occipital 
areas (in N170 components) even in those conditions when the test subject’s 
task was to classify the physical properties of the images of objects [Moi-
seenko et al., 2015].

Aim
The aim of our research was to investigate the influence of images size on 
characteristics humane visual cognitive evoked potentials in classification 
tasks.

Methods
The study involved 35 healthy subjects aged 20 to 38 years. Using a cognitive 
evoked potentials method, 2 experiments series were carried out. The angular 
dimensions of the objects images for observer was 3 angular degree in first 
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series and 0,4 angular degrees in the next series. In both series, the observer’s 
get the instruction to classify the images: animate and inanimate. Time of 
images presentation was 100 ms with an interval of 1 second. Registration of 
evoked potentials carried out according to the scheme 10–20 with reference 
ear electrodes.
Figures 1 and 2 show examples of stimuli images for the first and second 
series of studies.

Figure 1. Sample images of stimuli in 1 research.

Figure 2. Sample images of stimuli in 2 research.

Results
If we compare the results of the 1st and 3rd studies, it turned out that in both 
series of studies the amplitude of the P200 component in the frontal (F7, F8) 
areas differed in semantic features (“animate-inanimate”). Figures 3a and 3b 
show examples of grand average of evoked potentials (electrode F7) for the 
first and second series of studies.
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Figure 3. Examples of grand average of evoked potentials (electrode F7) for the first 
research (instructions 1: “animate/inanimate”, large images) (3a) and second series 
research (instructions 2: “animate/inanimate”, small images) (3b). The arrow indi-
cates the component (P200) where differences were expressed in terms of “animate/

inanimate” objects.

Discussion
Probably, in the areas of the frontal cortex established by us comes infor-
mation that is invariant to large-scale transformations. Therefore, it becomes 
possible to classify images according to semantic characteristics, regardless 
of the image size and its spatial frequency spectrum. It can be assumed that 
in the frontal area, which provides decision making when performing image 
classification tasks, the brain uses the scale-invariant transformation of imag-
es already formed at previous levels. This statement is based on specific ex-
perimental data. Previously, amplitudes of evoked potentials were measured, 
according to which, in predators without a pronounced frontal region, an in-
variant description is carried out in the Claire-Bishop zone, parietal-tempo-
ral-occipital region of the cortex [Glezer et al, 1975; Shelepin, 1973].
In the works of Shelepin Yu. E., Vakhrameeva O. A. and Chikhman V. N. 
when studying the perception thresholds of fragmented contour images, it 
was shown that when the image is reduced less than 1 angular degree and 
with an increase in the size of the incentives over 50 angular degree, there is 
an increase in the perception thresholds of incomplete images. The minimum 
values of the perception threshold of incomplete images correspond to the 
domain of perception invariance [Vakhrameeva et al., 2008; Shelepin, 2008; 
Chikhman et al., 2009].
In our data in this study, the sizes of the images corresponded to the sizes of fo-
veolita (central area of foveola) and fovea sizes, the visual acuity of the observ-
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ers was 1, respectively, based on the probability of correct answers and local-
ization of significant differences in the amplitude of evoked potentials, the size 
invariance was more expressed in the 1st study, where the image sizes were 
within the limits of foveola sizes, than in the 2nd study, where the image sizes 
corresponded to the foveola sizes. This is consistent with the data obtained in 
our laboratory data Shelepin Yu. E., Vakhrameeva O. A. and Chikhman V. N. 
[Vakhrameeva et al., 2008; Shelepin, 2008; Chikhman et al., 2009].

Conclusions
The role of P200 evoked potentials components in the frontal regions of the 
brain in stimuli images size transformation is shown. Thus, it was shown that 
the neural networks of the frontal cortex use an invariant description of imag-
es to ensure the classification of objects.
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Chapter 15.  
A comparative analysis of the camera-like eyes of 

gastropod mollusks and humans

I. P. Shepeleva

Vision is a complex multi-level process carried out by the visual system and 
allows to obtain information about the world. It begins in the peripheral part 
of the visual system — ​the eyes — ​with the formation of an image on the retina 
and the conversion of light energy by photoreceptor cells into the energy of 
nerve impulses and ends in the central part — ​the cerebral cortex — ​by decid-
ing what kind of object the organism met [Hubel, 1990]. It is often difficult 
to study the visual system in vertebrates for technical reasons or impossible 
for ethical considerations [Kandel, Kupfermann, 1970]. For research, mod-
el organisms are needed, which can serve as invertebrate animals — ​gastro-
pod mollusks [Chernorizov, Sokolov, 2010]. Among invertebrates, gastropod 
mollusks are one of the few groups whose representatives have camera-like 
eyes, and the first group whose representatives have camera-like eyes adapted 
to vision in a terrestrial environment and at a high level of illumination in the 
same way as typical representatives of vertebrates — ​humans. At the same 
time, camera-like eyes and the visual system in general in mollusks are much 
simpler [Vavilov, 1961; Shepeleva, 2011, 2013, 2018; Land, Nilsson, 2002]. 
Further study of the model requires the identification of similarities and dif-
ferences between the eyes of mollusks and humans. Therefore, the aim of the 
work is to compare the camera-like eyes of terrestrial gastropods pulmonate 
mollusks and humans and to reveal similarities and differences in the struc-
ture and functions of their common components.
In mollusks and humans, the eyes are spherical as well as ellipsoid in shape 
along or perpendicular to the optical axis. With an average length of about 
300 microns, the eyes of the mollusks consist of a shell surrounding the eye; 
the lens; the vitreous body and the retina, the edges of which form a pupil of 
constant diameter [Shepeleva, 2011, 2013; Land, Nilsson, 2002] (Figure 1A). 
The eyes of humans with an axial length of about 24 mm consist of a shell 
surrounding the eye; anterior chamber filled with aqueous humor; the iris, in 
which there is a pupil of variable diameter; a back chamber filled with aque-
ous humor; the lens suspended on ligament of Zinn; vitreous body; retina and 
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choroid [Grüsser, Grüsser-Gornehls, 1996; Basinsky, Egorov, 2007] (Figure 
1B). Thus, the camera-like eyes of mollusks and humans vary significantly in 
structure, but contain common components — ​the shell, lens, vitreous body 
and retina. Therefore, the work analyzes the known structure and functions of 
these components.

Figure 1. Schematic drawing of the camera-like eyes of mollusks (A) and humans (B).
The diameter of the eye of the mollusk is 0.3 mm, the human eye is 24 mm. The differ-
ence is about 100 times. The vertical thickness of the retina of the mollusk in the center is 

about 0.1 mm, in the human fovea — ​about the same — ​0.1–0.2 mm.

The shell of the eyes of mollusks and humans is divided into two sections: a 
smaller anterior, formed by the cornea, and a larger posterior, formed by the 
sclera.
The cornea of the eyes of mollusks and humans is a convex-concave transpar-
ent colorless optically homogeneous lens with a similar refractive index. In 
mollusks, the cornea has a hemispherical shape; in humans, it has an aspher-
ical shape of refractive surfaces. The cornea of mollusks consists of a single 
layer of epithelial cells lying on the basement membrane. There are 5 layers 
in the cornea of humans: the surface layer, represented by a multilayer ep-
ithelium; front border membrane; the stroma, which is a connective tissue 
of intercellular substance — ​plates of collagen with a carbohydrate-protein 
complex and the main type of cells — ​keratocytes; Dua layer — ​a thin high-
strength layer of collagen; posterior border membrane; endothelial cell lay-
er. In mollusks and humans, the cornea performs several common functions: 
light-refracting, light-transmitting, shaping, supporting and protective, while 
in humans it is still involved in the correction of spherical aberration and is 
a light filter for ultraviolet rays [Atchison, Smith, 2000; Basinsky, Egorov, 
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2007; Shepeleva, 2011, 2013, 2018; Majdi et al., 2014]. Thus, the cornea of 
mollusks and humans has more similarities than differences both separately 
in structure and functions, and in general — ​taking into account structure and 
functions.
The eyes of the mollusks are surrounded by a transparent eye capsule, the 
human eyes are surrounded by an opaque sclera, which are connective tis-
sue membrane. The eye capsule is formed by collagen fibers with the main 
substance, fibroblasts and smooth muscle tissue cells. In the sclera, from the 
inside out, 4 layers are distinguished: 1 layer, which is formed by endothe-
lial cells, and 3 layers — ​a brown plate, stroma and episclera, which differ in 
the density and composition of the components and are formed by collagen 
and elastic fibers with a carbohydrate-protein complex and the main type of 
cells — ​fibroblasts. In mollusks and humans, these shells perform the shap-
ing, supporting and protective functions [Basinsky, Egorov, 2007; Shepeleva, 
2011, 2013]. Thus, the eye capsule of mollusks and sclera of humans com-
pletely differ in structure, but are similar in function and in general have more 
similarities than differences.
The lens of the eyes of mollusks and humans is a biconvex transparent lens 
with a relatively soft consistency of different colors: colorless in mollusks 
and pale yellow in humans. In mollusks, the lens lies behind the cornea and 
occupies a significant part of the cavity of the eye, in humans it is located at a 
distance from the cornea and occupies a much smaller part of the cavity of the 
eyeball. The lens of mollusks has a spherical as well as an ellipsoidal shape 
along or perpendicular to the optical axis with a hemispherical shape of the 
refracting surfaces and is not capable of accommodation. The lens of people 
participates in accommodation, during which its shape changes — ​from an el-
lipsoid perpendicular to the optical axis with a flattened anterior and convex 
posterior surfaces of an aspherical shape to a round one with more convex 
both surfaces of equal curvature. In mollusks, the lens does not have a shell 
and is characterized by a non-cellular structure, granular structure, lamination 
and vesicles, and the quality of the images of test objects formed by isolated 
lenses indicates the possible refractive index gradient in some species of mol-
lusks. In the lens of humans, a capsule is distinguished; a layer of epithelial 
cells on the inner front surface of the capsule; and lens material from spindle-
shaped epithelial cells forming layers of different densities with a variable 
refractive index. In mollusks and humans, the lens performs light-refracting, 
light-transmitting, shaping, supporting and protective functions, while in hu-
mans it also participates in the accommodation process, attenuates spherical 
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aberration and is a light filter for ultraviolet rays [Grüsser, Grüsser-Gorne-
hls, 1996; Atchison, Smith, 2000; Basinsky, Egorov, 2007; Shepeleva, 2011, 
2013, 2018; Majdi et al., 2014]. Thus, the lens of mollusks and humans has 
more differences in structure and more similarities both separately in func-
tions and in general.
In the eye cavity of mollusks and humans is the vitreous body. In mollusks, 
the vitreous body surrounds the lens in the form of a thin uniform layer and 
separates it from the cornea and retina, in humans it lies behind the lens, 
occupies a significant part of the eye cavity and delimits it only from the 
retina. Both in mollusks and in humans, the vitreous body is a transparent, 
colorless optically homogeneous substance of a gel-like consistency with a 
similar refractive index. In mollusks, the vitreous body has no membrane 
and has a granular homogeneous structure. In humans, it is surrounded by 
a membrane and is a connective tissue of intercellular substance — ​collagen 
fibers with a solution of organic and inorganic compounds and the main type 
of cells — ​hyalocytes. The density of the arrangement and composition of 
the components is divided into three zones: external, intermediate and cen-
tral. In mollusks and humans, the vitreous body performs several functions: 
light-refracting, light-transmitting, shaping, supporting and protective, and 
in humans also metabolic [Atchison, Smith, 2000; Basinsky, Egorov, 2007; 
Shepeleva, 2011, 2013]. Thus, the vitreous body of mollusks and humans has 
more similarities than differences both separately in structure and functions, 
and in general.
After passing through the vitreous body, light enters the retina, which follows 
the shape of the eyes and is divided into two parts: the non-optic and the optic. 
The non-optic part in mollusks is the area near the pupil, in humans — ​the area 
of the ciliary body and iris. In the optic part, the central and peripheral regions 
are distinguished. Both areas are homogeneous in the mollusk and are divided 
into zones in humans. The central region, or macula, contains a fovea with a 
foveola, surrounded by parafovea and perifovea, and in the peripheral region, 
the near, middle, far and extreme periphery are distinguished [Hubel, 1990; 
Kolb, 2003; Schubert, 2009; Shepeleva, 2011, 2013].
In mollusks, the retina is not inverted; in humans, it is inverted. The retina of 
mollusks includes 4 types of cells — ​photoreceptor, pigment, glial and gan-
glion cells, which form 4 layers. In the retina of humans, there are 8 types 
of cells, which form 10 layers and of which all 4 of the listed cell types are 
common with mollusks [Hubel, 1990; Wandell, 1995; Kolb, 2003; Shepeleva, 
2011, 2013].
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Photoreceptor cells in mollusks and humans have a different structure, and also 
belong to different groups and are divided into two different morphological 
types, each of which is represented by one species. In mollusks, photoreceptor 
cells consist of a body and a photosensitive part, belong to the rhabdomeric 
group and are represented by the first and second type. Both types of cells 
contain the same visual pigment, so the mollusks have monochromatic vision. 
In humans, photoreceptor cells consist of a synaptic region with second-order 
neurons, the nuclear part, the inner segment, the connecting cilia and the pho-
tosensitive outer segment, are ciliary and are represented by rods and cones. 
All rods contain the same visual pigment, and cones are divided into three 
types — ​each with its own visual pigment, which forms the basis of color vi-
sion of humans. In mollusks, photoreceptor cells of both types are located in 
each region of the retina. In humans in foveola there are two types of cones, 
and in the remaining zones of the central region, as in all zones of the periph-
eral region, there are rods and three types of cones. The photoreceptor cells 
of the first type in mollusks and rods in humans are characterized by a higher 
light-collecting and lower resolving ability than photoreceptor cells of the sec-
ond type and cones, respectively, both in the central and peripheral regions of 
the retina. The area with the minimum light-collecting and maximum resolving 
ability in mollusks and humans is the central region and foveola, respectively 
[Polyak, 1941; Hubel, 1990; Wandell, 1995; Grüsser, Grüsser-Gornehls, 1996; 
Kolb, 2003; Basinsky, Egorov, 2007; Shepeleva, 2011, 2013, 2018].
Pigment cells in mollusks and humans differ in location and certain functions. 
In mollusks, they are located between the photoreceptor cells, but they do not 
isolate their photosensitive parts of each other. However, they form a screen 
that prevents the penetration of light into the eye from any direction, and also 
participate in the synthesis and secretion of substances from which the lens 
and vitreous body are formed. In humans, they form a separate layer of cells 
whose apical processes isolate the outer segments of adjacent rods and cones 
adjacent to them and absorb the scattered light, and also perform a number of 
other functions [Polyak, 1941; Hubel, 1990; Kolb, 2003; Basinsky, Egorov, 
2007; Shepeleva, 2011, 2013, 2018].
Glial cells in mollusks and humans can vary in location and function and 
vary in the number of types. In mollusks, they are located in two layers on 
the periphery of the retina, perform supporting and trophic functions, and 
are represented by 2 types. In humans, they are located near the inner and 
outer borders, and also permeate all layers of the retina, perform a larger set 
of functions and are represented by 3 types [Polyak, 1941; Wandell, 1995; 
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Kolb, 2003; Basinsky, Egorov, 2007; Shepeleva, 2011, 2013; Reichenbach, 
Bringmann, 2015].
Ganglion cells vary in location and number of types. In mollusks, they along 
with glial cells are in two layers on the periphery of the retina, as well as in 
the expanded part of the optic nerve and are represented by 1 type, in humans 
they form a separate layer and are represented by more than 20 types [Polyak, 
1941; Hubel, 1990; Wandell, 1995; Kolb, 2003; Basinsky, Egorov, 2007; She-
peleva, 2011, 2013, 2018].
Thus, the retina of mollusks and humans has more differences than similari-
ties both separately in structure and functions, and in general.
A comparative analysis of the camera-like eyes of mollusks and humans on 
the basis of their own and published data revealed similarities and differences 
in structure and functions of their common components (Table 1). Of the 4 
components examined, 3 components — ​the shell (cornea and eye capsule/
sclera), the lens and the vitreous body — ​have more similarities than differ-
ences and 1 component — ​the retina — ​shows more differences than similari-
ties.

Table 1.

The similarities and differences in structure and functions of the common 
components of the camera-like eyes of mollusks and humans

Eye components Structure Functions Structure and functions

Shell: Cornea more similarities more similarities more similarities

Shell: Eye capsule/sclera only differences only similarities more similarities

Lens more differences more similarities more similarities

Vitreous body more similarities more similarities more similarities

Retina more differences more differences more differences

All components more differences more similarities more similarities

Together, the components of the camera-like eyes of mollusks and humans are 
less similar in structure and more similar in function, but taking into account 
both structure and functions show more similarities than differences. The pre-
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sented data on the peripheral part of the visual system of gastropod mollusks 
allow us to consider these invertebrates as a convenient model for studying the 
functioning of the visual system. Additional advantages of mollusks are avail-
ability in nature, abundance, ease of maintenance and cost-effectiveness. Also, 
the results of the comparative analysis made it possible to identify gaps in our 
knowledge about the eyes of mollusks and determine areas for further research, 
the purpose of which will be to study the unknown structure and functions of 
the components of the eyes, as well as assess the factors affecting the vision of 
mollusks, and through a comparative analysis with humans to create the most 
complete picture of gastropods as model organisms for the study of vision
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Chapter 16.  
Development of non-invasive methods of primates’ head

 fixation based on computed tomography data

I. A. Varovin, L. E. Ivanova, D. N. Podvigina, A. K. Harauzov

The modern concept of brain functioning is based on a network approach in 
which distant regions of the brain are connected on the basis of their synchro-
nous activity and performing the same functions. Using the fMRI method to 
study brain functional connections ones managed to describe a number of 
large-scale neural networks in the human brain that are involved in perform-
ing certain cognitive functions, which are characterized by a remote arrange-
ment of components, but at the same time a high level of coherent activity 
between them. For example, the areas of the dorsolateral prefrontal cortex and 
the posterior parietal cortex are connected into a so-called “central executive 
network” associated with memory functioning and decision-making. There 
are also neural networks responsible for detecting and switching attention to 
significant signals (salience network), for memory functions, language skills, 
sensory information processing, and so on. A common feature of all large-
scale neural networks of the brain is internal functional coherence and oppo-
site interactions with the so-called default mode network (DMN), which is 
believed to coordinate their work by maintaining a balance between activated 
and deactivated brain areas [Raichle, et al., 2001, 2006; Fox and Raichle, 
2007; and many others including Kharauzov et al., 2018].
Localization of functionally connected areas of the brain, forming large-scale 
neural networks, is also possible in monkeys using fMRI methods [Vincent 
et al., 2007; Mantini et al., 2011]. There are two important requirements for 
a successful fMRI experiment: the subject must be conscious, and must lie 
motionless in the scanner. Unlike humans, it is quite difficult to get an animal 
to not move. Learning is one way to solve this problem, but it is time consum-
ing. Another way is to fixate the head of the animal with a mask that exactly 
matches the shape of its face.
We have developed our own monkey head fixation system using two plastic 
masks — ​internal (soft) and external (solid). The inner mask corresponds to 
the individual shape of the head of the animal. It is molded of soft silicone 
to create comfortable conditions for the animal. The inner mask is created in 
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several stages. First, a three-dimensional model of the virtual head is formed 
on the basis of the CT data, which is then printed on a 3-D printer. Based on 
the printed model, casting from a two-component silicone, a mask is made in 
several stages, which is an exact copy of the monkey’s head. The outer mask 
only roughly repeats the individual features of the monkey’s head; it is univer-
sal in shape and size for fixing different monkeys. The outer mask is molded 
from durable plastic, so that inside you can insert any inner mask of various 
sizes. As a result, the head of the animal is tightly but comfortably fixed, 
which is necessary for performing tomographic studies. Figure 1 illustrates 
some stages of individual mask making.

Figure 1. Three-dimensional model of the virtual head based on the CT data (left). 
First stage of individual face mask creating on the basis of 3-D printed model of the 

head (right).

In order to tightly and comfortably fixate the monkey’s body the special suit 
with belts was sewn on the basis of individual CT data of the whole body. 
Then a universal box compatible with MRI scanner was made from amagnetic 
materials (see Figure 2).
It is obviously that prolonged immobilization provokes stress in an untrained 
monkey. That would lead to unexpected patterns of functional connections 
peculiar to stress conditions which can differ from functional connections in 
rest conditions. To avoid this issue we performed two training sessions in two 
days with a week interval where a monkey was fixated for 2.5 hours on each 
day. Additionally, sound of working MRI scanner was sent though speakers in 
order to habituate an animal to loud sounds.
As an indirect indicator of a stress level we used heart rate registration with 
ECG. Figure 3 illustrates mean heart rate values obtained during two train-
ing sessions and during two fMRI recording session in conscious and uncon-
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scious states. At the beginning of training the heart rate was 180 beats per 
minute (bpm) which is the upper limit of this value for Rhesus monkeys. At 
the second training session the heart rate decreases up to 160 bpm, and at the 
third time of fixation (when the fMRI was recorded) the heart rate was about 
140 bpm which is close to normal range for animals of this species. Immedi-
ately after fMRI recording in conscious state, the isoflurane anesthesia (1 %) 
was given to the animal and the second fMRI measure in unconscious state 
was performed. During unconscious state the mean heart rate value was 120 
bpm which is close to lower limit for the Rhesus monkeys. Therefore, the 
heart rate data indirectly confirms that at the third time of fixation the animal 
was already habituated to immobilization and to loud sounds produced by the 
scanner. This allows us to consider the fMRI data obtained in conscious state 
close to the rest state of these specie animals.
The fMRI data was processed with a toolbox for Data Processing & Analysis 
for Brain Imaging (DPABI). To explore functionally connected areas in the 
monkey’s brain, a seed-based correlation analysis was used. Based on the 
time series of a seed voxel, connectivity was calculated as the correlation of 
BOLD signal time series for all other voxels in the brain. Figure 4 illustrates 
preliminary data obtained in one monkey in consciousness state and under 
isofluran anesthesia.

Figure 2. Experimental setup for tight and comfortable fixation of a monkey in MRI 
scanner.
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Figure 3. The monkey’s mean heart rate data obtained during training session and 
during fMRI recording in conscious state and under isoflurane anesthesia.

As it is seen from the figure 4, in the brain of awake animal frontal and pari-
etal areas are functionally connected. Loss of consciousness evoked by iso-
fluran gas significantly changed the pattern of functional connectivity. We 
observed the strongest correlation of the BOLD signal between temporal and 
occipital areas of the brain.

Figure 4. Functionally connected areas in the monkey brain.

In summary, the data obtained provide us additional information about the 
differences in brain functioning in consciousness and unconsciousness states. 
Moreover, the developed method opens a perspective to investigate neuro-
physiological basis of functional connectivity between distant brain regions. 
Next step is implantation of electrodes into discovered areas that show strong 
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correlation of the BOLD signal and registration of electrocorticogramm which 
has much finer time scale comparative to fMRI methods.
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Chapter 17.  
Superpositional Model for Natural Language 

Understanding of Ambiguous Texts 
by Means of Ontological Semantics

A. V. Dobrov, N. L. Soms

Abstract
Algorithms for Natural Language Understanding tasks, which perform the full 
stack of analysis procedures (from graphematics or phonetics level through 
morphology, syntax, semantics, and up to pragmatics), have more than expo-
nential complexity due to ambiguity of natural language on all of its levels. 
This article describes an approach to reduce computational complexity sig-
nificantly within some restrictions for formal grammar and ontology based on 
superpositional packing of ambiguous structures.

Introduction
Natural Language Understanding (NLU) is a type of natural language pro-
cessing, in which a machine performs the complete sequence of text analysis 
procedures at all its levels (graphematics or phonetics, morphology, syntax, 
semantics, and pragmatics), leading to the integration of its semantic content 
into the used knowledge base / ontology. NLU technologies aim to success-
fully perform disambiguation and work correctly under the conditions of un-
certainty.
There are different types of ambiguity that NLU technologies deal with. From 
the linguistic perspective, the main of them are morphological ambiguity, 
syntactic ambiguity, and semantic ambiguity.
Morphological ambiguity can be caused by coincidence in spelling of word-
forms of different lexical items that may have even different pronunciation, 
like in (1a) and (1b), or in (2a) and (2b), and it can also be caused by formal 
coincidence in word formational and/or inflectional models with no differ-
ence in pronunciation, like in (3a) and (3b), or in (4c) and (4d), and, finally, it 
can be just a complete coincidence in spelling and pronunciation without any 
rational reasons, like in (4a) and (4b). 
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(1a)	 желез-а	 (1b)	 желез-а
	 zheléz-a		  zhelez-á
	 iron-GEN.SG		  gland-NOM.SG
	 ‘of iron’		  ‘gland’
(2a)	 пот-ом	 (2b)	 потом	
	 pót-om		  potóm
	 sweat-INS.SG		  after
	 ‘by sweat’		  ‘after’
(3a)	 отёк-	 (3b)	 отёк--
	 otjok-		  otjok--
	 edema-NOM.SG		  swell-PST-M.SG
	 ‘edema’	 	 ‘swelled’
(4a)	 при 	 (4b)	 пр-и	 (4c)	 пр-и	 (4d)	 пр-и
	 pri		  pr-i		  pr-i		  pr-i
	 at		  go.baldheaded-IMP 		  feud-NOM.PL	 feud-ACC.PL
	 ‘at’		  ‘go baldheaded!’		  ‘feuds’		  ‘feuds’

Morphological ambiguity is actually ubiquitous, especially in morphological-
ly rich languages like Russian, but rarely obvious: whereas software products 
that perform morphological analysis have difficulty in choosing any inter-
pretation of each ambiguous word form and need special add-ons for disam-
biguation, native speakers rarely even notice any ambiguity, especially when 
provided with context; at least, they tend not to verbalize the process of choice 
of interpretation.
Syntactic ambiguity can be caused by morphological ambiguity like in (5a) 
and (5b), or only by intrinsic structural ambiguity of specific natural language 
constructions, cf. different possible interpretations of (6): (6a), (6b), and (6c).
(5a)	 Отёк--	 глаз-.	 (5b)	 Отёк-	глаз-.

	 otjok--	 glaz-		  otjok-	 glaz-

	 swell-PST-M.SG	 eye-NOM.SG		 edema-NOM.SG	 eye-GEN.PL

	 ‘Eye swelled’			   ‘Eyes edema’

(6)	Меркель-	 встрети-л-а		  Трамп-а	 в	 её	 костюм-е

	 Merkel-	 vstreti-l-a		  Tramp-a	 v	 jejo	 kostyum-e

	 Merkel-NOM.SG	 meet-PST-F.SG	 Trump-ACC.SG	 in	 her	 suit-LOC.SG

(6a)	‘Merkel met Trump who put on her suit for some reason’

(6b)	‘Merkel was wearing her suit when she met Trump’

(6c)	‘Merkel and Trump met each other within the inner space of Merkel’s suit’
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Within NLU, syntactic ambiguity manifests itself in a possibility to build two 
or more different syntactic structures for the same phrase, e.g., AIIRE natural 
language processor (cf. [1]) builds two trees depicted on Figure 1 for (5a) for 
(5b), correspondingly.

Figure 1. Syntactic ambiguity. 

These diagrams and those below are screenshots from AIIRE natural language 
processor web-UI available at http://aiire.org website.
Syntactic ambiguity is almost inevitable: e.g., (6) is a very typical con-
struction for SVO-languages like English or Russian, and it has, at least, 
three different possible structural interpretations, which means that any 
sentence, which has subject, object, and a prepositional phrase, is syntac-
tically ambiguous. Nevertheless, syntactic ambiguity is, again, rarely ob-
vious for a native speaker, who, most likely, does never even suppose that 
options like (6a) and (6c) can be possible. With a vanishingly low degree 
of probability, he may yet casually imagine that the eccentric American 
president, without ceremony, used the clothes of his German colleague, 
but, apparently, only an NLU system or its developer can imagine the 
costume of Angela Merkel, which she would use not just to crowd into 
together with the US president inside it, but also to negotiate with him on 
the sidelines of this costume.
Semantic ambiguity can be caused by lexical polysemy like in (7a), (7b), (7c), 
and (7d), by semantic relations indeterminacy, like in (8a) and (8b), or by 
them both, as in (9a) and (9b).
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(7)	 I saw bats	 (8)	 Bob’s hand

(7a)	 ‘I cut flittermice with a saw’	 (8a)	 ‘hand being part of Bob’s body

(7b)	 ‘I cut cudgels with a saw’	 (8b)	‘someone else’s hand belonging to Bob’

(7c)	 ‘I spotted flittermice’

(7d)	 ‘I spotted cudgels’

(9a)	 сосуд-ы		  пациент-а

	 sosud-y		  pacient-a

	 blood.vessel-NOM.PL		  patient-GEN.SG

	 ‘blood vessels in a patient’s body’

(9b)	 сосуд-ы		  пациент-а

	 sosud-y		  pacient-a

	 jar-NOM.PL		  patient-GEN.SG

	 ‘jars belonging to a patient’

Within the above-mentioned NLU pipeline, semantic interpretation is per-
formed for syntactic trees. Thus, if a syntactic structure is semantically ambig-
uous, then two or more different semantic interpretations can be built for this 
structure, e.g., two semantic graphs depicted on Figure 2 are built by natural 
language processor for the same syntactic tree in (9), and correspond to in-
terpretations (9a) and (9b). Some modern systems claim to perform semantic 
analysis without syntax parsing. The analysis these systems perform should 
not be confused with semantic interpretation or ‘understanding’: these kinds 
of analysis include statistical analysis of the thematic structure of the text 
(latent-semantic analysis, statistical classification, including deep-learning) or 
statistical sentiment analysis; thus, these systems should not be confused with 
NLU systems, although they are often mistakenly referred to as such.

Figure 2. Semantic ambiguity.

These diagrams are, again, screenshots from AIIRE natural language pro-
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cessor that uses Russian labels for concepts in semantic graphs for Russian 
texts. The first (left) graph depicts ‘patient’ concept with ‘have material part’ 
relation directed at ‘blood vessel’ concept with the following description: 
‘tubular organ in animals and plants, where a liquid medium moves’. The 
second (right) graph depicts ‘patient’ concept with ‘be owner of a thing’ re-
lation directed at ‘jar’ concept with another description: ‘container for liquid 
and loose bodies’.
Besides the above-mentioned types of ambiguity, which are the most import-
ant from the point of view of linguists, there are also some other types, which 
are not less important from technical point of view and should be mentioned, 
at least, to complete the picture.
Segmentation (tokenization) ambiguity arises when there are no explicit de-
limiters between tokens. This applies to languages, which have such writing 
systems, that do not provide spaces or any equivalents thereof, like Chinese 
or Tibetan (cf. [2]), or most ancient languages; to tasks where tokens are parts 
of word forms like morphemes or stems (cf. [3]), and to speech recognition 
tasks, where boundaries of individual speech sounds themselves are ambig-
uous, not to mention the boundaries of morphemes and word forms. Seg-
mentation ambiguity also applies to some phenomena even in languages with 
spaces: character spacing can be made in the form of spaces between char-
acters like in (10), and inscriptions of this type can be parsed correctly only 
assuming ambiguity of spaces themselves; in addition, spaces can be missing 
by mistake, and if the NLU system tries to perform understanding of real 
texts, it must deal with mistakes of this kind.
(10)	 З А Я В Л Е Н И Е
	 Z A JA V L E N I E
	 application
	 ‘application’
Encoding ambiguity takes place when the input encoding is not specified or 
is incorrectly specified, and the system tries to determine it on it’s own. This 
type of ambiguity is typically resolved with low-level procedures and, there-
fore, will not be considered in this paper, but it can also be resolved within the 
upper levels of NLU pipeline, and this solution can be a subject of a separate 
study.

Computational complexity problem
When processing real texts, all types of ambiguity operate simultaneously and 
in multiple places of each sentence, which leads to the problem of combinato-
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rial explosion (cf. [4]). The following is an attempt to mathematically assess 
the impact of ambiguity on classical NLU performance.

	 ] n
nT Al∈  	 (1)

is text, i.e. a finite vector of symbols of a finite alphabet;
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with a set of interpretation vectors, where GS is a family of grammar classes, 
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is a syntactic interpretation function, which associates each combination of 
morphological interpretations of atomic units in each segmentation with a set 
of corresponding syntactic trees; Tr is the set of all possible syntactic trees of 
the language;

	 : 2Sem
rSemI T → 	 (8)

is semantic interpretation function, which associates each syntactic tree with a 
set of semantic graphs, Sem being the family of all possible semantic graphs;
Then:
Algorithmic complexity for segmentation is
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Factorial complexity of syntactic interpretation makes its algorithmic com-
plexity more than exponential, or more than O(NN);
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where MN (μ) is the set of meanings of μ1 lexical item;
In total, algorithmic complexity of classical NLU is determined as:
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Thus, with the classical implementation of the NLU pipeline, a more than 
exponential increase in the number of versions of the interpretation (under-
standing) of the text occurs, depending on the size of this text, which falls 
under the definition of a combinatorial explosion. In practice, this leads either 
to the inability of the system to process texts within the allowable time (which 
is typical of the rule-based systems) and to the memory overflow, or to the 
fact that the system developers artificially exclude some versions or even all 
but the first one (which is typical of the statistical solutions, especially deep 
learning, e.g., neural machine translation pipelines), which inevitably leads to 
inaccuracy and incompleteness of the analysis.
The choice of one version of the interpretation of a fundamentally ambig-
uous text in a natural language cannot be correct by definition. Moreover, 
the choice of one, even the most probable version of the interpretation of a 
certain fragment of the text, may in no way correspond to its context, which 
inevitably leads to the impossibility of parsing or semantic interpretation of 
the whole text. For this reason, ambiguity resolution can only be performed 
based on context.
Context-driven disambiguation implies inter-level interaction: syntactic anal-
ysis rejects ungrammatical morphological interpretations by means of formal 
grammar; semantic analysis rejects nonsense syntactic interpretations by means 
of semantic valencies imposed by the underlying semantic dictionary or ontol-
ogy (cf. [1]).
Experiments show that inter-level interaction is, indeed, necessary, if the sys-
tem does try to build all possible interpretations of texts, but solves the prob-
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lem of combinatorial explosion only on grammars and ontologies of relatively 
small volume; when expanding them to cover the corpora of real texts, the 
factorial growth in the operation time of the algorithms is reproduced with all 
the restrictions introduced. This fact can be illustrated with a simple example: 
in (11), there is a series of homogeneous adjectives, each of which can be ei-
ther an attribute of the noun in the end of the phrase (11a), or an independent 
noun phrase with an ellipsed head (11b). This phrase can also be part of a 
larger noun phrase series; moreover, Russian syntax allows conjunctionless 
enumerations, thus, different combinations (11c-d) are possible.
(11)	 умн-ый,	 красив-ый	 и	 богат-ый	 мужчин-а
	 umn-yj,	 krasiv-yj	 i	 bogat-yj	 muzhchin-a
	 clever-NOM.SG	 hansome-NOM.SG	and	 rich-NOM.SG	 man-NOM.SG
(11a)	 ‘a clever, handsome, and rich man’
(11b)	 ‘a clever (man), a handsome (man), and a rich man’
(11с)	 ‘a clever (man), a handsome and rich man, ...’
(11d)	 ‘a clever and handsome (man), a rich man, …’

Different parses lead to completely different understandings of the phrase 
meaning: in (11a), there is only one man, who has three features, whereas in 
(11b) there are three different men, each of which has his own property.
The peculiarity of this example is that the ambiguity in it is fundamentally not 
resolvable, and the number of adjectives can be arbitrarily large, the number 
of possible arrangements in the series of homogeneous noun phrases increas-
ing as the Catalan number, see formula (10).
Of course, if the underlying language model does not take into account ellip-
sis or conjunctionless homogeneity, then interpretations like (11c) and (11d) 
do not arise, and this phenomenon can not be detected. Thus, context-driven 
linguistic constraints and inter-level interaction reduce the scale of combina-
torial explosion, but in reality not only do not exclude its possibility, but also 
completely fail to reduce it anyhow when the recall of the model gets higher.
Thus, combinatorial explosion is a fundamental property of classical NLU, 
and not just a problem for which a workaround can be found without signif-
icant loss of recall or precision. In this regard, a more correct formulation of 
the problem seems to be such, that the goal is not to eliminate the unresolvable 
ambiguity, but rather to create such models and algorithms that would operate 
with this ambiguity with acceptable algorithmic complexity, i.e., without ex-
ponential or higher time, and without possible memory overflow.



A. V. Dobrov, N. L. Soms	 109

Superpositional packing
A model for efficiently representing ambiguous syntactic structures was first 
proposed by Masaru Tomita in 1987 ([5]). The main idea was called ‘pack-
ing’: instead of building two different parse trees for an ambiguous phrase, 
a single ‘packed’ tree can be built, which allows the inner structure of each 
constituent to be ambiguous, i.e., each constituent can have multiple versions 
of child constituents. This representation requires less memory, because each 
constituent is stored only once. Moreover, when several constituents are am-
biguous, the total amount of stored versions equals the sum of the amounts 
of versions of inner structure of these constituents, whereas in the classical 
model with a separate tree for each parsing version, the whole tree is copied 
for each version of each ambiguous inner structure, which means that the sets 
of versions get multiplied, and the cardinality of the resulting set is product, 
but not the sum of the cardinalities of the original sets. Thus, the ‘packing’ 
method can reduce the complexity from factorial to polynomial.
To implement this idea, an effective procedure is needed to determine that 
two subtrees that were built independently are actually two versions of the 
same tree, and can be combined into one packed tree. In the Tomita model, 
it was assumed that two trees should be combined if they have the same root 
constituent symbols and the same terms (tokens). Unfortunately, this criterion 
was not successful enough to work with languages ​​with rich morphology: 
firstly, in addition to the symbol (class), each constituent has a number of 
morphological features, and if two trees have the same class of the root con-
stituent, but different features, then merging them into one packed tree cannot 
be correct, and secondly, in languages with rich morphology, the morpholog-
ical ambiguity is also ‘rich’, and, therefore, many different versions of a tree 
term can correspond to each token, whereas merging trees built from different 
combinations of these versions turns out to be quite correct.
In fact, combining different syntactic structures into one ‘packed’ ambiguous 
structure is correct if and only if the structures being merged have absolutely 
identical syntactic properties, i.e., they can be embedded into the same parent 
constituents by joining or being joined to the same siblings. A more universal 
formal criterion to detect such structures was proposed and tested on Russian 
with CYK algorithm by Andrei Popov et al. in [6] and [7]: Two different 
structures should have exactly the same classes, morphological properties, 
and spans, where spans are pairs of left and right boundaries (and not tokens 
like in [5]).
The resulting formalization turned out to be perfectly compatible with the 
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data structures used in the AIIRE project (the idea behind AIIRE original 
neighbor-binding algorithm is compatible with CYK, although, unlike CYK, 
AIIRE does not need necessarily Chomsky normal form grammars, deals with 
ellipsis and ambiguity), where it was adopted and generalized as superposi-
tional model not only for syntax, but also for morphology (morphosyntax) 
and ontological semantics.
In the classical AIIRE implementation, (12) has two parsing versions, depict-
ed on Figure 3, which correspond to (12a) and (12b) interpretations, respec-
tively.
(12)	 Николай-	 встрети-л-	 гост-ей	 в	 коридор-е

	 Nikolaj-	 vstreti-l-	 gost-ej		 v	 koridor-e

	 Nick-NOM.SG	 meet-PST-M.SG	 guest-ACC.PL	 in	 hallway-LOC.SG

(12a)	‘Nick met the guests who were in the hallway (whereas Nick could be anywhere 
else)’

(12b)	‘Nick met the guests, and the meeting took place in the hallway’

In the superpositional model, which is proposed in this paper, different ver-
sions of the same structure are treated as its discrete states.

Figure 3. Two parsing versions of (12). For the purposes of compactness, these trees 
are artificially collapsed to Chomsky normal form, i.e., to binary structures, whereas 

the real trees are much larger, because of multiple single-branching constituents.
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Thus, each tree on Figure 3 is treated as a possible discrete state of the same 
ambiguous phrase structure, and this structure itself is treated as superposition 
of these states. An ambiguous phrase structure, until it is put into a context, 
like Shroedinger’s cat, is in a superpositional state, which means it is in all it’s 
possible states simultaneously. Each of these states can be built by combin-
ing a pair of child constituents, thus, interpretation of a complex structure is 
superposition of possible states of its components, and the syntactic interpre-
tation function can be redefined as:

	
,
 	

(13)

where t  is the text (vector on the alphabet set), i is the number of the state, Ai  
is the square root of the probability of the state i, t1 is a pair of two possible 
constituents of t, and Ci is a function which maps such a pair to a tree.
The Dirac notation used here can be used as such, because both trees and 
semantic graphs can be represented as vectors in a Hilbert space (see below).
E.g., there are two possible pairs of constituents that form the ambiguity in 
(12) with the following meanings: (‘met the guests’, ‘in the hallway’), and 
(‘met’, ‘the guests in the hallway’). Together they form, however, the same 
packed constituent, which is a perfective verb phrase like on Figure 4.
From the diagrams on Figure 3, it can seem that GenderSubject constituent 
also has two possible states that correspond to two possible pairs of child con-
stituents: (Noun, Transitive) and (Noun, VerbialPf). In fact, the diagrams on 
Figure 3 are contracted to binary trees from much larger diagrams by omitting 
all single-branching nodes; in fact, the first tree also has (Noun, VerbialPf) 
structure, but in this case VerbialPf has only one child, and is therefore omit-
ted.

Figure 4. Superposition of tree states.
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Semantics packing
The same applies to ontological semantics.
While the grammar defines classes of constituents and child-parent relations 
between them, the ontology defines classes of concepts and various semantic 
and conceptual relations between them. 
Ontological relations restrict valencies (i.e., the properties of concepts of be-
ing able to have specific relations with other concepts) and form a multigraph 
which resembles a huge neural network; e.g., Figure 5 depicts the ‘economics’ 
concept from AIIRE ontology.

Figure 5. Visualization of ontological relations of ‘economics’ concept in AIIRE. 
Due to the large size of the graph, the image size is strongly reduced. Figure 6 shows 

a small part of this visualization, but in a larger scale.

Ontological relations are different and include not only classes of real-world 
objects or processes interactions, but also such relations that form the hier-
archy of concepts themselves. The ‘class-superclass’ relation is one of the 
relations of this kind. Moreover, this is an inheritance relation, which means 
that each class inherits relations from all its superclasses. This relation reflects 
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the hypo-/hypernymy relation between word meanings in natural language 
and allows to define all other relations on basic classes of concepts and to 
evaluate the properties of particular concepts from the properties of its su-
perclasses. Moreover, the classification itself, at least, in AIIRE ontology, is 
performed according with properties, which are relations with other concepts. 
E.g., physical objects are divided into artificial objects and objects of natu-
ral origin by relation to their origin; when relation can lead to two different 
object subclasses that are disjoint (which is another relation, actually), then 
the class itself also has two corresponding subclasses (this phenomenon is 
called classification parallelism). This approach allows to convert relations to 
dimensions of a Hilbert space and to define concepts as regions of this space.  

Figure 6. Larger scale of ‘economics’ concept visualization.

As a vector space, the ontology itself can be defined as a cartesian product of 
all independent dimensions defined by the properties (relations) of its con-
cepts; for each such dimension, a bijection exists between the set of its pos-
sible values and the field of real numbers. This approach applies not only 
to obviously scalable attributes that can be measured, but also to qualitative 
attributes like ‘being pregnant’, usually treated as binary, but easily scaled in 
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the linguistic world view in jokes like a little pregnant or completely preg‑
nant. In fact, natural language allows degree adverbs to be used with any 
adjectives, which confirms the scalability of all ontological dimensions, and, 
therefore, also the fact that it is a Hilbert space in which the scalar product 
operation is defined. Since AIIRE grammar is though separate, but still a full-
scale part of this ontology (classes of immediate constituents are concepts, 
too, they have their own inheritance hierarchy and their own relations), the 
same also applies to the grammar.
Like in the grammar, in the rest of the ontology individual concepts, which 
have the same class, also have identical semantic properties, in that they can 
have the same relations with other concepts; then, if two concepts have the 
same class and correspond to the same span of the text, then they can be 
merged into a single concept with multiple possible sets of relations to other 
concepts.
Figure 7 depicts two possible semantic interpretations of the second tree, 
which corresponds to (12b): Russian word гость (‘guest’) has two different 
meanings that can fit into the context, one of them being defined as ‘the one 
who came to visit someone, spend time with someone or for some other pur-
pose’, and the other being defined as ‘(plur.) (sports) sports team serving not 
in its native locality’.

Figure 7. Two semantic interpretations of (12b).

These two interpretations differ only in one concept, thus, the whole semantic 
graph is actually unambiguous, except for the ‘guest’ concept, which may be 
either someone who came to visit someone, or a sport team, thus, these two 
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graphs are merged into one packed graph with one ambiguous concept. 
Interpretation of an ambiguous lexical unit is, again, a superposition of its 
unambiguous interpretations (states):

	 QMN Ai i i
i

n

   



1 .
.	 (14)

Thus, any ambiguous word, until it is put into a context, is in a superposition-
al state and simultaneously in all its possible states (meanings). Then, as the 
Compositionality principle says, the meaning of the whole is a function on 
the meanings of the parts and the way they are put together (cf. [8]), and the 
semantic interpretation function can be redefined as:

	 ( ) ( )1 2, ,SemI t f t t C= ,	 (15)

where t is a tree, f is a function that maps t1, t2, and C to the meaning of t1, t2 
and t2 are child constituents of t, and C is the function that maps t1 and t2 to t, 
determining the way they are put together.
Unfortunately, this redefinition does not apply directly to superpositional syn-
tactic structures: individual parts and the way of putting them together are 
unknown for them. Whereas syntactic properties of the tree do not depend on 
its inner structure, its meaning does depend on it. Thus, in order to solve this 
problem, the function should be again redefined via the actual (non-superpo-
sitional) states (versions) of the syntactic tree:

	  	
(16)

where Bi is the square root of probability of the semantic interpretation. 
This approach imposes, however, some restrictions on linguistic data:

1.	 The grammar must be CNF (Chomsky Normal Form), strictly binary;
2.	 Both the grammar and the ontology must conform with the following 

general rule: external properties (including compatibility) of any enti-
ty (syntactic tree, concept) must not depend on its internal properties

Evaluation
The current implementation of the superpositional model in the AIIRE is 
intermediate: since the underlying linguistic data currently does not fully 
satisfy the limitation 1 above, the gain achieved using this model can be 
accurately calculated only for parsing, but even these figures confirm the 
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above estimations. Table 1 represents the amounts of immediate constituents 
in memory for different ambiguous phrases in Russian with classical model 
in comparison with superpositional packing, both with all syntactic and se-
mantic limitations enabled and with inter-level interaction; the algorithmic 
complexity, and, therefore, execution time is directly proportional to these 
amounts. 

Table 1 
Amount of constituents in memory for classical model versus 

superpositional packing

Classical model Superpositional packing

81 29

933 96

2382 125

32205 212

166485 270

Conclusion and further work
Despite the above limitations that do not influence precision and recall anyhow, 
the superpositional model allows not only to reduce multiplication to summa-
tion, moving from more than factorial algorithmic complexity to polynomial 
and retaining the possibility of restoring all those versions that the classical 
model could generate, but also to determine the mechanism of probabilistic 
ranking of these versions in the presence of a certain probability measure. This 
model has been actually developed in AIIRE project since 2007 as a so-called 
‘solver’ model, where solver is an agent that generates individual solutions of 
possible object states ordered by their probability from the superpositional rep-
resentation of this object. The main advantage of the solver model is that it can 
be used not only to quickly (in a nearly linear time) produce the most probable 
version, but also to switch to next version if needed, or to generate all possible 
versions one by one without keeping them all in the memory. 
Current experimental implementations of superpositional solver model prove 
the algorithm complexity gain described above. Unfortunately current imple-
mentations are not production-ready and are still unstable with current lin-
guistic data which violates requirement 1 mentioned above; however, as the 
whole AIIRE project, they are open-source and available under the terms of 
GNU General Public License at AIIRE project repository and can be tested 
with any other linguistic data.
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Chapter 18.  
Social induction and a problem of choice in conditions of 

uncertainty

D. S. Gorbatov, N. A. Solovyev, L. N. Soms

Introduction
Recently, quasi-physical approaches are actively developed in application 
for psychological and social problems. A particular interest is attracted to a 
problem of choice under conditions of uncertainty; deviations from classical 
paradigm based on logic and statistics were noticed. Thus, a violation of the 
conjunction law was found [Tversky, 1983] at answers of subjects for sequen-
tial range of questions, such violation is impossible to explain within classical 
theory of probability. An attempt of solution led to an alternative interpretation 
based on the quantum logic [Busemeyer, 2011]. The essence of this interpre-
tation was that a certain vector of state was assigned to human’s state of mind 
for the moment of making the answer, this vector represented a superposition 
of two alternative answers. After the decision of a definite answer is made, the 
vector of the state of mind collapsed into one of two possible final states.
The possibility of description of human’s state of mind in terms of quan-
tum mechanics induced a number of works in which a society was treated as  
laser-like system [Khrennikov, 2015]: here a human being was an analogue 
of an atom which excited state could either decay spontaneously to one of 
final states, or could undergo a stimulated transition under an influence of the 
choice of other members of society.
A similarity between complex biological systems and multimode lasers was 
pointed out in [Danilov, 2016].
In spite of the fact that ideas of laser-like features of social behaviour exist for 
a relatively long time, until present there are nor their experimental evidence 
neither theoretical models corresponding to a laser specificity of a decision 
making at the presence of several interacting individuals.
The goals of our study were:

1. to develop the scheme of a social experiment for quantitative evalua-
tion of degree of a “social pressure” influencing the choice of a partici-
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pant in conditions of uncertainty, and to perform the experiment;
2. to formulate a laser-like model of the experiment;
3. to determine, by fitting parameters of the model to the results of exper-

iment, empirical numerical values of parameters of the model.
The presented work describes results of an experiment of computer testing in 
which participants were shown a series of images accompanied by two not 
evident alternative answers for a question “what is this?”, and were prompted 
to make their choice under different conditions, viz.:

i. the free individual choice (“control” group);
ii. the choice when each participant sees the results of real answers (re-

sponse promptings) of other subjects of his experimental group (“true” 
group);

iii. the choice when the participants see false response promptings gener-
ated by a special computer program (“false” groups).

A quasi-physical model was developed in which the process of choice was 
presented as an aggregation of spontaneous and stimulated transitions of the 
state of mind from “excited” into one of alternative “lower” states..

Experiment
A general scheme of the experiment is shown in Figure 1.

Figure 1. General scheme of the experiment.
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Participants
A group of 265 volunteers (bachelor students of 1st –4th years of St.Petersburg 
State Institute of Psychology and Social Work), including 84 male youths and 
172 girls, was divided into 6 groups and was subjected to a computer-con-
trolled test.
In order to minimize an influence of sex and age of the participants to the 
results of the experiment, each group included persons of both sexes propor-
tional to their relative part in the whole set of participants, and consisted of 
approximately even number of students from junior and senior classes.
A standard computer class of the Institute was used for the experiment. Each 
session of the experiment was in the end of the 4th of 6th hour of routine educa-
tion process and lasted for 16–17 minutes. The number of participants in each 
session was limited by the number of computers in the classroom.
The numbers of participants in each group Ni (“control”, “true”, and “false” 
groups) are shown in Figure 1.

Software
A specialized proprietary software was developed and used in the experiment. 
The software was designed as a WEB-application with necessary stack of 
technological instruments.
Front-end — ​HTML5, CSS3, JavaScript, jQuery library. Back-end: — ​PHP5. 
Data manager — ​MySQL. The WebSocket technology was introduced for 
global synchronization with HTTP protocol.
The software complex included three blocks:
(1) operator control panel: to create, edit, load/unload the tasks; to control the 
WebSocket server; to set time intervals for answers and number of partici-
pants. This block provided also varying the regime of experiment: (a) free in-
dividual choice (for the “control” group); (b) response promptings by demon-
stration of real answers of other participants of the group (“true group”); (c) 
response promptings by demonstrating false answers of other participants of 
the group, with predetermined arbitrary frequency of occurrence of alterna-
tive answers (four “false” groups).
The answers and their statistical characteristics were displayed.
An algorithm of generation false promptings was as follows: just after the 
moment of answer of a participant, a generated false response prompting ap-
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peared on displays of all other participants. The frequencies of appearance of 
the false promptings to alternative answers Na/Nb, for different groups in our 
experiment, were equal to 50/50, 60/40, 75/25, 90/10.
2) user interface (a sequential disdplay of visual stimuli and questions to be 
answered, with or without real or false response promptings)
3) WebSocket-server — ​provided the interactive real-time exchange of infor-
mation

Stimuli
In the course of the experiment, 15 cognitive-undetermined tasks were used. 
Each task included a picture, a question, and two alternative answers (a) and 
(b) for the question.
A participant could: (i) to choose one of the answers; (ii) to abstain from the 
answer (push an “answer” button without choosing); (iii) not to answer during 
40 seconds given for each stimulus.
In order to eliminate or minimize a possible influence of the order of presenta-
tion of a stimulus and the order of suggested answers (a) or (b), the order of 
presentation of stimuli and of the answers changed from group to group.
Examples of several stimuli and alternative answers are shown in Figure 2.

Figure 2. Examples of visual stimuli and alternative answers.
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The information about response promptings was represented as a colored strip 
(red for (a) and blue for (b)) in the lower part of the screen, the length of the 
strips showed the number of corresponding answers. Besides, the percentage 
of (a)/(b) was shown.

Instructions and motivation of participants.
The participants were warned that the test did not pursue on an evaluation 
of erudition or intellectual capacity of a person and that it had no relation to 
teaching process. It was noted that the registration of the answers was “blind”, 
no personal identification is applied.
In order to hide the independent variable of the study, the participants were 
told about a false target of the study as a reveal of influence of a type of cogni-
tive uncertainty on the success of the task fulfillment.
The participants were instructed that the time allocated for each task was 
equal to 40 seconds and the rules of answering, as described above. The par-
ticipants were informed that the evasion from an answer was not desirable 
since it makes the interpretation of the experimental results difficult.
The motivation was limited to a reference to “results of previous studies which 
have shown that the bachelor students of our institute were as good in solu‑
tion of cognitive-undetermined tasks as masters of a prestigious university”.
The first task in the series (see Figure 2, a) was presented to participants as a 
training, with the comments of the experimenter as follows:
“So, what do you see at the picture? Consider what is a material from which 
the thing is manufactured? What could be the age of the thing?
If this is a weapon is it a contact or it can act distantly? How could a warrior 
held it? How he could use it against an enemy?
If it is divining item, to what cult — ​polytheistic or monotheistic could it re‑
late? Does it bear some esoteric symbols? How could it be used by a priest?
Please do not discuss the task with other participants and make your personal 
choice.
As for the next pictures, make your analysis and choice on your own”.
Talks and discussions were announced as not desirable. Often, expressions 
of bewilderment aroused, which were parried by reference to a specificity of 
cognitive-indetermined tasks and advises were given to examine the picture 
more thoroughly.
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The input briefing and registration of the group took not more than six min-
utes, and the further execution of the tasks — ​ten minutes. No final debriefing 
was provided.

Results of experiment and discussion
As the result, for each visual stimulus the experimenter got a set of answers, 
an example of the set is given in Figure 1, the area inside dotted line.
The total fraction of abstained and refused answers was 11 %, and these cases 
were excluded from further calculations.
The ratio of frequencies of occurrence of alternative answers (a) and (b) 
K N Na b0 = /  obtained for the “control” group represents the degree of equvi-
probability of the answers. For all set of stimuli, the absolute value of deviation 
of K0  from unity D = -K

0
1  varied from D max = 2 5,  (for the stimulus #1, 

Figure 2, a) to D min = 0 05,  (for the stimulus #7, the second row in the middle 

column, Figure 1; the task for this stimulus was: what means this hieroglyph: 
(a) a luck, (b) a sorrow), and for 70 % of stimuli this value D min < 0 5, . .

At analysis, Pearson’s chi-squared c2
-test  was applied: the differences be-

tween data distribution are considered as statistically valid if empirical value 
c c2

0 05

2³  . , and as highly authentic if empirical value c c2

0 01

2³ . . In the ex-
periment, the number of participants in each session was limited by the num-
ber of computers in the classroom. This, for small groups (at  N - =1 14 , 
which is just our case) critical values c2 are between c0 05

2
23 685. .=  to 

c
0 01

2
29 141. .=  (see [Sidorenko, 2002]). The results of c2  –test are shown in 

Figure 3.
The main findings of the analysis performed are as follows:
(1) the presence of statistically valid differences between “control” and “true” 
groups testifies to the possibility of registering the phenomenon of social in-
ductance in the experiment performed;
(2) in our experiment, there were no significant difference between the be-
haviour of “true” and “false” groups: the real manifestations of the social 
inductance are similar to those for mocked ones.
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Figure 3. Results of c2  –test.

(3) the experiment have shown the statistically valid increase of value K0 for 
benefit of an answer which frequency of occurrence on the screen (be it in the 
“true”or in the “false”groups) was prevalent.
Thus, a “strong” answer increased, a “weak” answer was suppressed. One 
can see this effect in the table of answers for the stimulus #11 in Figure 1: 
starting from D0

0 15= - ,  for the “control” group (for which the frequency of 
occurrence of the answer (a) is less than that of the answer (b)), under the 
influence of false hints 90/10, the initially less probable answer prevails, 
D

90 10
0 54

/
,= + .

In Figure 4, experimental values of ratio of “strong” to “weak” answers for 
all groups are shown. It is interesting that the deviation of numbers of an-
swers from the average of distribution was observed much larger for “true” 
group than for all other groups (“control” and “false”). Let us remind that in 
the “true” group during all sessions and for all stimuli, participants saw real 
answers of other participants of their groups.
An interpretation of this phenomenon within our model will be given below.

Laser-like model.
In the model, we consider that at the moment of making decision, human 
mind is in a certain non-equilibrium state analogous to an excited state of a 
quantum object (atom, molecule, ion…)
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Figure 4. Experimental values of K N Na b= / .

This non-equilibrium state of the mind occurs when a participant agrees (“is 
pumped”) to take part in the experiment, is conserved in a kind of metastable 
state until the start of the experiment, is activated at the moment of appear-
ance of a stimulus, and relaxes to a calm “lower” state after answering the 
question. Under conditions of choice between alternatives, this relaxation can 
happen by two “channels” corresponding to answers (a) or (b).
This process has a certain likeliness to a spontaneous decay of excited state of 
an atom to two final states through two different channels.
The answers are registered by a computer and become known to other partic-
ipants in the real (“true” group) or in a biased form (“false” groups).
Let us suppose that the answers that are sensed by other participants are ca-
pable to act similar to an external radiation that caused a stimulated emis-
sion. The information about answers done by other participants influences 
the choice done by recipient of this information, similar to hints and prompts 
in earlier  experiments [Asch, 1956.]. Thus, one can plot a scheme (Figure 5) 
similar to schemes of quantum transitions from excited states, usual for laser 
studies, and apply a corresponding mathematics to this scheme.
Populations on different levels in this scheme can be described by a system of 
so called kinetic equations.
For the case when prompting responses are visible to participants, for the 
“control” and “false” cases, this system can be written as follows:
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Figure.5. Laser-like scheme of states of mind.

	
dN
dt

N A A N B W BW N Nm
m a b m a a b b a b= - +( ) - +( ) +( )  	 (1)

	
dN
dt

N A B W N N Na
m a a a m a b= + +( )  	 (2)

	
dN
dt

N A B W N N Nb
m b b b m a b= + × +( )  	 (3)

Here: N N Nm a b, ,  — ​populations of “metastable” and “lower” levels; 
A Aa b,  — ​coefficients depicting frequencies of occurrence of answers (a) and 

(b) under conditions of individual choice (correspond to “control” group), 
similar to Einstein coefficients A for spontaneous decay of excited atoms; 
B Ba b,  — ​analogues of Einstein coefficients B for induced transitions for 

channels (a) and (b), correspondingly (see, e. g. [Svelto, 2008]); W Wa b,  — ​co-
efficients which provide the frequency of occurrence for mocked answers (a) 
or (b) specified and predetermined by the experimenter. It is clear that for the 
“control” group one shall set W Wa b= = 0  .

The initial conditions: N N N Nm a b0 0 0 00( ) = ( ) = ( ) =;

In the equation (1) the member N B W BW N Nm a a b b a b+( ) +( )  describes the 
decay of “metastable” level under the influence of prompting responses, since 
W N Na a b+( )  represents the number of generated false prompts for the an-
swer (a); for the equations (2) and (3) similarly.
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The example of calculation for one of stimuli for the “control” group is shown 
in Figure 6.

Figure 6. Example of calculation for the “control” group.

By numerical calculations, one can fit values B Ba b,  for getting the best agree-
ment with experimental data. It was found that for all set of experimental data, 
all stimuli and all groups, the best agreement was obtained for 
B Ba b= × = ×- -

6 10 4 10
2 2;

As an example, for the same stimulus as in Figure 6, the results of experiment 
and calculations with the parameters Ba and Bb mentioned above are given in 
Figure 7. In the figure: lines — ​calculation; dots — ​experimental data (total 
number of answers for the group); straight line 1 — ​sum of answers (a) and 
(b); curves 2–3 — ​values of Na for the “false 90/10” group (2) and “true”group 
(3); curve 4 — ​Na for “control” group normalized for N0 = 34; curve 5 — ​the 
value of Nb for the “false 90/10” group.
The results of calculations of K N Na b= /  together with experimental data 
are presented in Figure 8. One can see a satisfactory correspondence between 
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the results of calculation and experimental data. Let us try to explain, in the 
frames of the model, the mentioned above feature of experimental results for 
the “true” group: much larger value of the deviation of answers from the av-
erage than that for all other groups. This can find its explanation in the differ-
ence of action of promoting responses.

Figure 7. Results of calculation for the stimulus of Figure 6.

Figure 8. Results of calculation and experimental values of K N Na b= / .
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For the “true” groups a random repeating set of first answers immediately 
provoke shift of subsequent answers to one of alternatives, thus operating as 
a positive feedback. At the same time, it is no such strong dependence of the 
final result to initial answers in the case of “false” groups; on the contrary, a 
constant relation K N Na b= /  set by the experimenter stabilizes final results 
against initial fluctuations of choice.
For the case of “true” hints the equations (1–3) were modified as follows:

	
dN
dt

N A A N B N B Nm
m a b m a a b b= - +( ) - +( )  	 (4)

	
dN
dt

N A B Na
m a a a= +  	 (5)

	
dN
dt

N A B Nb
m b b b= +  	 (6)

These equations, in a fact, are standard kinetic equations for populations of 
levels in the presence of stimulated emission (see, e. g., [Svelto, 2008]).

Taking initial conditions as N Na b0 6 0 0( ) = ( ) =,  one can get a theoretical 

solution indicated as A in Figure 8; taking them as  N Na b0 0 0 15( ) = ( ) =,  
we get the solution B in Figure 8. There was no monitoring of sequence of 
answers during the experiment, so one can suppose that such random initial 
conditions took place during the sessions. So the overall large deviation of 
results in the “true” case can be regarded as an illustration of high sensitivity 
of solutions of the system of equations (4–6) to initial conditions.

Conclusion
The scheme and results of our experiment gave some quantitative data con-
cerning an influence of “social pressure” to individual choice in conditions of 
uncertainty. These data allowed to apply to our experiment a laser-like model 
of kinetic equations describing populations of excited and final states. Satis-
factory results of comparison of theory and experiment give a hope to further 
development and productive application of laser-like models to problems of 
humans’ social behaviour thus answering the vital needs of society (see e. g. 
[Sergeev, 2019]).
Several immediate questions are arising directly for the experiment, for in-
stance:
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–	 are the determined values of “stimulating influence” coefficients Ba 
and Bb applicable only for our experiment?

–	 will they vary with a different set of participants (ours were students; 
what for workers, office managers, artists…)?

–	 do they depend on sex of participants?;
–	 will they change if discussions between participant were allowed 

during the sessions?;
–	 how to apply similar theoretical model for more vivid problems, as, 

e. g., choice between candidates at municipal elections?; etc.
It is clear that the described experiment had a very specific and artificial char-
acter, and its immediate goal was to provide empirical background for jus-
tification a laser-like model. Surely, much wider research program shall be 
developed and fulfilled in order to reach an adequate description of social 
behaviour; we believe that the presented results could help in this.
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Chapter 19.  
Models of light conversion by the visual system

N. N. Krasilnikov, O. I. Krasilnikova

Introduction
The hypothesis of a matched spatial filtering of noisy images by the observer’s 
visual system was first expressed and experimentally confirmed by the author 
of this work in 1956. According to this hypothesis, the process of matched 
filtering of a noisy image is carried out not in the retina, but in higher sections 
of the visual system. In studies of the visual system, the Bayesian approach 
was used, i. e. the available a priori information about the investigated phe-
nomenon or process was used to the maximum. For example, for engineers 
specializing in the field of radiolocation, it is expressed in the use of criteria 
for minimum average risk, an ideal observer, Neumann-Pearson criteria, and. 
etc. When developing systems designed for transmitting and reproducing im-
ages, a serious problem hindering the work is their coordination with the ob-
server’s vision. Using models allows to automate the selection of its optimal 
parameters using one of the optimization methods, for example, belonging to 
the class of gradient methods. In this paper we consider the models of trans-
formation of light stimuli by the visual system.

Converting of the distribution of effective illumination on the reti-
na to the distribution of excitations
At first, let us consider the simplest case when the effective illumination of all 
cones of the retina of the type in question (for example, the effective illumina-
tion IR  of a cone of type R)

	 I dR R= ò ( ) ( )f l e l l
l

l

1

2

	  (1)

is maintained at I R0  for a long time, and let us determine the output signal of 
the i-th bipolar cell associated with the i-th cone.

Here we use the notation: j l( )  is the spectral intensity of light, l1  and l2  
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are the wavelengths of light that determine the range of visible electromag-
netic radiation, e lR ( )  is the spectral sensitivity of a cone of type R.
Since the photochemical processes in the cones are in equilibrium, the rate 
of formation of the product of fading of the visual pigment at the exit of the 
bipolar cell and, therefore, the excitation of the bipolar cell SiR = 0 , i. e. the 
i-th bipolar cell is in an unexcited state [Krasilnikov et al., 1999]. We en-
counter this phenomenon in experiments with a stabilized retinal image, 
when the image, after its stabilization on the retina, “fades” over time and 
becomes invisible, since the photochemical processes in the photoreceptors 
come into equilibrium. Now, let at the time t = 0  the effective illumination 
of the i-th cone change and become equal to IiR . Since the values of the 

relative amount of discolored pigment xi R0  and the amount of the interme-
diate decomposition product yi0R in the i-th cone at the first moment of time 
does not change due to the inertia of photochemical processes, the new val-
ue ¢yiR  becomes equal to

	 ¢ =
-

-
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y
b x I

k
y
kiR

R i R iR
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ioR

R

1
0

1 3

,
	

(2)

where bR  and k R3  are constant coefficients.
Considering that in the case under consideration, the average amount of the 
intermediate product of the decomposition of visual pigment yR  coincides 

with the value yi R0  at t < 0 , we can write

	 y
b k x I

ki R

R R i R R

R
0

3 0 0

1

1

=
-( )

.	  (3)

where k1R is a constant coefficient.

Considering that ¢yiR  and y yR i R= 0 , as follows from (2) and (3), we write the 
expression for the signal at the output of the i-th bipolar cell

	 S c
k

I I
IiR

R

R

iR R

R

=
-

0

3

0

0

,

where c0R is a constant coefficient.
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In real conditions, due to the continuous displacement of the axis of vision 
and the inertia of photochemical processes, practically the same averaged val-
ues are set in all the considered retinal cones x xiR R=  and y yiR R= , and 

their values are determined by the average effective illumination I . More-
over, as it is not difficult to see,

	 y
b k x I

kR
R R R R

R

=
-( )3

1

1 .	  (4)

Carrying on with the same sort of discourse, we get the expression for the 
signal at the output of the i-th bipolar cell

	 S c
k

I I
IiR

R

R

iR R

R

= -
0

3

, 	 (5)

and similarly for signals at the outputs of bipolar cells associated with the 
cones of types G and B

	 S c
k

I I
IiG

G

G

iG G

G

= -
0

3

,	  (6)
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k

I I
IiB

B

B

iB B

B

= -
0

3

,	  (7)

where c G0 , k G3 , c B0 , k B3  are the coefficients.
According to modern concepts, during the observation of achromatic and 
chromatic objects under threshold conditions, matched filtering takes place in 
the visual system [Krasilnikov et al., 2002]. According to Rushton [Rushton, 
1962], under such conditions, the adaptation of each of the retinal cone sys-
tems (R, G, B) occurs independently of each other. In this case, the distribu-
tion of the effective illumination of IR , IG , and IB  on the corresponding 

cones of the retina is converted into signals: achromatic SiA , as well as color-

difference SiRG , SiYB  at the outputs of the corresponding bipolar cells, which 
are proportional to the distribution of contrasts. Further, in the subsequent 
sections of the visual system, there are transformations of the primary signals 
into achromatic and two color-difference signals. These transformations are 
demonstrated by the model in Fig. 1, explaining the conversion of the signal 
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from the cone to the signal at the output of the bipolar cell by the triad: cone, 
horizontal cell system, bipolar cell. Figure 1 demonstrates a model of these 
transformations.

Figure 1. Model explaining the conversion of the signal from the cone to the signal at 
the output of the bipolar cell.

In this model, the values and signs of the signals SiA , SiRG , SiYB , at the out-
puts of the corresponding bipolar cells are determined by the effective illumi-

nances IR , GI , and IB  of the corresponding cones. Note that when the spec-

tral composition of lighting changes in these expressions, only j l( )  changes.

The expression for SiRG  through transformations is reduced to

	 S D DiRG GC G RC R= ( ) ( ) - ( ) ( )f l e l f l e l ,

where DGC  and DRC  — ​are the coefficients that are equal to

	 D
A
IGC

G G

G

= ( )e l
, D

A
IRC

R R

R

= ( )e l
,

the values of which are found from the condition of the minimum mean 
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square of the discrepancy between theoretical calculations [Krasilnikov et al., 
1999] and experimental data [Handbook of physiology, 1971], for example, 
when determining the dependence of the magnitude of the change in the back-
ground impulse of the response of a two-phase neuron of a geniculate nucleus 
of a macaque to equal-energy stimuli, on the wavelength. These dependencies 
are shown in Figure 2: 1 — ​without a colored background, 2 — ​with a red 
background, 3 — ​with a green background.

Figure 2. Dependences the magnitude the background activity of a macaque two-
phase geniculate nucleus neuron to equal-energy stimuli and different wavelength.

From the performed calculations, we can understand that if an intense red 
background is added to the white adaptive background, this leads to a shift of 
the entire curve up, while the addition of an intense green background to the 
white adaptive background entails a downward shift of the curve.

The values of the corresponding coefficients in the formula for SiYB  are deter-
mined in a similar way, but due to the length of calculations, we do not present 
the described transformations here, but refer the reader to [Krasilnikov et al., 
1999, pp. 39–43].
In the case of an achromatic stimulus, the resulting signal is obtained by sum-
ming the following components SiR , SiG  and SiB

	 S S S SiA iR iG iB= + + .
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Let us now consider the case when the lighting is achromatic. In this case, 
according to modern concepts

	 S S S SiA iR iG iB= + + .
Figure 3 demonstrates a model of the conversion of a signal from cones to a 
signal at the output of a bipolar cell by a triad: a cone, a system of horizontal 
cells, a bipolar cell.

Figure 3. Model of achromatic signal transformation from cones to a signal at the 
output of a bipolar cell.

Because
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SiA  can be written down as
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,	 (8)

where DA  is a coefficient, which value is determined by the spectral sensitiv-
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ity of the photoreceptor and the spectral composition of the radiation.

	 D C
I

dA
A

A
R G B= ( ) ( ) ( )( ) ( )+ + òe l e l e l j l l

l

l

1

2

.

Value DA  can be found from the condition of minimum mean square discrep-
ancy between theoretical calculations and experimental data [Van Esch et al., 
1984] for dependence of the threshold increment of wavelength Dl  on wave-
length l . This dependence [Krasilnikov et al., 1999] is shown in Figure 4.

Figure 4. The dependence of the threshold increment on wavelength.

The model shown in Figure 1 also explains a number of illusions related to the 
perception of color, for example, the simultaneous color contrast manifested 
in the phenomenon of colored shadow. It can be observed if you direct a bright 
beam of red rays onto a white screen evenly illuminated by white light and 
install a small opaque object in the path of the beam, where in the viewer will 
think that the shadow cast on the screen by an opaque object is colored green. 
The lack of red in the shadow area is equivalent to the excess of green for the 
visual system. Similarly, the simultaneous color contrast is explained.
In further theoretical studies with subsequent experimental verification pub-
lished by the author in [Krasilnikov et al., 1999], we used the models shown 
in Figure 1 and Figure 3.
Formulas (5–8) present two important features of the conversion of the distri-
butions of effective illumination on the retinal cones to the signal distribution 
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at the outputs of the corresponding bipolar cells carried out by the triad of the 
cone — ​a system of horizontal cells — ​a bipolar cell:

-	 an n times increase in the illumination of the image does not lead to a 
change in the signals at the outputs of the bipolar cells, since the numer-
ators and denominators in (5–7) increase by the same number of times, 
what actually allows adaptation to occur;

-	 signals at the outputs of bipolar cells are linear functions of the effective 
illumination of the corresponding cones, i. e. transformations are linear.

Due to the linearity of transformations (5–8), the basic laws of colorimetry 
are implemented, in particular, the perception of color tone and saturation in 
a wide range of values are independent of brightness, and the stimulus bright-
ness is a weighted sum of color components. And finally, we note that since, 
as a result of the transformations, described (5–8), both positive and negative 
values of signals appear at the outputs of bipolar cells, this creates the basis for 
two systems: on and off, operating in opposite directions from the zero level.

Adaptation to lighting
Let us consider the case when for detection the observer is presented with a 
test object in the form of a disk, the average brightness of which is equal to 
L LD + D .

We accept the following assumptions:
-	 there is no noise in the visual system;
-	 there are three types of cones in the retina, which differ in spectral sensi-

tivity (R, G, B);
-	 adaptation to illumination occurs independently of each color in the retina;
-	 adaptation time is not limited,

Since the luminous flux incident on the lens contains noise, it will cause de-
tection errors for the test object. As you know, the noise of the luminous flux 
includes two components: a component whose average square depends on the 
intensity of the luminous flux, and a component whose average square does 
not depend on the intensity of the luminous flux.
Due to some simple transformations, which are given in the publication 
[Krasilnikov, 1997], for DL L/

D  we get the formula:

	
DL
L

G

LD

D

= ( ) +d a t, 1
0 ,	 (9)
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where the values: d a t,( )  depends on the angular dimensions of the stimulus 
t  and the duration of its presentation t ) and G0  are determined by two 
points of experimentally obtained dependence that are not on the same level.
In particular cases, it follows that with an increase in LD , when the second 
term under the square root (9) can be neglected in comparison with unity, it 
can be represented as

	
DL
L

D

= ( )d a t, . 	 (10)

In this case, the ratio DL L/ D  represents the Weber-Fechner law. For large 

values of G L
0
/

D , when the unit under the square root can be neglected, for-
mula (9) takes the form of

	 DL L G L
D D
= ( )d a t,

0 .	 (11)

In other words, for small values of LD, the ratio DL L/ D  represents a fluctua-
tion law.
Figure 5 shows the experimental points [Handbook of physiology, 1971] and 
presents the dependence that was obtained and then published by the author 
in [Krasilnikov, 1997].

Figure 5. The dependence of the brightness increment DL L/
D  on the background 

brightness LD . For small values of LD  it represents the fluctuation law, which with 
increasing LD , becomes a Weber-Fechner law.
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The dependence of threshold intensity on time
Let us now turn to a completely different case, when the observer is presented 
with a test object in the form of a disk with an average brightness L LD + D , 

but for a limited observation time. As in the previous case, a number of as-
sumptions are made, the difference in them consists only in the fact that the 
adaptation time is fixed and after it passes the test image is erased. Figure 6 
shows the experimental points [Rushton, 1962] and the dependence, which 
was obtained and then published by the author in [Krasilnikov, 1997]. For 
small values of time, it can represent the Bloch-Charpentier law, and then, as 
time increases, it becomes the Blondel-Ray law.

Figure 6. The dependences of Lg Lпор on time t for the rod retina at various values of 
the background illumination L: 1 — ​25.12 troland, 2— ​2.512, 3— ​0,251, 4— ​0,025, 

5— ​0,0025, 6— ​0.

Threshold contrast with full adaptation
Let us now consider the classical task of determining the threshold contrast 
under conditions of complete adaptation, assuming that the stimulus image is 
presented in the form of a disk divided into two halves, the brightness of 
which is L Ls s+ D / 2  and L Ls s- D / 2 , while the average brightness of the 
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disk is equal to Ls . The disk is placed on the field surrounding it, the bright-

ness of which is La . Since the illumination on the retina is directly propor-
tional to the brightness of the corresponding portion of the test image, the 
average illumination of the retina will be equal to

	 L a c L Ld a s= +( )0 ,

where a0  is a constant coefficient, cd  is the coefficient by which the additive 
is taken into account, which is contributed by the brightness of the field sur-
rounding the stimulus into the average value. We assume the angle a , at 
which the diameter of the disk is visible, and the duration t  unchanged dur-
ing the experiment.
As is known, noise in the visual system that causes stimulus detection errors 
includes two components: the first is due to quantum fluctuations of the lumi-
nous flux from the stimulus, as well as fluctuations that occur in the photore-
ceptor when the signal is amplified, and the second exists due to fluctuation 
processes in subsequent neurons of the visual system. The average square of 
the first noise component is directly proportional to the average brightness of 
the stimulus Ls . The average square of the second component does not de-
pend on the brightness of the stimulus.
As a result of simple transformations, which, we do not give here due to their 
length, and which are described in detail in [Krasilnikov, 1997], we obtain the 
expression
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where the values: d a t,( )  depends on the angular dimensions of the stimulus 

a  and the duration of its presentation t ) and G0  are determined by two 
points of experimentally obtained dependencies that are not on the same level.

In particular cases, it follows that with an increase in Ls , when the second 
term under the square root (12) can be neglected in comparison with unity, it 
can be represented as
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DL
L
s

s

= ( )d a t, . 	 (13)

In this case, the ratio DL Ls s/  represents the Weber — ​Fechner law. For large 

values of G Ls0 / , when the unit under the square root can be neglected, equa-
tion (12) takes the form

	 DL L G Ls s s
= ( )d a t,

0 .	 (14)

In other words, for small values of Ls , the ratio DL Ls s/  represents a fluctu-
ation law.
Figure 7 shows the experimental points and the dependence that was obtained 
and then published by the author in [Krasilnikov, 1997].

Figure 7. The dependence of the difference threshold DLs  on the average brightness 

of the stimulus Ls  for various brightnesses La  of the field surrounding the stimulus: 
3426 cd/m2 (1), 343 cd/m2 (2), 34 cd/m2 (3), 3,4 cd/m2 (4), 0 cd/m2 (5). In the calcula-

tions it was assumed a = 1,5˚, d1(a, t) = 0,0115, G = 0,46 cd/m2, cd = 0,057.

Brightness inducing
We now consider the phenomenon of brightness inducing, which consists in 
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the fact that if an inducing stimulus area is placed near the test stimulus area, 
when the brightness of the inducing field changes, the visible brightness of the 
test field changes. By setting as equal the brightness of the test field and the 
brightness of the comparison field, which is placed at a certain distance from 
the test field, it is possible to estimate the apparent brightness of the test field 
by changes in the visible brightness of the comparison field.
It should be considered that since in the experiments in the study of brightness 
inducing the observer fixed eyes on the areas including both the test and the 
inducing fields, averaging should be performed over both areas. In view of the 
aforementioned, the illumination value will be proportional to the time inter-
vals during which the photoreceptors are illuminated by the test and inducing 
fields due to incessant movements of the axis of view.

Arguing similarly, we find the formula for the signal LT  at the output of the 
bipolar cell associated with the photoreceptor illuminated by the comparison 
field. Performing simple transformations, which due to the bulkiness we do 
not give here, they are presented in [Krasilnikov, 1997, pp.43–44], we find:

	 L cL c Lт c и< +1 2  .
Figure 8 shows the experimental points [Handbook of physiology, 1971], as 
well as the dependences [Krasilnikov, 1997] obtained theoretically. When cal-
culating accepted c1

1 05= . , c2
0 394= . .

Figure 8. The dependencies of Lg L т  on Lg L и , when Lc  = 11,2 cd/m2 (1),  

4,47 cd/m2 (2), 0,5 cd/m2 (3), 0,13 cd/m2 (4).
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In conclusion, it should be noted that to “adjust” the models used in our stud-
ies of the human visual system, it is sufficient to specify two points of exper-
imentally obtained dependence, which do not lie on the same level, in order 
to ensure the correct prediction of the model (extrapolation and interpolation) 
of the entire dependence. As long as the model provides the correct “predic-
tion” there is no need to make any changes to it. Otherwise, it is necessary to 
replace it with more perfect model, or to add “superstructure” like that which 
was made in due time, Bohr.
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Chapter 20.  
Neural Networks Mechanisms for the Quantum-like 

Phenomenon “Linda”

A. V. Pavlov

Abstract. Two classical neural networks mechanisms for cognitive phenomenon 
“Linda” implementation upon the algebra of Fourier-dual operations is shown. 
The first mechanism implements the model of successive projections of the state 
vector onto the subspaces. It is implemented due to the nonlinear recording of the 
interconnection weighs, that allows the neural ensembles that were not associated 
by the learning to be linked by the neural network itself. The second one doesn’t 
need noncommutativity of the logical operators and operates under linear char-
acteristics of the media for interconnections weights recording. Thus, the two: 
subjectivity of perception and fatigue of synaptic transmission play the key role 
in the mechanism.

Keywords: Quantum-like phenomena, cognitive phenomena, quantum logic, 
neural networks, associative memory, nonlinearity, Fourier-duality, conjunction, 
activation function of neuron, free choice.

Introduction
Last years, both in physics and cognitive science, there is an increasing in-
terest in the long-standing hypothesis about the quantum nature of the brain, 
mind and consciousness [Menskii, 2000; Busemeyer et al., 2011, Trueblood 
et al., 2014; Meijer & Raggett, 2014; Khrennikov, 2015; Moreira & Wichert, 
2016; Asano et al., 2015; Bhattacharyya et al., 2017; Zheltikov, 2018]. The 
discussion was activated by the successful application of quantum logic to the 
description of human manner for judgment under uncertainty. In 2011 [Buse-
meyer et. al., 2011] have demonstrated an application of quantum logic appa-
ratus to explain the experimentally obtained by Tversky and Kahneman vio-
lations of the laws of classical (Kolmogorov’s) probability at the conjunction 
of independent events (“Linda” phenomenon) [Tversky & Kahneman, 1983].
The experiment [Tversky & Kahneman, 1983] was that the respondents were 
told about a fictional person named Linda: “Linda is 31 years old, single, 
outspoken and very bright. She majored in philosophy. As a student, she was 
deeply concerned with issues of discrimination and social justice, and also 
participated in anti-nuclear demonstrations”. Then they were asked “who is 
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Linda?”, and a list of fixed answers was proposed to choose the most adequate 
one. Only three answers were under consideration in the framework of the 
problem, as follows:

1. Linda is active in the feminist movement (F),
2. Linda is a bank teller (T),
3. Linda is a bank teller and is active in the feminist movement (F&T).

The answers were statistically processed and the order of their probabilities 
was obtained P F P F T P T( ) ( ) ( )> >& . However, according to the Kol-
mogorov’s theory of probability, conjunction of independent events cannot 
exceed the probability of individual events [Kolmogorov, 1974].

At the same time, the order P F T P T&( ) ( )> , considered for independent 
events in the framework of the classical approach as a gross logical error, is 
valid in quantum logic, in which the procedure of logical conclusion is math-
ematically described by successively projecting the system current state vec-
tor onto the subspaces in which reference patterns “Feminist” and “Teller” are 
stored (Figure 1). This gave reason to apply quantum logic to the description 
of a hypothetical formal mechanism of the phenomenon [Busemeyer et al., 
2011; Trueblood et al., 2014].

Figure 1. Implementation of the conjunction in quantum logic: state of the system by 
perceiving the story is described by vector L, the state vector L is firstly projected onto 
the subspace F, then from F onto T, as a result the conjunction probability is higher 

than probability of answer “Teller” [Busemeyer et al., 2011; Trueblood et al., 2014].

However, the proposed quantum logic application to the phenomenon doesn’t 
address the physical, chemical or biological essence of the described mech-
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anism. It is noncommutativity of the logical inference operators that plays 
a key role in that quantum-logical formalism [Busemeyer et al., 2011], but 
noncommutativity is not yet quantumness as such. Moreover, no real either 
quantum or classical mechanism to implement the concept of sequential pro-
jection of the vectors, that operates in biological neural networks, was neither 
shown, no proposed. Khrennikov [Khrennikov, 2007] has proposed a model 
of noncommutative probability where noncommutativity arose by introduc-
tion of “interference term” into the formula of total probability. But real either 
physical or biological mechanism for interference term appearance in the for-
mula wasn’t proposed.
As judgement is implemented by biological neural network (NN), then the 
model is to be adequate to real mechanisms implemented by the NN. Regard-
ing the “Linda” phenomenon, it would be useful to answer two questions:

1. what is real NN’s mechanism for noncommutativity arising?
2. do we need in noncommutativity to implement “Linda” phenomenon 

by NN?
In this article the neural networks’ mechanisms for the “Linda” phenomenon 
is analyzed to answer the above stated questions. Firstly, it is demonstrated 
the noncommutativity may be arose by nonlinearity of the media for neural 
interconnections weights recording (nonlinearity of synaptic plasticity). It 
means not quantum, but fully classical mechanism can cause to the violations 
of classical probability laws. Then an implementation of the “Linda” phe-
nomenon by a neural network under linear weights of the interconnections is 
demonstrated. The two real attributes of biological neural networks play the 
key role here: subjectivity of perception and fatigue of synaptic transmission.

2. An approach
Let us consider implementation of the judgment by NN in order to determine 
the framework of our approach by taking into account a number of biologi-
cally motivated statements.

2.1. Inner representation of information in NN, either biological or arti-
ficial, is realized by space-time patterns of neural activity, i. e. neural 
ensembles (NE), activated by perceived, recalled or generated infor-
mation [Borisyuk et al., 2002]. Within the framework of this approach, 
the result of the reasoning is also NE, which is formed by the NN.

2.2. The simplest model of a neuron as a nonlinear summator is sufficient 
for our consideration.
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2.3. According to Born rule probability of an event Bxy is calculated as a 
scalar product

	 P B x y x yx yy y y,
*, ,( ) = ( ) ( ) ,

	 where y is a wave function (amplitude of a probability) [Feynman, 
Leighton & Sands, 1963]. Thus, the probability in [Busemeyer et al., 
2011; Trueblood et.al., 2014] under assumption the hypothesis of ergo-
dicity is mathematically equivalent to the power (intensity) that is the 
measure of a logical conclusion. Thus, having accepted the ergodicity 
hypothesis, the symbol P we will use to denote the quadratic measure 
in general: both the probability and the power of the NE.

2.4. According to the experimental results [Glezer et al., 1972, 1973, 
1975; Glezer, 1993, 1999, 2000], double Fourier-transform is imple-
mented by the brain’s neural structures. So, we are to take it into ac-
count by using the algebra of Fourier-dual operations and model of NN 
that stores interconnections weights in the Fourier domain.

Let us use the simplest model of NN to store reference pattern — ​auto-asso-
ciative memory formed by two conjugated Grossberg stars: Instar-Outstar. To 
store two reference patterns “Feminist” and “Teller” to AAM are needed as it 
is shown in Figure 2.

Figure 2. The principal structure of the auto-associative memory based in the NN НС 
«Grossberg star»: In, С and Out are the input, correlation and output layers, respective-
ly; lines show connections formed by learning as the successive presentation of the NE 
pairs: F and dF , T and dT ; In C®  are Instars, C Out®  are Outstars; dotted cir-
cles — ​the neurons in the Grossberg layer that are not assigned by the learning to any 

reference pattern, but are necessary for the sequential projection mechanism.
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To implement the formal mechanism used in quantum logic for sequential 
projection of the current state vector onto the subspaces that store the refer-
ences (Figure 1), it is necessary to ensure the connection of these subspaces. 
Since, according to the experimental conditions, these subspaces are con-
sidered as formed independently, then in the NN model of Figure 2, they 
are not related to each other as a result of learning. Thus, it is necessary to 
find a mechanism for self-formation by the NN connection between the NE 
F and T.
The problem of interpreting experimental results [Tversky & Kahneman, 
1983] is largely related to the fact that, following the Kolmogorov approach, 
probability is an additive measure on the algebra of events [Kolmogorov, 
1974]. Quantum probability that adequately describes “Linda”, by contrast, is 
not additive [Kholevo, 1991; Khrennikov, 2003]. But according to Kolmogo-
rov, the additivity of the measure is only an axiom: it is postulated, but not 
justified. From the standpoint of constructive substantiation of the property 
additivity — ​non-additivity of a measure, the work [Trillas, Alsina & Val-
verde, 1982] is relevant. In [Trillas, Alsina & Valverde, 1982] it is shown that 
the negation operation, as a special case of an operation defining the duality 
of the operations defining the model, uniquely determines the measure on al-
gebra due to the fact that under certain reasonable assumptions the same ad-
ditive generator as the operation ·  included in the axiomatic definition of 
measure g:

	 " Î ( ) Å( )· ( ) = ( )· ( )a b X g a b g a b g a g b, F :  ,

where F X( )  is the set of elements of the model, Å  and   are abstract ad-
dition and multiplication.
In particular, if the operation defining the duality Å  and   is linear, then the 
operation ·  is the operation of arithmetic addition +, i. e. and the measure g is 
additive. If, on the other hand, the defining duality operation is nonlinear, then 
the measure g is nonadditive. This result can be generalized to other, except 
for negation, operations that define duality, including the Fourier transform 
[Pavlov, 2001]. Thus, the problem of finding the mechanism of results [Tver-
sky & Kahneman, 1983] in terms of the noncommutativity property is math-
ematically reduced to finding the measure that is adequate to the NA model, 
which, in turn, reduces to defining the duality-specifying operation as the root 
cause of additivity — ​non-additivity of the measure.
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2. The model

2.1. Auto-associative memory
Let us consider the NN model, presented in Figure 2. Registration of the in-
terconnections weights «Instar» ( In C® ) in the Fourier domain is carried 
out in two steps.
In the first step, the weights of the interconnections are formed according to 
the Hebb’s learning rule as a pattern of the interference of wave fronts from 
the reference neural ensemble “Feminist” and “Teller”, and delta neurons, 
dF(xF) and dT(xT), correspondingly, the power measure of the pattern to be 
recorded by the recording medium in the second step is described as follows

	
W R j x F x R j x F xF F F Fn pn pn( ) = ( ) + ( )( )éë ùû × ( ) + ( )( )éë ùû +exp exp2 2F F

*

++ ( ) + ( )( )éë ùû × ( ) + ( )( )éë ùûR j x T x R j x T xT T T Texp exp2 2pn pnF F
*
.

		

		  (1)
where F(x) and T(x) are row vectors describing NE “Feminist” and “Teller”, 
correspondingly (we use functions of only one coordinate to avoid unneces-
sary cluttering of formulae), n denotes spatial frequency, j — ​is the imaginary 
unit, RF and RT — ​are the amplitudes of excitations received from the neurons 
dF Fx( )  and dT Tx( ) , xF and xT are the coordinates of the lasts, F  and *  de-
note Fourier-transform and complex conjugating, correspondingly. Decom-
position of each of the members in the brackets in (1) gives four terms, of 
which only one describes the link of the NE in the input layer In with the cor-
responding d -neuron, and let us leave only these terms for the further analy-
sis:

	

W W W F x R j x

T x R j x
F T F F

T

n n n pn

pn

( ) = ( ) + ( ) = ( )( ) ( ) +
+ ( )( )

F

F

*

*

exp

exp

2

2 TT( ) . 	 (2)

The second step is registration of the interconnections (2) as a matrix of the 
weights. Recorded weights matrix depends on parameters of both learning 
procedure and recording medium (synaptic sensitivity). For simplicity but 
without loss of generality let us assume linear model of registration in the 
spectral range of matched filtration, that is denotes by letter L in superscripts:
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,, .R j xT T( ) ( )exp 2pn 	 (3)

where L  is the operator that takes into account the dependence of the inter-
connections weights on the ratio of the linked NEs RF and dF Fx( ) , as just as 

RT and dT Tx( )  Fourier-spectra amplitudes:

	 L

L
A A

A A

A
inv

A

A x R

A x
R

if
A x
R

A x R

F

F F

F

*

* *

*

,

,

( )( )( ) =
( )( ) ( )( )

£

( )( )

  1

(( ) ( )( )
>

ì

í

ï
ï

î

ï
ï   if

A x
RA

F*

1

,	 (4)

where LA
inv

AA x RF*
,( )( )( )  describes the inverse filtration. The simplest model 

of the operator L  for inverse filtration range is 
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inv

A
A

A

A x R
R A x

R A x
F

F

F
*

*

*

,( )( )( ) = ( )( )
+ ( )( )

2

2
2

, but often either sigmoidal or Gauss 
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2
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2

 may corresponds to the prop-

erties of the both pattern and recording media, n0  — ​is the frequency at which 

the condition F* A x RA( )( ) =  is met.

So, taking into account above mentioned remarks, we will denote the reference 
patterns stored in interconnections by letter R in superscripts and letter L will 
mark the interconnections are recorded linearly: F x F x RF F

RL ( ) = ( )( )( )L F* ,

, and the same for the T xRL ( ) , as just as for all other terms and expressions.
As NE “Linda” is presented into the input layer In, it passes through the links 
(1) and forms the excitations at the inputs of d -neurons in layer C (the inputs 
are marked by In in the superscripts), their amplitudes are determined by the 
characteristics of the both NEs: stored F xR ( )  and T xR ( ) , and input L x( ) , as 
follows:
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where  denotes scalar product, r  is the correlation coefficient, m2  is the 
raw moment of the second order.
Excitations from d -neurons, passing through the “Outstar” interconnections, 
conjugated to the corresponding “Instar” ones (3), form the amplitude distri-
bution at the inputs of the Out-neurons:
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		  (6)
where S!  denotes activation function of the d -neurons in layer C, and by 
transition to the line 2 we left only the terms that describe the NEs localized 
in the region of our interest in the output layer. The conjunction symbol & in 
the final expression appear due to the fact that expression (6) represents a case 
of the de-Morgan law for the operations + and & under their duality is given 
by the Fourier transform.
The power ratio jointly activated in the output layer of T xOutL ( )  and F xOutL ( )  
without taking into account the activation function of neurons of the output 
layer S POut ( )  is represented by the expression:
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If the value (7) is less the relative dynamical range of the S POut ( ) , then the 

output neurons are activated by both NEs: T xOutL ( )  and F xOutL ( )  — ​the re-
sulting NE represents their conjunction. Otherwise, only one of the two NEs 
is excited: either T xOutL ( )  or F xOutL ( ) , depending on what measure falls 

into the dynamical range of the S POut ( ) . So, from (3), (4), and (5) it follows 
the resulting NE, activated in the Output layer, depends on a number of pa-
rameters defined by: the NEs properties: reference ones as just as inputting, 
their correlation coefficients, neurons activated functions, recording media 
exposition characteristics, and the weights recording (the network learning) 
conditions.

2.2. Noncommutativity as a result of the interconnections weighs 
nonlinear recording
Let us assume that the nonlinear characteristic of synaptic sensitivity can be 
approximated by a power series and restrict our consideration to the first two 
terms of the decomposition: linear and quadratic. Then a valid representation 
of the stored connections (1) in the following form:
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where h1  и  h2  are the coefficients. We are interested in a quadratic term. Its 
decomposition (we omit bulky calculations) gives, among other things, also 
two terms describing the necessary links of not associated by the learning 
procedure references NE F xR ( )  and T xR ( ) :
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Expression (9) describes a new structure in the composition of the intercon-
nections, which was not specified at all during learning, but appeared by itself 
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due to the quadratic nonlinearity of the sensitivity of synapses, similar to the 
appearance of holograms between images recorded at different times shown 
in [Orlov, 2004, Pavlov & Orlov, 2019]. These interconnections are in our 
specific interest because of the terms exp j x xF Tw -( )( )  and 

exp - -( )( )j x xF Tw  describe the connections between the NEs “Teller” and 
“Feminist”, that are necessary for the concept of sequential vector projec-
tions, that is used in the quantum logic [Busemeyer et al., 2011], to be imple-
mented. Further, for brevity, we will call structure (9) quadratic connections.
NE “Linda” passing through the quadratic substructure (9) activates at the 
input of layer C amplitudes:

T
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 		  (10.b)
where D  is a coordinate in the C layer, *  and Ä  denote convolution and 
correlation, respectively.
Let us pay attention that, according to expressions (10), quadratic connections 
(9), unlike linear ones (3), do not activate the only ones d -neurons in layer C, 
but the ensembles, that are the images of reference NEs F(x) and T(x). This 
implies the requirement for the NN architecture — ​to implement the model, 
the free neurons are to be in the layer C, i. e. the neurons not involved in learn-
ing, shown in Figure 2 by the dotted cycles: there must be at least the total 
number of neurons in the reference NEsF x( )  and T(x). For clarity of the 
main idea presentation, we neglect the restored images (8.a) and (8.b) blurring 
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described by the convolution with the correlation functions (loss of resolu-
tion) and present them as follows:

	 T T x L x F x x xF T
CIn RNl RNl9

2

( ) ( ) = × ( ) × ( ) ( ) -( )éë ùûD h d, * ,	  (11.a)
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Pattern (12) passing throughout the quadratic “Outstar”, that is conjugated 
to the quadratic “Instar” (9), forms the amplitude distribution at the inputs of 
neurons of the Out layer:
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		  (13)
Decomposition of this expression gives three terms, only the terms describ-
ing the NE localized in the position, that counterparts with the positions of 
restored by the linear weights matrix corresponding reference NE images (6) 
is of interest for us:
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Let us estimate the ratio of the “Teller” and “Feminist” NEs jointly formed 
in the Out layer by both linear (3) and quadratic (9) interconnections, as was 
done in (7), without taking into account the activation function of the output 
layer neurons. Omitting intermediate bulky calculations, the ratio can be pre-
sented as follows:
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where the activation function S!  of the d  -neurons in layer C is assumed 
linear, and we use the following notation:
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In order to separately evaluate the role of the quadratic connections in chang-
ing the power of the restored images, let us consider the relation of the values 
(15) and (7):
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Since the “Linda” story has been specially constructed so that condition 

k
L x F x
L x T x

=
( ) ( )
( ) ( )
,
,

RNl

RNl
1  is met, then the ratio (16) shows an increasing of 

the “Teller” power measure relative to the “Feminist” one due to the contribu-
tion of the quadratic interconnections.

2.3. Short discussion
Thus, from the presented consideration it follows that nonlinearity of syn-
aptic sensitivity, or, in general nonlinearity the media for interconnections 
weights recording, is a cause for noncommutativity as an attribute of a model. 
The nonlinearity generates new interconnections between the reference NEs, 
that were not linked during the learning procedure, since they were presented 
for training independently and at difference time. It is these interconnections 
provide projections from the subspace of one reference NE to the subspace 
of another reference NE, changing the ratio between power measures of the 
restored reference NEs so that the weaker NE is strengthened, and v. v. strong 
weakens.
This mechanism plays a key role in the model of successive projections of the 
vector from one subspace onto the another and it is classical mechanism, not 
requiring an appeal to quantum mechanics. However, it is not enough to 
choose the final decision from the three possible proposed to the respondents: 
F, F T& , or T. Below we demonstrate that the final choice is provided be the 
output neurons activation function.

3. Final choosing of the decision: numerical illustration
The NN presented in Figure 2 was modeled for a number of activation func-
tions of neurons, characteristics of the recording media (synaptic sensitivity), 
and NE. Figure 3 shows the results: the responses (NEs in the output layer) of 
the learned NN Fig 2, obtained by varying only one parameter — ​the activa-
tion function of the neurons of the output layer S POut ( ) . The activation func-
tions of the d-neurons, as well as the characteristics of the weights for record-
ing medium were assumed linear, i. e. quadratic interconnections (9) were not 
involved. All NE had a size of N px= ´256 256 . For clarity, inscriptions on 
a black background were used: for reasons of biological motivation to account 
for the presence of a fractal structure in NE [Molchatskii, 2015], the inscrip-
tions are filled with realizations of two-dimensional fractal Brownian motion, 
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the Hirst parameter was H = 0 1. . For greater visibility of the results, the in-
scriptions themselves are localized in different areas of the NEs, and the local-
ization of the maxima of the cross-correlation functions coincided with the 
localization of the global maxima of the autocorrelation functions of the refer-
ences.
Figure 3 shows the results obtained under the following experimental condi-
tions:
To meet the experimental conditions [Tversky & Kahneman, 1983] that NE 
of the “Feminist” is subjectively brighter than the “Teller” one, the following 
relations of the parameters of the reference NE (inscriptions) F(x) and T(x) 
were set:

‑ 	 power ratio P F P T( ) ( ) =/ .1 943 ,

‑ 	 the ratio of the number of neurons N NTF / = 2 ,

‑ 	 the ratio of the correlation coefficients with NE “Linda”: W WLF LT/ = 2  .
Three biologically inspired models of activation functions for output neurons 
were used:

•	 Figure 3.a presents the NE, obtained under the sigmoidal activation 
function usage:
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	 where a, b and d are parameters, b sets the fixed point S P POut ( ) = , d 

sets the value SOut 0( ) ;
•	 Figure 3.b presents an output NE, obtained under linear activation 

function usage;
•	 Figure 3.c presents an output NE, obtained under usage of sigmoidal 

activation function with an inverse slope instead of saturation in the 
range of higher powers, the last was added to model the fatigue of 
synaptic transmission that implements a mechanism of overexcitation 
protect in biological neurons [Tversky, Kahneman, 1983]:
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where a is the function’s radius at the level 0.606, c determines the steepness 
of the direct and inverse sections, d specifies the position of the function’s 
maximum.

Figure 3.a. Output NE «Lin-
da is active in the feminist 
movement», power of the 

NE: POut = 2.469∙108.

Figure 3.b. Output NE 
«Linda is a bank teller and 
is active in the feminist 
movement», power of the 

NE: POut = 1.328∙108.

Figure 3.c. Output NE 
«Linda is a bank tell-
er», power of the NE: 

POut = 9.642∙107.

Figure 4 presents the results, obtained by modeling the implied condition of 
the Tversky and Kahneman experiment that the “Feminist” pattern in the in-
ner representation of the reasoning agent was subjectively brighter than the 
“Teller” one. For this goal the reference NEs’ parameters were established as 
follows:

–	 ratio of the power measures P F P T( ) ( ) =/ 31;

–	 ratio of the neurons’ numbers in the inscriptions N NF T/ .= 2 5 ;

–	 ratio of the correlation coefficients with “Linda” W WLF LT/ = 62 .
Only the model of the activation function of the output layer neurons with the 
inverse slope in the saturation range (17) was used, only two parameters of the 
function (17) were varied: the exponent c and the radius of the Gauss function 
a, their values are given in the figures captions.
NE in Figure 3.c and 4.c are given specifically for those values of the param-
eters at which a part of the inscription “Feminist” is still visible, but the in-
scription itself is no longer readable. NEs in the Figures 3.b and 4.b represent 
the conjunction F&T.
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Figure 4.a. Output NE 
«Linda is active in the 
feminist movement», c = 6, 
a = 150, power of the NE: 

POut = 3.011∙108

Figure 4.b. Output NE 
«Linda is a bank teller 
and is active in the femi-
nist movement», с = 0.1, 
а = 300, power of the NE: 

POut = 2.167∙108

Figure 4.c. Output NE 
«Linda is a bank teller», 
с = 0.4, а = 150, power of 

the NE: POut = 5.349∙107

Thus, in Figure 3 and Figure 4 we have the order of the measures of the NEs 
representing the judgments P F P F T P TOut Out Out( ) ( ) ( )> >& , that coincides 
with the obtained by Tversky and Kahneman one: the measures of two events’ 
conjunction are greater than measures of one. Let us note that the values of the 
measures of each of the three types of conclusions presented can vary within 
wide limits depending on the values of the parameters of both the activation 
functions and the reference NAs. Similar results were obtained for other mod-
els of activation functions and their parameters, the power ratios of the refer-
ence NEs and their correlation coefficients with the input NE. Thus, we have 
obtained the implementation of the “Linda” phenomenon by the classical 
method, without referring not only to quantum physics in its essence, but also 
to quantum formalism.
As the choice of final decision is implemented by output neurons activa-
tion function, the property of non-commutativity of operators describing 
the output in quantum logic is not essence to implement the phenomenon: 
the property is useful in order to strengthen the weaker neural ensemble by 
using quadratic interconnections arising due to nonlinear recording of the 
interconnections.

4. Conclusion
Thus, currently attributed to the category of quantum-like, the “Linda” phe-
nomenon, which consists in violating the laws of classical probability theory 
for the conjunction of independent events, can be based on two completely 
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classical mechanisms that are implemented by neural network and do not re-
quire appeals to quantum physics, neither in substance nor formally:
-	at linear recording of the weights of interconnections, the key factor is 

the type of activation functions of the output neurons — ​the mechanism 
of fatigue of synaptic transmission can give a measure of one of the 
independent events (responses) lower than the measure of their con-
junction; the presence or absence of the property of noncommutativity 
is irrelevant in this case;

-	when nonlinearly recording weights of interneuron connections, as 
shown earlier [Pavlov, Orlov, 2019], the mechanism of sequential pro-
jection of current state vectors onto subspaces storing reference images 
is actual; the nonlinearity of the recording media (synaptic sensitivity) 
generates properties of noncommutativity of operations and nonaddi-
tivity of a measure that are inherent in quantum logic.

-	-whether there is noncommutativity or not the choice of the final deci-
sion neural ensemble is implemented by the activation function of the 
output neurons
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Chapter 21.  
Quantum neurophilosophy and the problem of free will

N. A. Solovyev

Patricia Churchland introduced the notion of the term «neurophilosophy». 
It defines the field of research, which explores the connection of neurobi-
ology with philosophy of mind. Though supporters of neurophilosophy are 
criticized, because they deny the very existence of consciousness. Neurophi-
losophy deals with different aspects of the problem brain-consciousness. 
However, the investigation of free will is one of the most urgent issues in 
this research area. The problem of free will belongs to the eternal questions 
of philosophy. Its urgency is largely determined by the fact that it is closely 
related to the issues of social organization, as almost every state in its Consti-
tution affirms the important role of human freedom, and politics is somehow 
connected with the fight for freedom and the interpretation of this idea. The 
situation is exacerbated, because the modern neurophysiology tends, in fact, 
to deny free will. For example, in work [Klyucharev, 2017] «Freedom of will: 
neuroeconomics approach» V. A. Klyucharev says: «From my point of view, 
the definition of free will as an opportunity to do otherwise leaves no space 
for the existence of freedom within the framework of determinism, however, 
as well as the presence of stochastic processes in the brain activity… I note 
that the deterministic decision-making is understood by me in this article as 
a tangle of genetic, physiological, social and evolutionary factors that strictly 
determine human decision-making». The situation with the phenomenon of 
free will becomes so challenging, that V. A. Klyucharev continues: «The cir-
cle is closed — ​determinism is so incompatible with the concept of free “to do 
otherwise” that some philosophers seriously suggest to hide this fact from the 
masses, “it may get wrong»» [Klyucharev, 2017]. These contradictions make 
neurobiologists and philosophers refer to phenomenon of freedom again. One 
of the illustrative examples is the research in the field of neurophilosophy of 
free will initiated in the USA in 2019 in the Brain Institute. One of the project 
participants Uri Maoz, Ph.D., assistant professor of psychology and compu-
tational neuroscience at Chapman University, defines project goal so: “This 
grant aims to create a new field in the study of the brain — ​the neurophiloso-
phy of free will” [Maoz].
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As shown above, the main obstacle to the recognition of the existence of 
free will of the person is the determinism of Descartes-Laplace, by which the 
phase trajectory of a physical object is unique and has no branching points. 
However, as is well known, this argument applies to classical systems, and 
quantum systems have branching points of the phase trajectory. They are con-
nected with the collapse of the wave function of the system, when the system, 
that realizes deterministic evolution according to the Schrodinger equation, 
goes into one of the states of the world of potential opportunities, Figure. 1. It 
should be noted, that the reasoning about free will and quantum effects in the 
brain are often reduced to the question of the existence of stochastic processes 
in neural networks. This approach simplifies the problem and leaves out of 
consideration the existence of branching points of the phase trajectory. There 
should be more correct statement of the problem. The quantum system at the 
branching points may with different probabilities go into various states, which 
are chosen from the world of potential possibilities. It should be kept in mind 
that the very concept of probability makes sense either for an ensemble of 
identical particles (objects, systems), or for a large number of measurements 
carried out over the system, which must be in the same initial state. It is clear 
that during the research of free will none of these conditions can be acceptably 
fulfilled. Experiments are usually carried out either with different test persons, 
which quite differ from each other (there are no identical people), or with one 
test person, who cannot be in the same state many times in a row. In ordinary 
life, making a conscious decision is always a single event for which the very 
concept of probability is not inapplicable. And this, in turn, means that a per-
son can choose very unlikely behavior, that is, in terms of work [Van Inwagen, 
1975], to do otherwise.

Figure 1. Schematic view of the evolution of a quantum system with branching 
points of the phase trajectory.
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Based on the foregoing, we can define free will as the possibility of making an 
unlikely decision or, metaphorically speaking, as an opportunity “to freeze the 
ears to spite the mother». Thus, the assumption of the possibility of quantum 
effects in the brain allows us to solve the problem of free will from the philo-
sophical point of view, but this solution brings difficulties from philosophical 
field in the physical one. The point is that quantum effects are known to play 
a significant role in the microworld, and for macroscopic objects, which is 
the brain, the role of quantum effects is usually questioned. This is associ-
ated with the phenomenon of decoherence, which leads to the destruction of 
quantum coherence and the manifestation of the classical properties of the 
system (see, for example [Zurek, 2002]). However, despite these limitations, 
there are a number of phenomena in the neural structures of the brain that 
can be considered as candidates for a positive solution to the quantum brain 
problem. Studies of the possibility of the existence of quantum phenomena in 
the brain relating to the problem of free will are conducted for a long time. 
One of the most well-known approaches to the issue is the approach, which is 
developed by the Australian neurophysiologist, Nobel laureate in physiology 
and medicine in 1963, John Eccles and the German physicist Friedrich Beck 
[Beck, Eccles, 1992], where quantum effects are considered in the synaptic 
gaps. It is assumed that mental activity controls the probabilities of the signal 
passing through synaptic gaps, and this process occurs coherently in a large 
number of gaps.
Another approach to the issue is developed in the works of the well-known 
physicist Roger Penrose (see, for example [Penrose, 2005]). In these works 
tubulin microtubules are considered as a source of quantum effects. Tubu-
lin microtubules have different functions in cells, including transportation of 
various particles and formations. Despite its originality and attractiveness, 
Penrose’s hypothesis has obvious weaknesses. First of all, it assumes that 
the characteristic frequencies of processes, which have a quantum nature, are 
about 1011 Hz, which is 9–10 orders higher than the characteristic frequen-
cies of the brain. Such a huge difference in frequencies gives grounds for 
doubts about the general nature of the phenomena, which occur in the micro-
tubules and macroscopic structures of the brain. Secondly, mental activity in 
the brain, according to Penrose’s hypothesis, is connected with the objective 
reduction of the wave function due to the processes of quantum gravity. It 
is clear that objective reduction excludes the participation of the subject in 
decision-making and, in that sense, it cannot be accepted to explain the phe-
nomenon of free will. It should be pointed out, that Roger Penrose is still a 
acknowledged authority in the field of quantum neurophilosophy. So in 2008 
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he wrote a foreword to the book Quantum Aspects of Life [Abbott, Davies, 
Arun, 2008], which deals with a wide range of issues related to the problem 
of the existence of quantum effects in nature.
One of the most attractive hypotheses, in our opinion, is the hypothesis of 
the quantum nature of the processes occurring in the ion channels of the cell 
membranes of neurons and axons, since it is the processes of opening and 
closing the ion channels and determine the timelines for the work of the neu-
ral networks. A discussion of the possibility of quantum effects in the op-
eration of ion channels can be found in the work [Zheltikov, 2018]. It deals 
with the possibility of the existence of superposition states of ions, which 
are located on the outer and inner side of the membrane of the neuron and 
axon. The paper indicates the absence of experimental data and theoretical 
results confirming the possibility of existence of such quantum effects in the 
neural structures of the brain. At the same time, it is argued that the currently 
available experimental data on the presence of quantum effects in complex 
molecules do not allow reject this hypothesis categorically. It should be noted 
that despite the absence of experimental data, which confirms the existence of 
quantum effects in neural structures of the brain, there are currently experi-
mental evidence of the quantum nature of the behavior of macromolecules 
[Gerlich, Eibenberger, et al, 2011], as well as the existence of quantum coher-
ence in photosynthesis [Ishizaki, Fleming, 2009], [Wolynes, 2009]. Further-
more, by considering the superposition states, which may occur during the op-
eration of ion channels, it is necessary to pay attention to the possibility of the 
existence of superposition states of the open-closed channel. It is possible that 
the existence of a superposition of these states in the simultaneous presence 
of synchronous operation of a large number of channels can lead to the emer-
gence of macroscopic quantum states similar to laser. Despite the apparent 
difference between the laser and the brain, the analogies between them have 
deep enough grounds, because, firstly, both the brain and the laser belong to 
the class of open non-equilibrium systems, and secondly, in both objects the 
basis of functioning are microscopic quantum objects. In the laser — ​these 
are working atoms or ions, in the brain, as mentioned above, the functions of 
elementary quantum objects can be performed by ion channels and synaptic 
gaps, and their work ensures the appearance and distribution of the spike. 
Importantly, in the laser, despite the fact that it is a macroscopic object, there 
are purely quantum processes of spontaneous and induced emission, as well 
as coherent collective quantum processes. Collective quantum effects occur 
in lasers especially strongly at the lasing threshold, when superposition states 
of laser modes are observed, which can be considered as macroscopic objects 
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[Lamb, 1965], [Markelov, 1976]. Analogies in the brain and the laser function 
are considered in the work [Lee et al., 2018], where, particularly, the size of 
a quantum system with generation rate of 10 Hz, which lies in scope of the 
brain function and corresponds to the frequency of the alpha rhythm, is esti-
mated. It is shown that the size of such system is about 10 microns, which is 
approximately equal to the typical size of the neuron. At the same time, a sys-
tem of neurons connected to a neural network can be considered as an equiva-
lent of a multimode laser. The paper [Danilov et al, 2016] discusses some ef-
fects associated with the synchronization of both longitudinal and transverse 
modes in lasers. Synchronization of longitudinal modes leads to the so-called 
self-synchronization mode, when the chaotic temporal dynamics of the gen-
eration goes into the mode of generation of ultrashort laser pulses. When the 
transverse modes are synchronized, the effect of laser beam scanning of the 
laser output aperture occurs. Time base of the produced superpositional mode 
(supermode) presented in the work [Danilov et al, 2016], demonstrates the 
manifestation of a macroscopic superposition state (the state of the field of the 
laser) in visual presentation, Figure 2.

Figure 2. Time base of transportation of supermode in a flat resonator  
[Danilov et al, 2016]. (мм— mm, мкс — ​μs).

If we draw an analogy with the brain, we can assume that in the brain, the 
synchronization of the work of various neural networks can lead to both 
temporary bursts of activity, and to some “wandering” activity on various 
neural networks. This “wandering”, however, is associated with the pro-
cess of information processing, which should involve a large amount of 
different neural networks, which are in a superposition state. It should be 
noted that this quantum process of mode synchronization is very similar 
to the classical collective phenomena described in the work [Rabinovich, 
Muezinoglu, 2010]. However, as mentioned above, the existence of quan-
tum effects is required to prove free will. Quantum effects would allow to 
produce a collapse of the superposition and choice of one current state from 
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a variety of potential states. In this sense, the hypothesis of the quantum 
process of mode synchronization in neural networks of the brain is more 
reasonable.
Currently, despite the existence of quite common analogies between laser and 
brain, there is no understanding of the details of the process that could pro-
vide the choice of alternatives when a person makes a decision. It seems that 
to describe the essence of freedom there is a lack of common principles by 
which a conscious choice is being made. It is appropriate to recall the ideas 
of von Neumann [Neumann von, 1964]. They come to this, that the collapse 
of the wave function of a closed system, which consists of microparticles, a 
macrodevice and an observer, carries out a non-physical “abstract I” of the 
observer. Of course, the idea that the observer chooses alternative states of the 
particle and the device seems too contrived. However, if we consider that that 
the human brain in the process of thinking and making unmotivated (or poor-
ly motivated) decisions can be considered in some approximation as a closed 
system, which is not the subject of decoherence from the environment, the 
idea of the collapse of the wave function of the brain by “abstract I” after the 
phase of deterministic evolution of its superposition state, can be very fruitful. 
The only thing, condition that must be fulfilled, is the existence of degrees of 
freedom, which are isolated from external influence, which allows to realize 
the superposition of states. Such degrees of freedom can be superposition 
states of ion channels and (or) synaptic gaps. We do not consider tubulin mi-
crotubules on grounds mentioned above.
This hypothesis, of course, does not describe all the details of the process, 
however, it allows us to understand truly how in the presence of degrees 
of freedom, which are weakly interacting with the environment, it is pos-
sible to choose alternatives and observe the superposition macro-state of 
the brain. On the basis of the ideas of von Neumann, we can assume that 
the choice of alternatives and observation of the superposition state of the 
brain is carried out by an “abstract I”, which in the paper [Solovyev, 2019] 
is called contemplative-control precisely because it performs the function 
of observing the content of consciousness (brain) and controlling the body. 
Since only the macro-state of the brain can carry some semantic infor-
mation, which is observed by the contemplative-controlling I, and which 
serves as the basis for making meaningful decisions, it is clear that we have 
to say superpositions and collapse in the system of neural networks. Thus, 
von Neumann’s ideas about the existence and role of the abstract I in the 
process of observation and choice of alternatives, allows, in general, to 
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solve the problem of the existence of free will and to rehabilitate the Car-
tesian model of consciousness [Solovyev, 2019]. It should be mentioned 
that the fundamental difference between a quantum computer and a human, 
from the point of view of information processing, is that the non-physical 
abstract or contemplative-controlling I can observe the superposition states 
of the brain, in which information is recorded (i. e., the content of con-
sciousness), without the collapse of the wave function, and for the output 
of information in a quantum computer, the collapse of its wave function is 
necessary.
As mentioned above, the quantum macrostates in the laser appear at the las-
ing threshold. They are associated with both intensity fluctuations and the 
presence of a superposition of modes. If we talk about the analogies between 
the laser and the brain, in the brain it can be compared with making of unmo-
tivated decisions, i. e. with the manifestation of free will in its pure form. In 
this case, we can assume that there is a certain fluctuation in the brain, which 
is a superposition of two or more states, this fluctuation is amplified and re-
alized by the person (his abstract I). When a person makes a decision, one of 
the quantum alternatives is chosen, which then gets a classical appearance. 
This process, in principle, is similar to the process of choosing alternatives in 
quantum measurement:

(α׀Na› + β׀Nb›)׀ Bo› → α׀Na› ׀Ba› + β׀Nb› ׀Bb›
Here: α׀Na› + β׀Nb› — ​superposition state of the neuron before triggering; 
Bo — ​unperturbed state of the part of the brain with which this neuron inter-
acts; α׀Na› ׀Ba› + β׀Nb› ׀Bb› — ​superposition state of the brain after interaction 
with a neuron N. When a person makes a decision, only one alternative is 
chosen and enhanced α׀Na› ׀Ba› with probability α2, or β׀Nb›׀ Bb› with prob-
ability β2.
In general, the described decision-making scheme coincides with the two-
stage model described on The Information Philosopher [informationphilos-
opher]. In this model, the making of unmotivated decisions is carried out in 
two stages: the first stage is a random generation of various random thoughts 
(decisions), and the second finding of alternatives, pic. 3. In our approach, 
we assume that the generation of random solutions occurs in the form of a 
superposition of alternatives, which can then be processed (evolve) without 
the collapse of the wave function. The selection of an alternative takes place 
at the point of “Torn” Decision through the collapse of the wave function of 
the brain contemplating-controlling I.



N. A. Solovyev	 171

Figure 3. Schematic representation of the decision-making process (free will) 
[informationphilosopher].

The presented theoretical scheme of choice of alternatives corresponds well 
with the well-known experiments of Libet [Libet, Gleason, 1983], which 
studied the neurobiological features of human decision-making. In these ex-
periments, the test person at any time had to carry out a simple action, such 
as raising his hand. The experiments measured the preparedness potential, 
which is responsible for the preparation and fulfillment of the action, as well 
as the time when the test person, or, in our terminology, abstract or contem-
plative-controlling I of the test person, was aware of the internal individual 
wish to carry out the action. We emphasize that in these experiments, the 
contemplative-controlling I appeared, albeit indirectly, because it was pos-
sible to register the moment of realization of the processes by nonmaterial 
I, which are occurring in the test person’s own brain. It was expected, that 
I  of the test person must first realize the wish to raise his hand, and then 
there should be a potential preparedness, which, ultimately, would start the 
mechanism of raising the hand. However, the experiment showed, that 550 
ms before the action occurs readiness potential appears; after 300 ms, or 
250 ms before the action, a person realizes the wish to raise his hand; after 
another 200 ms, or 50 ms before the action, motor neurons are activated, and 
the process goes into an irreversible stage of fulfillment. These experiments 
caused a huge discussion, because, at first sight, they proved the absence of 
free will. However, later Libet pointed out that [Libet, 1999], the next 200 
ms after the moment of realization of the wish to carry out the action, the test 
person can cancel it, i. e. he, speaking the language of Libet, has veto right. 
The possibility to cancel the action ends 50 ms before its fulfillment, when 
the activation of motor neurons begins. Furthermore, in discussions about 
Libet’s experiments, it is believed that the test person carried out the free 
will at the time of consent (or non-consent) to participate in the experiment 
[Hallett, 2009]. If so, then we can assume that by choosing an alternative to 
“participate” an unconscious “random generator” of the preparedness po-
tential activates in the brain of the test person, This generator later realizes 
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the contemplative-controlling I of the test person (see pic.3). Then, with the 
realization of the wish to carry out an action, the test person can again make 
a choice: to perform the action or to cancel it. This, in turn, means that at 
times when the test person can carry out the abolishment of the action, his 
psyche and brain are also in a superposition state. Thus, we can assume that 
basically mechanism of free will is based on the transition of the brain and 
psyche from a superposition state into one of the relevant alternatives, but the 
details of these processes require careful study.
If definitive theoretical solution to the problem of brain quantization has not 
been found yet, then there is an experimental evidence of the existence of 
quantum or, more carefully, quantum-like features of the human psyche. They 
appear in experiments on the research of choice under uncertainty, which 
were conducted at the end of the last century by Tversky and Kahneman 
(Tversky A., Kahneman D.) [Tversky, Kahneman, 1983].
The point of these experiments was that the test persons told a short and 
uncertain story about an imaginary girl Linda, and then asked quite specific 
questions: is Linda a bank teller and whether she is a feminist? It is import-
ant that there was no specific information about this in the story that was 
told by the test person. It turned out that the results of experiments were 
not described by the classical probability model. The experiments were ex-
plained on the basis of a formal quantum-like model, in which a certain state 
vector is attached to the state of psyche of the test person after hearing the 
story about Linda, by analogy with quantum formalism [Trueblood, Pothos 
et al, 2014].
In this case, the probabilities of the answers “yes” or “no” are calculated as 
the squares of the projections of this vector on the corresponding orthogonal 
axes: the axis “yes” or the axis “no”. An important feature of this model is 
that the orthogonal axes “yes”–”no” for the case of “feminist” and “teller” 
are located at some angle to each other. This is what allows us to describe an 
important feature of the Tversky and Kahneman experiments, which consists 
in the fact that the different sequence of answers to questions gives different 
results, i. e., speaking in terms of quantum mechanics, the answer operators do 
not commute with each other. This can be explained quite easy. Indeed, if we 
ask the test person a question: is the “girl Linda” bank teller, and the test per-
son will give a certain answer, then the state vector describing his psyche, will 
be projected on a certain axis of the coordinate system “bank teller”. Then 
the next answer to the question, whether the “girl Linda” is the feminist, will 
be given from a new state, which, of course, will give other probabilities of 
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answers “yes” — ​“no” than the direct answer to the question, when the vector 
of the state of psyche was in the initial state.
From the point of view of quantum mechanics, the situation with the test 
person in the experiments of Tversky and Kahneman looks so as if the psyche 
firstly, and therefore the brain, are in a superposition state, and when reply-
ing a collapse of the wave function of the brain and the choice of one of the 
alternatives occurs. In other words, the collapse is one of the manifestations 
of the free will of human, although there is a question: is this choice always 
made consciously under the control of the contemplative-controlling I or it 
has (may have) an unconscious, spontaneous character? Irrational spontaneity 
when choosing under uncertainty does not allow in principle to talk about 
free will at the moment of choice in rational terms. The element of rationality 
in the quantum consideration of the issue of free will, apparently, should be 
sought in the set of deterministic evolution of the vector of the state of psyche 
(brain) and its probabilistic, but still indeterministic projection on the basic 
vector. The situation with the consideration of the problem of free will is 
complicated by the fact that in most cases, decision-making operators, speak-
ing in quantum language, do not commute with each other, i. e. they can not 
(as quantum measurements) be carried out simultaneously, and the sequence 
of actions changes the result [Busemeyer, Pothos et al, 2011]. This shows that 
human thinking and decision-making are not subject to Boolean logic, and, 
consequently, the problem of free will cannot be solved within the frame-
work of traditional rational discourse. It is quite possible that the efficiency of 
the brain is precisely associated with the fact that the brain can operate with 
superposition states similar to a quantum computer. Then the process of con-
templation of images by our contemplative-controlling I can be considered as 
an analogue of parallel quantum calculations without the collapse of the wave 
function, and decision-making — ​as the output of the result in discrete form. 
This means that contemplation itself must also be included in the process of 
free decision-making.
Quantum-like effects in behavior can also be observed when choosing under 
uncertainty where there is “social pressure” [Gorbatov, Solovyev et al, 2019]. 
The paper shows that the tips presented by the test persons when answering 
questions with knowingly ambiguous answers, strongly affect the test result, 
shifting the probability of answers in the direction of the available tips. In this 
case, the generation of false hints is a tool of influence on the results of testing 
in the group. An important result of the presented experiments is that the test 
results can be described using laser analogies. The developed laser-like model 
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considers the process of answering an uncertain question by analogy with 
the decay of an excited atom into various underlying states, and the answer 
in the presence of hints as an analogue of the induced decay of the excited 
level, when the hint changes the probability of the answer of the test person, 
as well as the quantum of light flying past the excited atom affects the prob-
ability of the decay of the excited level into a certain underlying state. These 
data, as well as the quantum-like description of the Tversky and Kahneman 
experiments, shows that quantum analogies can be useful for describing hu-
man behavior, and this, in turn, requires the search for fundamental reasons 
for the existence of quantum-like effects in human behavior. Furthermore, the 
presented data on the study of social induction demonstrate that the influence 
of external information influence on decision-making can significantly limit 
the free will of a person.
The question of the essence of the process of contemplation and the division 
of the contemplative-controlling I and the contents of consciousness, as can 
be understood from the above, is important for understanding the decision-
making process. In this regard, it is appropriate to dwell on the results of an 
experimental study of neurobiological activity of the brain in meditation or, 
more strictly speaking, in the process of controlled stopping of the internal 
monologue, i. e. in the absence of thoughts of test person [Moiseenko, So-
lovyev et al, 2019]. On pic.4 a tomogram of brain encephalographic activity 
of test person who was in a controlled state of stopping the internal mono-
logue (inner silence, absence of thoughts) is presented. The state of absence 
of thoughts was determined by subjective reports, according to which in this 
state in the absence of the permanent flow of thoughts, from time to time the 
spontaneous formation of certain thoughts is observed, which, however, sub-
sequently faded due to the fact that the test person was not concentrated on 
them and chose a state of silence. An important feature of the state of inner 
silence is that the test person, in the absence of thoughts, was aware of his 
subjectivity, i. e. his contemplative-controlling I. This confirms the fact that 
the abstract I  cannot be associated with the content of consciousness [So-
lovyev, 2019]. An interesting feature of these experiments is that in the state 
of internal silence there is a significant activity in the gamma range. This is 
coincident with the results of work [Lee, Kulubya et al, 2018]. From the point 
of view of the study of free will, these experiments are of interest as a confir-
mation of the logical decision-making scheme described above and presented 
on pic.3. Namely, in this case there was a phase of spontaneous emergence 
of thoughts, a phase of their realization and a phase of the choice of a state of 
silence due to suppression of the appeared thought.
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Figure 4. Topograms of neurobiological activity of the brain in a state of inner 
silence (open eyes).

Analyzing Libet’s experiments, it should be noted that their important fea-
ture is the inclusion of a purely subjective phenomenon of awareness. It is 
noted in the work [Libet, 1999]: «Our own previous studies have indicated 
that awareness is a unique phenomenon in itself, distinguished from the con-
tents of which one may become aware». In addition, Lisbet notices: «The 
content of an unconscious mental process (e. g. correct detection of a signal 
in the brain without any awareness of the signal) may be the same as the con-
tent with awareness of the signal. But to become aware of that same content 
required that stimulus duration be increased by about 400 msec». Compar-
ing this conclusion with the results of the work [Moiseenko, Solovyev et al, 
2019], we can say that awareness is connected not only with the specific con-
tent, but also with the awareness of its absence or the awareness of one’s own 
contemplative-controlling I. In Libet experiments awareness occurs when the 
preparedness potentional gets to some certain value 400 msec after its spon-
taneous appearence. It can be assumed that in experiments [Moiseenko, Solo-
vyev et al, 2019] the appearance of thoughts in a state of intelligent silence is 
also the result of random fluctuation, which is amplified to a certain level, and 
then faded, due to a certain effort by the test person. Thus, the process of sup-
pressing thoughts in a state of intelligent silence or meditation confirms the 
possibility of veto right in decision-making, described by Libet in the work 
[Libet, 1999]. In this sense, we can consider the state of intelligent silence as 
a manifestation of free will, as a free choice of state without thoughts.
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It should be noted that the described process of intelligent silence has much 
in common with the process of reflection, when a person calmly thinks about 
certain situation, “considers” some arguments and counterarguments. Usually 
in the process of thinking a person formulates vital attitudes for himself and 
makes goal-setting. Making subsequent decisions associated with a particular 
situation is carried out similar as illustrated on pic. 3. In the human brain, vari-
ous options for responding to the situation are generated, and the person either 
allows the fulfillment of this response, or imposes a veto and proceeds to con-
sider the next option of action, comparing it with his life settings and goal-set-
ting. At the same time, awareness should play a key role in decision-making, 
because it allows you to track the momentum for action, check it with your 
own goal-setting and decide on the continuation of the action or on the impo-
sition of a veto on it. In a stressful situation, actions are performed, as usual, 
unconsciously. This saves time on making vital decisions. However, this can 
lead to actions that are contrary to fundamental life attitudes.
In conclusion we note, that free will is an extremely complex phenomenon, 
which is very difficult to study by traditional methods, because they are some-
how connected with the phenomenon of awareness and the phenomenon of 
the abstract or contemplative-controlling I. This means that the study of the 
phenomenon of freedom should combine the methods of objective instrumen-
tal research with the methods of research of the subjective inner world of 
human. It is important to note that free will is incompatible with the classical 
Descartes-Laplace determinism, and for its explanation it is necessary to in-
volve the ideas of quantum mechanics to describe the brain activity
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Chapter 22.  
Learning Video-sequence Enhancement with Synthetic 

and Real Data

A. A. Boiko

Introduction
The signal restoration problem can be represented as finding a certain inverse 
function of degrading model of the unknown clean image, applied to the un-
known clean images. These degrading models break down into categories, 
such as blur, noise, compression artifacts, resolution loss, etc. Traditionally, 
it is required to prepare data for a reliable representation of the generated 
distortions and their statistical characteristics to train networks solving im-
age reconstruction problems from clean-corrupted image pairs However, the 
preparation of the data might be hindered by non-trivial modeling of the im-
age degradation process, which may be poorly correlated with actual distor-
tion due to unknown statistical parameters [Liu et al., 2014].
In this paper, we considered the use of the corrupted data itself for inverting 
degradation that appears while shooting on Bayer filter matrix. This kind of 
noise is quite popular in researching [Nazari, 2017] due to natural dependence 
on the signal value. Previously, the various sets of images and data were pre-
sented, based on the various approaches — ​shooting a sequence of frames of 
the same scene, with permanent exposure and ISO settings [Hasinoff et al., 
2016], shooting a scene with different exposure [Chen et al., 2018] and ISO 
[Anaya, Barbu, 2018]. In this work, for training noise suppression, two sets of 
images were used: [Chen et al., 2018], as a representation of images with real 
noise, and ImageNet [Russakovsky et al., 2015] with subsequent synthetic 
augmentation.

Experimental results
The residual neural network RED30 was chosen for training. This network 
contains symmetrically convolution layers that perform the encoding, and 
deconvolution layers for decoding. Convolutional layers eliminate noise 
and distortion, layers with deconvolution associate single input activation 
with multiple outputs and are used as learning layers that increase resolution 
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and detail. This network showed itself well in solving problems of noise 
suppression and image restoration [Mao et al., 2016, Lehtinen et al., 2018], 
however, the number of parameters used by it is significantly large [Tai et 
al., 2017].
In [Lehtinen et al., 2018], the approach was proposed in order not to have 
the need to prepare long-exposure data. In the case the input and the out-
put of the network are both noisy images. It was shown that when using 
Gaussian noise, the training strictly converges to the same result as when 
using clean image as a target. The results we obtained during training in 
pairs “noise-to-noise” with synthetic augmentation of ImageNet images 
are shown in Figure 1.

Figure 1. The results of synthetic augmentation and stable Gaussian noise source in a 
pair of “noise-to-noise”.

In reality it takes assume that the Bayer image is subjected to Poisson-Gauss 
noise [Foi et al., 2008], so the noise term of augmented image is composed of 
two mutually independent parts (1):

	 s x h hy x x y x xp g( )( ) ( )= ( ) + ( )��  	 (1)

s  — ​standard deviation, hp  — ​Poissonian signal-dependent component; 

hg  — ​Gaussian signal-independent component, y x( )  — ​the original image, 

x x( )  — ​zero-mean random with std equal 1. So, the augmented image might 
be described with model (2), where a is the varying variance of Poisson sig-
nal-dependent component ay x y xp( ) = ( ){ }var �h  and b is the constant vari-

ance of Gaussian component:
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	 z x x ay x b x( )= ( ) ( ) + ( )� � �x x1 2  	 (2)

We trained the network with the stability of statistical characteristics of the 
Gaussian noise (the variance a) and randomly generated characteristics of 
Poisson noise (b). In this case the average metric PSNR for validation samples 
fell slightly compared with the results of the classical approach (“clean-to-
noise”) or previously presented concept, in which learning takes place in the 
“ideal” Gaussian noise model [Lehtinen et al., 2018].
However, in this case, it is still necessary to have pixel-aligned pairs of im-
ages with low exposure. Obtaining pixel-by-pixel aligned video sequences 
for video sequences is technically very difficult. This paper proposes the fol-
lowing solution. Under the assumption of the stability of the statistical char-
acteristics of real noise in any part of the image, it is proposed to scatter the 
original image corrupted by real noise into parts according to the scheme 
shown in Figure 2.

Figure 2. The scheme of scattering the image corrupted by real noise into pairs.

The resulting pairs are used in the training process of a neural network, which 
was slightly modified compared to the network in the previous experiment — ​
there is added layer for depth conversion of tensor from 4 to 3, thereby chang-
ing a bit the concept of symmetry, and forcing the network to learn demosa-
icing. The result of the proposed solution is a denoised image in RGB color 
model. The detailed scheme is shown in Figure 3.
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Figure 3. Image scattering scheme followed by feeding the resulting pairs into the 
neural network for training. Odd tiles represent pixels of input patch, the even ones 
are for tiles of reference patch, which is used in evaluating loss and comparison. The 
information of empty tiles is not used. H and W are for height and width respectively.

The result of training in the proposed scheme is presented in Table 1 and 
Figure 4.

Figure 4. The results of training within the framework of the proposed concept.

In Figure 4 the validation triad of images are shown respectively: the target 
image shot with a long exposure is used in the PSNR calculation with output 
one, but for a neural network it is never shown; the noisy image shot with a 
low exposure enters the neural network; and the output result. The demosaic-
ing algorithm with white balance settings was used to show the noisy image, 
since the contrast was naturally reduced by noise, its average brightness is 
much higher than the brightness of output one.

Reference RGB
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Table 1

Average PSNR on dataset [4] using RED30 network

Traditional approach 
(clean patch — ​noisy 

patch), 
real images

Noise-Noise [6],  
synthetic images

The proposed Scatter-
ing scheme, 

no reference frames are 
used, 

real images.

28.79 25.4 16.9

We can see that traditional approach outperform the proposed scattering 
scheme in PSNR. However, there is a serious issue with calculation of typical 
metrics in the case, and so far there are several assumptions about the reasons:

–	 the relocation of objects and their boundaries (pixel displacement of 
input-output pairs due to scattering);

–	 the complex demosaicing with non-trivial white balance;
–	 low average brightness compared to the ground truth picture.

Conclusions
In this work the approach of learning inverse degradation model for video 
sequence without clean images was proposed. The training method with si-
multaneous statistical parameters of noise was tested on samples with natural 
noise and proved to be visually effective, but now it requires further research 
of more relevant ways of evaluating itself to be compared with other solu-
tions.
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Chapter 23.  
Efficient hardware implementation of neural networks

D. O. Malashin, R. O. Malashin

A large number of works is devoted to the development of new types of 
networks. A much smaller number of works is devoted to the implemen-
tation of neural networks in specific hardware (for example, [Baptista et 
al., 2018]). The purpose of the report is to tell about the ways of effective 
implementation of neural networks in the end device. This work is an at-
tempt to offer some new solutions to maximize the capabilities of neural 
networks.
Hardware implementation of neural networks is an important part of mod-
ern development of artificial intelligence systems. It is payed much atten-
tion to such aspects as power consumption, computation rate, cost price 
of the solution, occupied space of the solution, etc. In particular, concrete 
parameters of the realization primary depend on levels of neural networks 
implementation: on-board implementation, on-chip implementation and im-
plementation on the part of the chip. At the same time — ​the concrete type 
of neural network usually may make a strong adjustment to realization. In 
the work we consider convolutional neural networks (CNN), which at the 
moment are the most powerful tool for image analysis (for example [Mal-
akhova et al., 2018; Malashin, Anisimov, 2016; Malashin, 2016]) and some 
other tasks.
A simplified scheme of implementation of the NN on a printed circuit board 
(PCB) can be represented as follows: There is some kind of host device (PC, 
phone, Android / IOS). The neural network is implemented on RAM, ROM 
and the main chip. In role of the main chip can be: processor device, FPGA, 
special custom chip (ASIC), microcontroller, etc. (Figure 1).
On figure 2 we can see the structure of on-chip NN implementation. In this 
case, in general, the entire neural network is implemented inside the chip, 
which serves as a hardware accelerator for a hardware solution, within the 
framework of which the use of the capabilities of neural networks is required. 
This NN chip interacts with other chips of this entire device using the stan-
dard protocol.
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Figure 1. On-board implementation scheme.

Figure 2. On-chip implementation scheme.

Probably, the most promising (and popular) version of implementation from 
the point of view of chip manufacturers is the implementation of the NN on a 
part of the crystal. Figure 3 structurally shows other hardware modules of the 
chip and the neural network is one of these hardware modules.
It is possible to highlight main difficulties in implementation of Convolutional 
Neural Networks (CNN), which are common to all levels of implementations:

–	 A lot of logical gates (logical elements) are required;
–	 High speed memory is required;
–	 Need in a great amount of mathematical operations to be parallelized.
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Figure 3. Part-chip implementation scheme.

Talking about efficient FPGA (field programmable gate arrays) implementa-
tion of large CNN’s — ​the approach can be passed on the two main proposi-
tions. First, it is necessary to use compression for storing the coefficients of 
CNN to reduce the size of high-speed memory [Tatar, Holban, 2012; SongHan 
et al., 2016]. Second, CNN must exist only when there are tasks for neural 
network (use of dynamic reconfiguration or partial dynamic reconfiguration 
is a solution).
We propose the following. In the default FPGA configuration, we use a spe-
cial neural network to determine from the input data (in our case, images) 
the best neural network at a particular point in time (or another algorithm) 
to solve this problem depending on changes in the conditions of the product 
(external, internal noise on the image, dynamic range, scenes, working tem-
perature, etc.). Thus, it is essentially a network for choosing a neural network 
(or other solution). The only task of this network is to choose from a variety of 
algorithms — ​the best one solution according to the specified quality criteria 
(Figure 4).
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Figure 4. The proposed solution.

Let’s look on the following example of our proposed solution (Figure 5). 
There is an FPGA with preloaded Special Neural Network (SNN) for choos-
ing what CNN to use. It uses a small amount of chip space. The rest of chip 
space is free and turned off from static power consumption. The overall power 
consumption is low.
On the next step this SNN choses the best one solution according to the input 
data analyses and configures FPGA with the chosen configuration image from 
ROM. For example, it can be CNN_1 from Figure 4. Here the overall power 
consumption is higher comparing to the previous step.
Further, if the solution obtained by CNN_1 is not sufficient (does not satisfy 
some criteria), then the special SNN is loaded again to select a solution, and 
then it can load another configuration from the ROM, for example, Algo-
rithm 2.
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Figure 5. The proposed solution implementation.

One should admit that training SNN is a difficult task. In fact, it can be shown, 
that true optimal algorithm for SNN conditioned on input data should be as 
complex as networks that actually solves the task. But we consider usage of 
the approximation of optimal algorithm that can be magnitudes “cheaper” 
in terms of computational complexity. We are going to research the possible 
SNN architecture and its training strategy in future.
Anyway, there are many possible ways of using this approach. For example, 
it is possible, depending on the conditions, to directly call the algorithms se-
quentially, bypassing the call of a SNN. It is possible, as an option, to perma-
nently have an operating SNN in the FPGA to constantly monitor the current 
decision and reduce the time to call another solution. A special neural network 
can also make decisions on loading several neural networks simultaneously 
(or other solutions in FPGAs) if it understands that the greatest probability is 
that it will be necessary to move to these solutions in the future according to 
the dynamics of changes in the input data. So, in general, the scope for cre-
ativity in the proposed approach is huge.
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Chapter 24.  
Image enhancement with the use of object features

M. A. Titarenko, R. O. Malashin

Introduction
A common approach in computer vision is to separate low-level vision tasks, 
such as image enhancement, from high-level vision tasks, and solve them 
independently. In [Liu, Wen, 2019a], a method of teaching a deep neural net-
work using high-level information as an additional quality control of noise 
suppression is proposed. In the case high-level information is extracted from 
another neural network that solves the problem of high-level computer vision 
[Liu, Wen, 2019a]. It is possible to extract high-level features in various ways. 
One can only use the network output as done in [Liu, Wen, 2019a]. Alterna-
tively, it is possible to extract features from lower layers of the neural network 
[Liu, Wen, 2019b]. The current work uses the first approach.
The purpose of this work is to conduct a series of experiments on the training 
of a model consisting of two convolutional neural networks (the first solves 
the problem of image quality improvement, the second classifier) to solve the 
problem of classification in presence of noise and blur.

Experiments
In [Liu, Wen, 2019a], the cascade network architecture is proposed so that it 
processes the input of noisy images by successively combining a network for 
noise reduction (preprocess net) and another network for a high-level com-
puter vision task (HL-network), with the goal to restore image that achieves 
maximum accuracy when performing various high-level tasks. A preprocess 
net is first applied to the input image, and then the reconstructed image is fed 
to the network performing a high-level task. In this work we have considered 
similar architecture.
During the experiment’s dataset cifar10 was used. This dataset contains 60000 
pictures of 10 object classes: cats, dogs, horses, etc. 50000 training sample 
images and 10000 test images were selected from the dataset.
Unet [Ronneberger et al., 2019] was used as preprocess net. Classification 
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was chosen as a high-level task. resNet20 [He et al., 2019] architecture was 
pretrained on cifar10 dataset (92.4 % accuracy). In further experiments with 
a cascade of two networks, weights of this trained model were used. The 
network training strategy is as follows: firstly, the high-level task network 
pretrained on clean images is initialized. In one pass the reconstructed image 
and high-level information is obtained. Image recovery quality and high-level 
information are used to change the weights of the network. Then classification 
and reconstruction loss are computed. Only weights in the preprocess net are 
updated by an error propagated back from the HL-network, which is similar 
to minimizing “perceptual” loss for the high-level task network. The weights 
of the HL-network do not change during the training. An important part of 
learning networks is the loss function, which is the subject of research of this 
work. Joint loss of denoiser and HL-network in the case is a weighted sum of 
the reconstruction loss and the high-level task loss. The reconstruction loss 
is the mean square error (MSE) between the output of the denoising network 
and the clean image. The classification loss is the cross-entropy between two 
vectors encoding the predicted label and the ground truth label.
The scheme of the cascade network and training strategy is depicted in figure 1.

Figure 1. Cascade network architecture.

Two series of experiments with different types of distortions were carried 
out: with noise, and with blur. To complicate the task for preprocessor net, 
parameters of noise and blur were randomly picked from specific range. For 
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gaussian noise σ was in range from 3 to 80. Blur was generated with gaussian 
kernel with size in range from 1 to 7. Four experiments were performed in 
each series:

1.	 Single classifier. Only the classifier is trained with a classification loss.
2.	 Cascade of two networks. Only the Unet is trained with a classification 

loss.
3.	 Cascade of two networks. Only the Unet is trained with a low-level 

loss.
4.	 Cascade of two networks. Only the Unet is trained with a sum of clas-

sification and reconstruction losses.
Table 1 contains the results of the experiments with the accuracy (in percent) 
of the classification. For comparison we added the results of the network clas-
sifier, trained on clean images.

Table 1

Summary table with accuracy (in percent) of the classification of corrupted 
images for all trained models

Model Type of experiment Noise Blur

Single classifier

Trained with distorted images 80.2 82.0

Trained with clean images 52.2 70.6

Cascade of two 
networks

Classifier loss 53.1 20.1

Reconstruction loss 73.2 44.1

Sum of Classifier loss and Reconstruction loss 63.1 38.2

We’ve found out that training the cascade of networks on noisy images with 
classification loss provides unexpected dynamics. Figure 2 shows the training 
curves in that experiment.
According to graphs on figure 2 the model increases the classification ac-
curacy throughout the course of training, but after 40th epochs, the quality 
(in terms of PSNR) of images starts to decline. This means that, in addition 
to solving the problem of denoising, Unet begins to introduce distortion into 
images that helps the classifier but reduces the PSNR.
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Figure 2. The training curves. (a) Classification accuracy on training sample. (b) 
Classification accuracy on test sample. (c) PSNR on training sample. (d) PSNR on 

test sample.

In order to check whether the Unet network can learn to repeat an image 
without distorting it by using high-level loss, an experiment was performed 
to learn preprocess net with clean images and classification loss only. In the 
process of learning the model overfits very quickly. As a result, the maximum 
accuracy of 36.4 % was achieved after the first epoch. Figure 3 show the ac-
curacy on the test and training samples.

Figure 3. The training curves. (a) Classification accuracy on training set. (b) Classifi-
cation accuracy on test set.
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Conclusions
For all of the experiments with noise and blur cascade of networks showed 
results lower than single classifier network. For denoising experiments with 
two network maximum classification accuracy is obtained when training pre-
processor network directly on corrupted-clean pairs of images with MSE. 
Propagating classification loss during training doesn’t improve the result. To 
increase the accuracy, we are going to conduct a series of experiments back-
propagating loss of the classifier network features computed on clean and 
corrupted images.
We have also shown that backpropagating high-level information from the top 
layer of classifier network when training preprocessor net can lead the latter to 
produce image distortion. The possible explanation is that preprocessor learns 
to reach some image space that is not covered by the training set. Exploiting 
this effect can help to find out some novel ideas on how to improve classifiers 
and how to fight adversarial attacks on them. We are going to investigate this 
in our future work.
It appeared to be more difficult to train cascade network with blurred images 
than with noisy images. For blurred images every experiment lead to overfit-
ting. We’ve observed the same effect when training on clean images. That 
may be caused by too complex Unet model. We are going to investigate this 
in future experiments. However, the results show evidence that adding Gauss-
ian noise to images in the scheme can have a regularization effect and prevent 
overfitting.
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Chapter 25.  
Neural network models of second order visual filters

D. V. Yavna, V. V. Babenko, K. A. Ikonopistseva

Second-order visual filters decode spatial modulations of contrast, orientation, 
and spatial frequency. Using these mechanisms, we obtain the information 
necessary for figure-background segmentation, detection of textural boundar-
ies, decoding monocular depth features, and reconstructing the three-dimen-
sional surface structure [Dövencioğlu et al., 2013, Victor et al., 2017]. There 
are evidences that their outputs are involved in both bottom-up and top-down 
attention control [Barbot et al., 2012], and models may be of interest for the 
development of visual saliency maps. This makes their modeling especially 
relevant in theoretical and practical senses — ​both for a better understand-
ing of fundamental perceptual mechanisms, and for developing algorithms 
for constructing visual salience maps and predicting an observer’s attention 
shifts.
At the moment, there is a well-developed approach to modeling second-or-
der mechanisms, based on both psychophysical and neurophysiological data 
[Graham, 2011]. Initially it was supposed and then was neurophysiological-
ly confirmed (e. g. [Zhou, Baker, 1996]) the existence of special neural ele-
ments — ​second order filters, which combine the rectified outputs of the first 
order filters. Simple striate neurons are considered as these latter. First-order 
filters intrinsically may work as detectors of spatial brightness modulations, 
but are not able to detect periodic spatial changes in contrast, orientation, or 
spatial frequency. This requires rectification and second-order filtration at a 
lower spatial frequency — ​similar to principles of decoding modulations in 
analog radio communication. “Filter — ​rectify — ​filter” (FRF) is one of the 
generally accepted names of such models.
Different versions of the models well explain the experimental effects of 
perceiving spatial heterogeneities in artificial stimuli. However, the details of 
such models, as well as the results of different authors, may not coincide and 
even contradict each other. Thus, such issues as the organization of recep-
tive fields of second-order filters, the ratio of orientation settings of first and 
second-order filters, the specificity of mechanisms to the modulated feature, 
and a number of other questions were discussed for a long time [Babenko, 



D. V. Yavna, V. V. Babenko, K. A. Ikonopistseva	 199

Ermakov, 2013]. For a number of such issues, there is still no generally ac-
cepted point of view. Thus, despite the seeming simplicity of the modeling 
approach, the implementation of a realistic computer model using digital 
image filtering is difficult. This is explained both by the contradictions in the 
results of different studies, and by the need for an empirical fitting of a set 
of parameters that make the model quite architecturally and computationally 
complex.
Modern convolutional neural networks are universal tools for solving 
hard-to-formalize tasks. We believe that the modeling of second-order visual 
mechanisms using modern neural networks can be performed more efficiently 
in comparison with earlier approaches based on digital image filtering. The 
effect of modeling using neural networks is to eliminate the need for “manu-
al” fitting of model parameters, as well as to significantly reduce development 
time and eliminate subjective factors. Also, in the common case, the convolu-
tional neural network should be characterized by greater invariance to random 
changes and distortions in the image.
We investigated the trainability of the convolutional neural network in classi-
fication and demodulation of spatial modulations that are defined by periodic 
changes in contrast, orientation, and spatial frequency. Training was conduct-
ed using artificial textures which were randomly modified in modulated local 
feature, the slopes of the carrier and envelope axes, the carrier and envelope 
wavelengths, the phase shift of the modulations, and in average brightness 
and contrast (Figure 1). The texture synthesis algorithm is based on changing 
the parameters of the synthesized micropatterns depending on their location; 
it is described in detail by N. Prins and F. Kingdom [Prins, Kingdom, 2003].
Continuous trigonometric functions were used as modulators. Texture sizes 
were 256×256 pixels in grayscale. A total of 15000 images were generated, 
5000 for each modulated attribute. 3500 images of these 5000 were taken for 
learning, the rest were used for validation and testing. Thus, the number of 
images in the training sample was 10500.
Training calculations were done using Keras and Tensorflow. Initially, the net-
work was trained to classify the modulated feature. It was possible to train the 
network of five convolutional layers with 98 % accuracy. “Relu” activations 
were used all hidden layers. Filter sizes from first to last convlayer are 3×3, 
3×3, 5×5, 5×5, 7×7, there were 64 filters on each layer. After each such layer, 
2x2 pooling was performed. Networks with fewer convolutional layers could 
not be trained at an acceptable level of accuracy.
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Figure 1. Modulated textures formed from Gabor micropatterns. From left to right: 
modulation of contrast, orientation, spatial frequency.

Visualization of filters learned by convolutional layers using gradient ascent 
in input space [Chollet, 2017] showed that the main operations for processing 
the input signal are performed in layers 1–4, and most of the filters specialize 
in the analysis of spatially distributed texture features. The network does not 
produce local detectors of oriented gradients which often learned by convnets 
being trained on object images. Special attention should be paid to the second 
layer, where the signal is likely splitting by spatial frequencies (Figure 2).

Figure 2. Patterns that cause the maximum response of filters in the second convolu-
tional layer.



D. V. Yavna, V. V. Babenko, K. A. Ikonopistseva	 201

In contrast to the underlying ones, the filters of the fifth convolutional layer 
specialized mainly on “global stripes” [Graham, 2011], so it can be consid-
ered as a decision-making layer (Figure 3).
Thus, we were able to verify the possibility of training the simple convnet for 
classifying spatial modulations in a reasonable time with good accuracy.

Figure 3. Patterns that cause the maximum response of filters in the fifth convolu-
tional layer.

After training the classifier we proceeded to the develop of decoders which are 
architecturally similar to denoising autoencoders. We trained models specific 
to a particular modulation, as well as a non-specific model that decodes mod-
ulations regardless of modulated feature. For both specific and non-specific 
models, an acceptable demodulation quality was achieved with an eight-layer 
(4 encoding and 4 decoding layers) auto-encoder. It should be noted that the 
coding — ​decoding accuracy for specific models was slightly higher than for 
non-specific ones. An example of the texture processing using a model specif-
ic to spatial frequency modulations is shown in Figure 4.



202 	 Chapter 25. Neural network models of second order visual filters 

Figure 4. Modulated textures (top) and the results of the spatial frequency modula-
tion decoder (bottom). From left to right: modulation of contrast, orientation, spatial 

frequency.

The results suggest that coding of spatial modulation requires less convolu-
tional layers than classification, and it’s possible to create the universal decod-
er of spatial heterogeneity signals using a more diverse training set.
Currently, convolutional neural networks, originally designed under the in-
fluence of the discoveries of D. Hubel and T. Wiesel [Malakhova, 2017], are 
of great interest among researchers of the visual system. However, it should 
be borne in mind that modern implementations of neural networks are based 
on tensor mathematics, but not on models of natural neurons, and the devel-
opers themselves warn about the dangers of direct analogies [Chollet, 2017]. 
Artificial neural networks should be considered first of all not as models of 
structures, but as models of functions, e. g. recognition of emotional faces 
[Shelepin, 2017]. Using the artificial networks for modeling the brain func-
tions gives new possibilities in saliency maps development, making it possi-
ble to test hypotheses about the contributions of certain physical characteris-
tics of the image to the “attractiveness” of a particular fragment of the scene.
Supported by RFBR, project No 18–29–22001.
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Chapter 26.  
Gioconda’s Smile — ​from biological to artificial neural 

networks

O. V. Zhukova, K. Yu. Malakhova, Yu. E. Shelepin

Introduction
The understanding of recognition of facial expressions by the human vi-
sual system and modeling of this process with artificial neural networks 
remains an important problem of the vision sciences. Existing algorithms 
quite successfully cope with recognition tasks in above-threshold condi-
tions. When decision is made in the presence of uncertainty, the effective-
ness of such models drops significantly. An example of the uncertainty 
in the perception of facial expressions is the “smile” of the Mona Lisa. 
Leonardo da Vinci perfected the change in the curve of the lips, imitating a 
smile, to a threshold value. At threshold values of the signal (smile), under 
the influence of the internal noise of the visual system, facial expressions 
cause the observer to be uncertain (if the smile is present or not). The most 
effective algorithms in computer vision are convolutional neural networks, 
their performance is comparable to humans or even exceeds it. In contrast 
to the algorithms of the previous generation, neural networks efficiently 
work with natural images, similar to those that are found on a daily basis, 
and do not require manual programming of features: the selection of image 
characteristics and identification of their relationship to the final task. Deep 
learning models learn features automatically during the training process. 
They also demonstrate the ability to work with images regardless of the 
lighting conditions, size and view angle of the captured object. Although 
architectures of the models evolve at unprecedented rates, the core princi-
ples remain the same: the perceptron learning [Rosenblatt, 1965] and the 
hierarchical processing of the visual signal [Hubel et al., 1962; Fukushima 
et al., 1982], both derived from the observations of neural activity in the 
brain. As a result, artificial neural networks inherit functional properties of 
the biological prototype and naturally become a model of the visual cortex, 
allowing for the exploration of recognition process based on the analogies 
between these systems.
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In this study, we conduct a comparative analysis of the capabilities of biolog-
ical and artificial neural networks in recognition of facial expressions in the 
conditions of uncertainty.

Experiments
Neurophysiology of emotion recognition
In the neurophysiological part of the study, we recorded neural activity of 
24 subjects while they were performing emotion recognition task. The stim-
uli consisted of generated human faces (FaceGen — ​Singular Inversions, 
Canada) divided into two categories. The first category included images 
of 36 identities with pronounced facial expressions of joy or sadness and 
six-degree head turns from left to right on the built-in FaceGen scale (above 
threshold decision-making conditions). The second category included im-
ages of the same identities with neutral facial expressions and zero rotation 
(full face), thus, enforcing decision making under uncertainty. The stimuli 
were presented in four blocks: in blocks 1 and 3 images with neutral facial 
expression (category 2); in blocks 2 and 4 images with facial expression 
(category 1). The subjects were instructed to determine either the facial ex-
pressions or the direction of the head rotation of a virtual person. The re-
sponses were given by the left or right click of a mouse. The subjects were 
not instructed about the presence of images with a neutral facial expression 
and zero rotation. Such images were regarded as stimuli under a threshold 
for recognition. Thus, blocks 1 and 3 simulated extreme uncertainty condi-
tions.

Modeling with artificial neural networks
In the second part of the study, we implementation the process of emotion 
recognition using a convolutional neural network selected because of it func-
tional similarities to the processing in the ventral visual pathway [Guclu et 
al., 2015; Kriegeskorte, 2015]. As a base model we used VGG Face [Parkhi 
et al., 2015], trained to identify celebrities on a dataset of 2.6 million im-
ages collected on the Internet. The network was chosen because of its alleged 
ability to distinguish facial expressions learned implicitly as an augment for 
identification process. We retrain fully-connected layers on a dataset of 1000 
images categorized into two facial expressions (happiness and sadness). As 
the output, the network predicts the probability with which an image belongs 
to the category ‘happiness’.



206 	 Chapter 26. Gioconda’s Smile — from biological to artificial neural networks 

Convolutional neural networks process the image with filters that encode 
visual features in the form of weight matrices. The essence of the convo-
lution operation is to define the matching of an input to the convolution 
filter (or kernel). Since the filter size is smaller than the image, it is applied 
sequentially with a small step to cover the entire image, and the result is 
summed and recorded in the same position of the output image. Thus, an 
activation map was formed, which reflected the correspondence of an image 
to a filter. Filters of the first convolutional layer highlight simple features 
signs such as color and slope of the line — ​they are universal for almost 
all networks working with images, regardless of the task being performed 
[Malakhova, 2018].
The neurons of subsequent convolutional layers have larger receptive fields 
of the image and respond to increasingly complex shapes of objects, result-
ing in the ability to discriminate among categories of objects. Nevertheless, 
in convolutional layers the role of spatial arrangement in the neuron’s re-
sponse is preserved. It is only in the fully connected layers, when neurons 
response become invariant to the position or size of an object. This property 
of invariance is achieved by the transmittance of signal from all neurons in 
a convolutional layer to a neuron in fully-connected layer. Thus, the recep-
tive field covers the whole image and takes into account all possible spatial 
locations of objects.

Results

Results in a neurophysiological study series
Brain activity is studied using the functional magnetic resonance imaging. 
In the condition where images with explicit facial expression and head turns 
were presented, we observed two activation patterns indicated in Fig 1A by 
different colors. Yellow color indicates activation during performing the rota-
tion identification, while the blue indicates the emotion recognition. Note that 
both turn and emotion there were clearly expressed in this category of gener-
ated images. It can be assumed that in the presence of both features, they are 
automatically compared and ranked, for example, according to the degree of 
relevance, significance, complexity. Apparently, the activation of the Default 
network mode can be associated with the task of determining of the head turn. 
During the task of emotion recognition, activation is observed in the areas of 
the brain that are responsible for the emotional perception of stimuli (e. g., in 
the insular cortex).
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Figure 1. Activation maps obtained by comparison of neural response to stimuli of 
two categories. A) Subtraction of block 4 from block 2. Both blocks contain faces 
with facial expressions of joy or sadness and head rotation to the left or to the right. 
However, the instruction was changed: in block 2 subjects were asked to identify 
rotation, while in block 4 they determined facial expressions; B) Subtraction of block 
3 from block 1. In both blocks images had neutral facial expressions and no head 
rotation. Likewise to A, the instruction was changed: in block 1 subjects responded 
to rotations, in block 3 — ​to the facial expressions. C) Comparison of reaction time 
and accuracy of the recognition in different blocks. The x-axis shows the block of the 
experiment. In the case of blocks 1 and 3, the percentage of clicks on the right and 
left mouse buttons was counted (responses ‘head rotation to the right’ and ‘joy’ facial 
expression were chosen as the references). The values in blocks 2 and 4 illustrate the 
percentage of correct answers. Black dots point to the average value for the group of 
subjects. Data are presented on a group of subjects (24 people) (without FDR-corr., 

P <0.001).

Under the second condition both features were absent — ​images depicted 
faces with neutral emotions and no head rotation (Fig. 1B). As a result, two 
patterns of a large-scale neural network activation were observed. Orange 
color indicates activation in the rotation recognition task, which, as expected, 
involves the dorsal visual pathways responsible for the processing of spa-
tial relationships. Blue color indicates activations during the task of emotion 
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recognition, characterized by the involvement of areas responsible for the 
emotional perception of stimuli (for example, the insular lobe as in previous 
condition).
Response time and accuracy of the subjects responses presented on the Fig-
ure 1C. It can be seen that the recognition of facial expressions and head 
rotations in blocks 1 and 3 (under conditions of uncertainty) was a significant 
difficulty for the subjects, and led to a slower reaction time. The likelihood 
of recognizing facial expressions decreased to the level of random guessing, 
about 50 %.
Thus, in the neurophysiological experiment, various patterns of large-scale 
neural network of the human brain were identified according to the exper-
imental paradigm (alternating obvious and uncertain conditions for deci-
sion-making). In the case of simultaneous presence of such features as head 
rotations and facial expressions on a stimulus, it is likely that the features are 
automatically identified, semantically evaluated and discriminated despite the 
instruction. That results in the activation of the dorsal visual pathways respon-
sible for the description of spatial relationships during emotion recognition. 
And, vice versa, in the task of identifying the head rotation, activation is seen 
in the medial prefrontal cortex, which is known for the conscious and uncon-
scious empathy of the other person’s emotional state.

Results in a neurotechnological study series
The architecture of the deep neural network consisted of 13 convolutional and 
3 fully connected layers. We retrained fully-connected layers to categorize 
facial expressions on manually labelled dataset of 1000 images. The accura-
cy of categorization on a test set was 97 %. We then tested the model on the 
images with neutral facial expressions: the likelihood of image categorization 
into ‘joy’ class was in this case at the level of random guessing, about 50 %. 
For example, when recognizing the indefinite smile of the Mona Lisa, the 
model assigned a probability of 0.69 that the image belongs to the ‘joy’ class.
The Figure 2 visualizes the properties of the model and its response to the im-
age. Filters of the first convolutional layer detect simple features such as color 
and orientation of a line (Fig. 2B); they are universal for almost all networks 
working with images, regardless of the performed task. Figure 2C depicts ex-
amples of matching the filters with the input image, so-called activation maps, 
where the light areas indicate high similarity between a filter and a fragment 
of the picture.
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Figure 2. Visualization of the convolutional neural network analysing the Mona Lisa 
image. A) original image; B) filters of the first convolutional layer of size 3×3 pixels 
and 3 channels; C) activation maps obtained through application of the first convolu-
tional layer filters to the image. Light areas indicate high similarity between the filter 

and the fragment of the picture, while dark areas denote the absence of activation.

Conclusions
The ability to recognize emotions and facial expressions, such as a smile, is 
a highly accurate process in normal conditions for both humans and artifi-
cial neural networks. However, under the conditions of uncertainty (threshold 
and noisy images) the performance decreases to the level of random guessing 
in both systems. Observed similarities in performance may arise as a result 
of the functional resemblance of the systems with the core principle of the 
matched filtering as a similarity measure between the presented stimuli and a 
pattern learned by the network (e. g. smile).
With the advantages obtained through mimicking the visual processing of 
biological systems, artificial neural networks inherit their fundamental limita-
tions. On the other hand, the uncertainty of the model’s decision on the Gio-
conda’s smile (with probability 0.69 the image was categorized into the ‘joy’ 
category) may originate in the training dataset. If the dataset does not contain 
enough examples of uncertain images, the model cannot learn how to work 
with such cases. The latter, in turn, is limited by our ability to recognize emo-
tions under near threshold conditions.
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Chapter 27.  
Acupuncture as a Method of Neural Network Regulation

G. O. Andreeva, K. M. Naumov, D. V. Pechenchin

Acupuncture is a set of different methods for mechanical, physical, chemical 
or biological stimulation of biological active points which have been suc-
cessfully in use to treat ailments for over 5,000 years. Today this form of 
treatment is officially recognized by healthcare systems of Eastern, as well as 
Western countries; the mechanisms of such stimulation, however, still remain 
unknown and are being intensively studied.
The plethora of published research and author’s own investigations allow to 
claim for the efficacy of acupuncture, including with regard to enhanced neu-
roplasticity — ​the fact that allows to use this method in different stages of 
disease, i. e. prevention, relief of symptoms, and rehabilitation.
Traditional Oriental medicine suggests that acupuncture stimulation is based 
on a so-called system of meridians that interconnect all levels of human or-
ganism. Current knowledge about the structure and functions of nervous sys-
tem allows to treat it as a multitude of neural networks of different complicity. 
Hereby, more complicated neural network structures rely on simpler neu-
ronetworks of lower levels as a basis. This framework shows that in general, it 
is the ability of acupuncture to elicit a systemic response in central structures 
by stimulating peripheral points that underlies its mechanism of action.
In a generalized way acupuncture acts on the following levels: peripheral, 
segmental, and central.
The peripheral level (i. e. peripheral nerves and nerve plexuses) is the most 
well-studied and has been proved by various research evidence [Ma et al., 
2005; Berger, 2008, Goldman et al. 2010, Stux, 2000, Takano et al., 2012]. 
Acupuncture mechanisms rely on the following effects:

●	 	local reactions at the needle-tissue interface (aseptic inflammation);
●	 	local relaxation of contracted muscles;
●	 	locally enhanced microcirculation;
●	 	local immune response (mediated by lymphatic system and mast 

cells);
●	 local adenosine release and improve antinociceptive effect;
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●	 	neural response to stimulation of A-delta and C-axons;
●	 	modifications of neural plasticity on the level of afferent peripheral 

fibers and formation of new synaptic contacts with nerve terminals;
●	 	stimulation of DNA synthesis to activate tissue recovery and re-

placement at sites of acupuncture-caused injuries.
On the Figure 1A some this effect are demonstrate very schematically. The 
Figure 1B demonstrate the technology of immersing a needle for acupuncture 
along the edge of a cube of tissue conditionally selected and presented in 
three-dimensional space is demonstrated.

Figure 1. Peripheral effects (A) and technology (B) of acupuncture. 
1 — ​aseptic inflammation, enhanced microcirculation, 2 — ​modification of neural activity, 

3 — ​local adenosine release.

Segmental effects of acupuncture are associated with more complicated and 
multidirectional interactions [Ivanichev, 1999, Vasilenko, 2004]:

●	 ‘gate control’ mechanism and its relevance in suppressing pain im-
pulses at peripheral receptor sites by means of selective activation 
of thick myelinated fibers and attenuation of impulse transduction 
via small poorly myelinated and unmyelinated fibers [Melzack R., 
Wall P. D., 1965];



G. O. Andreeva, K. M. Naumov, D. V. Pechenchin	 215

●	 	release of endorphins (enkephalins and dinorfine) in the dorsal horns 
of spinal cord, which also induces analgesic effect;

●	 	activation of neurons in the spinal dorsal horns and transduction of 
stimuli to the brain stem via spinothalamic and spinoreticular tracts;

●	 	activation of descending inhibitory pathways
●	 	regulation of visceral organs through dermatovisceral reflex path-

way.
The effects of acupuncture resulting from stimulation of spinal cord (SC) seg-
mental levels are used for treating traumas and injuries of peripheral nerves, 
as well as regional pain and myotonic syndromes. More complicated mecha-
nisms involve the autonomic nervous system that includes cerebral structures, 
as well as SC segmental apparatus, SC intermediolateral nuclei, the sympa-
thetic column, vegetative ganglia, and plexuses of the thorax, abdomen, and 
lesser pelvis. Taken together with neural networks of individual organs (heart, 
bowel) known as the ‘metasympathetic’ nervous system, the autonomic ner-
vous system reveals to us its staggering complexity. This system is most likely 
to be responsible for positive response to treatment of vegetative-vascular 
dystonia, gastrointestinal disorders, hypertension, bronchial asthma, and oth-
er systemic disorders.

Figure 2. Segmental effects of acupuncture.
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Electromyoneurography, laser doppler and electrical skin resistance measure-
ments are relevant methods of control.
Central effects of acupuncture are mediated by neural networks of the cortex 
and basal ganglia. There are several underlying mechanisms:

●	 stimulation of central neuronetworks: systemic excitatory or inhib-
itory action on primary and secondary sensorimotor cortical fields, 
the areas of thalamus, the insular, frontal cingulate gyrus, and hippo-
campus [Wu et al., 2010; Lo et al., 2003; Lo et al., 2005];

●	 activation of primary cortical fields due to specificity of responses to 
stimulation of acupuncture points [Cho et al., 2013];

●	 mobilized limbic-paralimbic neuronetworks, including the caudate 
nucleus, amygdala, hippocampus, dorsal cingulate gyrus, and medial 
prefrontal cortex [Cho et al., 2013];

●	 activation of the hypothalamic-pituitary-adrenal axis along with 
ACTH production by hypothalamus and activated adrenal glands; 
the release of nonopioid neuropeptides, that regulate hypothalam-
ic-pituitary axis [Cho et al., 2001; Ma et al., 2005], modifies pain 
perception and immune responses.

Figure 3. Central effects of acupuncture.

There is evidence that raphe nuclei, reticular formation of the brainstem, cen-
tral grey matter, hypothalamus, thalamus, and cortex of the large hemispheres 
are intensively engaged in acupuncture stimulation at the central level [Pari-
ente et al., 2005; Napadow, 2007; Berger, 2008]. The release of enkephalins, 
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monoamines, serotonin, and noradrenaline in the midbrain (periaqueductal 
gray) activates the descending antinociceptive system. This induces physi-
ological analgesia and normalizes homeostasis, including activation of im-
munity, cardiovascular and respiratory system, which also accelerates tissue 
healing.
Neuronetworks of autonomic nervous system can be outlined with some de-
gree of approximation. Thus, parasympathetic activity is believed to be regu-
lated by hypothalamic nuclei (release of endorphins and nonopioid neuropep-
tides), the nuclei of the midbrain (glutamate) and medulla oblongata (opioids 
and GABA), whereas sympathetic activity is regulated by medulla oblongata 
structures. Prefrontal cortex is engaged in the activity of both parts of the ANS 
[Li et al, 2013].
Such methods as EEG and multipurpose transcranial duplex sonography are 
used to measure central effects of acupuncture. Cerebral spectroscopy and 
functional MRI also show promise [Hui et al., 2010].
Advanced functional MRI imaging provided evidence in favor of both gen-
eral non-specific and regional specific responses generated by acupuncture 
stimulation in certain areas of the brain. In particular, it was demonstrated that 
stimulation of GB37 acupoint activates the visual area (BA18 and BA19) of 
the occipital lobe of the cerebral cortex [Cho et al., 2013]. The name of GB37 
point — ​Guangming — ​means ‘bright light’. It is located on the anterior side 
of the fibula and is used to treat vision-related disorders, i. e. farsightedness, 
nearsightedness, night blindness, and eye pain.
The central effects of acupuncture stimulation are used for treatment of sleep 
disorders, pain syndromes (especially in patients with secondary disfunction 
of thalamus), various behavioral spectrum disorders (anxiety disorders first 
and foremost).
Today spectral analysis of heart rate variability (HRV) offers the most acces-
sible metrics to assess the effects of acupuncture stimulation. This method 
allows clinicians to gain control over acupuncture stimulation effect by ad-
justing the treatment scheme to every individual patient.
This method is exceptionally efficient in correcting vegetative disorders. 
Thus, it allows to prove that different modalities of stimulation applied to 
acupuncture points modify the activity of sympathetic and parasympathetic 
divisions of ANS. For example, acupuncture stimulation of the He gu points 
using tonification technique enhances sympathetic activity, whereas sedation 
technique applied to the Zu san li position enhances parasympathetic activity. 
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It is pivotal to continuously measure treatment efficacy, because central struc-
tures of the ANS may respond differently to acupuncture stimulation.
The case of a male patient, 21y, with no significant medical history remark-
ably demonstrates the effects of acupuncture on patient’s vegetative state. He 
was treated with acupuncture using disposable sterile needles (0,3х25mm) 
inserted in the Qu chi (LI‑11), Zu san li (St‑36) positions at the depth of 25mm 
perpendicular to skin surface and retained for 20 min. Needles were rotated 
clockwise and counterclockwise at instant needling and by the end of nee-
dling. The HRV analysis was performed before needling and 10 min after 
needles were removed. Before an acupuncture procedure the HF component 
of HPV moderately dominated the LF component. After the procedure there 
was an increase in the total power (TP), VLF, LF/HF ratio, and LF, with a 
decreasing effect on HF, which supports the regulatory effect of acupuncture 
mediated by sympathetic and parasympathetic divisions of the ANS, as well 
as central structures.

Figure 4. Spectral analysis of heart rate variability before and after acupuncture.

Conclusion: By modifying afferent flow patterns, different acupuncture tech-
niques affect neural networks of different levels and complicity. This optimiz-
es their performance and corrects functional disorders, which allows to treat 
both peripheral disorders and systemic diseases, provided that the modality 
of acupuncture treatment has been well-tailored. Such viewpoint is entire-
ly compatible with the experience of using acupuncture in clinical practice 
(according to research studies and our own observations) and allows to use 
unbiased methods to monitor efficacy of treatment.
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Chapter 28.  
Identification of visual and spatial disorders in 

Parkinson’s disease

P. S. Dynin, K. M. Naumov, I. V. Litvinenko, M. R. Alizade

Research objective
A research of frequency of occurrence of visual and spatial disorders at pa-
tients with Parkinson’s disease

Introduction
Impaired cognitive functions are an integral part of the clinical picture of the 
late stages of Parkinson’s disease (PD) [Litvan et al., 2018]. As the disease 
progresses, there is a regular increase in cognitive deficit due to mild disor-
ders, such as problems with operative memory and attention, up to severe 
forms reaching the level of dementia [Dawson et al., 2018]. In a number of 
works, special attention is paid to such a form of cognitive impairment as vi-
sual and visual-spatial impairment (VSI) [Weintraub et al., 2018]. This type of 
disorder is characterized by a number of manifestations that adversely affect 
the social adaptation of patients with PD. These include a violation of spatial 
orientation and understanding of the proportions of surrounding objects, color 
perception, changes in the perception of the contrast of objects, facial recog-
nition, visual illusions and hallucinations [Weintraub et al., 2018]. In turn, the 
most frequent manifestation of the considered symptoms are visual illusions 
and hallucinations, constituting about 30 % of the incidence among all VSI 
[Litvan et al., 2018]. According to modern data, the visual-spatial deficit man-
ifests itself to the greatest extent in patients with the presence of dementia, 
which is characteristic mainly for the late stages of the disease [Lee et al., 
2014]. In addition, a number of authors have shown that VSI in combination 
with other moderately severe cognitive impairments may be a predictor of the 
development of dementia in PD [Lee et al., 2014].
Taking into account the urgency of the above-described problem, it is of partic-
ular interest to diagnose and establish the mechanisms for the occurrence of VSI 
in PD, as well as the search for possible patterns of their formation and progres-
sion. Taking into account the specificity of the considered symptom complex, 
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the most important is to determine the degree of involvement of various struc-
tures of the visual analyzer at the stages of PD progression. Taking into account 
the presence of dopaminergic neurons in the retina and dopamine participation 
in retinal neurophysiology, it is necessary to determine the role of changes in the 
functional activity of the retinal neurotransmitter network and possible degen-
erative changes in its inner and outer layers in the pathogenesis of the formation 
of VSI in PD [Frederick et al., 1982]. These changes can be identified using 
the optical coherence tomography (OCT) of the retina. Recently, a number of 
authors have presented the results of the study of the organ of vision in patients 
with PD, in which this technique was applied [Satue et al., 2016].
In addition, it is advisable to determine the possible relationship of changes in 
directly different parts of the retina with the degeneration of the cortex. This 
can be identified using the MR-morphometry method, which is actively used 
in the diagnosis of neurodegenerative and vascular diseases manifested by 
cognitive impairment.

Materials and methods
To verify how frequent visual and spatial disorders in Parkinson’s disease 
may occur, we examined 62 patients with the established diagnosis Parkin-
son’s disease. Middle age was 65.26±5.23 years. The disease stage at patients 
made from 2.0 to 3.0 (Hoehn a Jahr scale). The following examinations were 
conducted: The UPDRS, the clinical and neuropsychological testing includ-
ing the Poppelreyter test (Figure 1), the Raven test, Rupp’s test, visual ex-
amination of an organ of vision, a retina research by method of an optical 
coherent tomography for the purpose of assessment of its thickness and an 
exception of the accompanying ophthalmologic diseases leading to formation 
of visual and spatial disorders.

Figure 1. Poppelreuter test (example).



P. S. Dynin, K. M. Naumov, I. V. Litvinenko, M. R. Alizade	 223

Criteria of an exception of group of a research was presence of ophthalmolog-
ic diseases, except for an initial age cataract, craniocerebral injuries, intense 
violation of brain blood circulation in the anamnesis.
Results and discussion: visual and spatial disorders were revealed at 47 pa-
tients from the examined group that made 75,81 %. Such as objective and 
simultaneous agnosia, the difficulty of orientation in space and in assessing 
the distance to objects. The following variants of illusory phenomena (17 
people) were identified: exometamorphic — ​“merging” and “blurred” letters 
when reading, periodic doubling in the eyes — ​in 13 patients, various parei-
dolias — ​in 6 patients (often identified with PD) [Uchiyama et al., 2015]. The 
visual illusions established at 17 patients (36,17 %) were the most frequent of 
the revealed symptoms. Difficult subject visual hallucinations were revealed 
at 11 patients (18,03 %). Simple visual hallucinations, feeling of the stranger, 
flashing of “front sights” were revealed at 9 (14,75 %) patients. At the same 
time, at patients with presence of an initial age cataract, visual disorders came 
to light more often than at group without its existence. Those ophthalmolo- 
gical disorders were excluded by optical coherence tomography (Figure 2).

Figure 2. Example of GCC OCT protocol results (the patient with PD had a com-
plaints to visuo-spatial deficit. OCT reveals ophthalmological pathology).
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Hallucinatory phenomena of varying severity were detected in 27 people. It 
should be noted that in most of these patients the criticism of hallucinations 
was preserved and they perceived them precisely as hallucinations. Many 
of them had elementary visual hallucinations: “points”, “sparkles”, “spots”. 
Of the complex phenomena were established: in 8 people — ​optical receptor 
hallucinosis, in 6 people — ​subject hallucinations, and these violations were 
detected mainly in the increased cognitive impairment group.
Conclusion: Thus, visual and spatial disorders take the important place among 
not motor manifestations of Parkinson’s disease. The most frequent of the 
found disorders are the hallucinations revealed at most of patients. Also it is 
necessary to pay attention to presence at patients with Parkinson’s disease 
of the accompanying visual pathology which can lead to formation of visual 
and spatial disorders. In this regard the research of interrelation of therapeutic 
and surgical treatment of ophthalmologic diseases at the patients with Parkin-
son’s disease having visual and spatial disorders and dynamics of change of 
manifestations of this symptomatology at successfully carried out treatment 
of pathology of an organ of vision seems perspective. Correction of motor 
complications, carried out, in particular, by dopamine receptor agonists, is 
undoubtedly the basis of successful treatment of PD, but their ability to cause 
visual hallucinations and other mental symptoms must be taken into account.
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Chapter 29.  
Genetics of visual perception: clinical aspects

A. P. Gerasimov, D. Yu. Shalygin

Neuroophthalmology is the section of clinical medicine between neurology 
and ophthalmology, studying the pathology of the visual pathway and oculo-
motor system. In Soviet Union and Russia it is associated with classical works 
of E. J. Tron, but his monographs were published near 50 years ago [Bing, 
Bruckner, 1959; Tron, 1966; 1968].
There are many medical advances in recent years. Neuroimaging techniques 
are widely available in technical and economic aspects. Method of visual 
evoked potentials has been improved through computer processing. There are 
many successes of paediatric, including neonatal, neurology. The spectrum of 
diseases that require neuro-ophthalmic counseling changes (disappearing of 
syphilitic and decreasing of toxic atrophies of the optical nerve).
It is necessary to accent fundamental advances: intensive progress of the 
physiology of vision and the rapid progress of molecular genetics [Gerasimov, 
Shalygin, 2017]. Physiology, including physiology of visual perception, has 
molecular background. Physiological processes are provided by the proteins 
(receptors, signal molecules, ion channels, ion pumps, enzymes, etc.). The 
structure and function of these proteins are determined by genes, which affect 
many organs and tissues (pleiotropic effect). Errors of the genetic apparatus 
lead to the insufficiently quantitatively or defectively qualitative correspond-
ing proteins.
Now basic instrument of both theoretical and practical genetics is Online 
Mendelian Inheritance in Men — ​OMIM (https://omim.org/) [Online Mende-
lian Inheritance in Men, 2019]. This open data base contains detailed informa-
tion about known genes and diseases with genetic associations. Both genes 
and diseases have unique numbers and cross-links.
Search in OMIM was executed twice: 20.11.17 (first discussion of these prob-
lems) [Gerasimov, Shalygin, 2017] and 30.05.19. Result includes both genes, 
and diseases, and dynamic was very significant. Request «visual perception» 
leaded to 62 entries in 2017, but to 1,416 in 2019. Request «visual disorders» 
leaded primary to 398 entries, but 1,5 years later there were 8,885 entries!
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Diseases as “the experiment, performed by nature” are illustrating associa-
tions between genetic and physiology.
Several diseases are associated with retinal pathology.
Retinitis pigmentosa has 85 (79 at 2017) genetic variants. Variants are mainly 
associated with disorders of visual perception: RP76 (OMIM: 606822), RP74 
(OMIM: 606151), RP69 (OMIM: 615757), PRP6 (OMIM: 613979), RP20 
(OMIM: 180069), RP59 (OMIM: 608172), RP64 (OMIM: 614477), C2orf71 
(OMIM: 613425), ARL2BP (OMIM: 615434) at al. These genes are from 
different functional groups.
NARP syndrome (Neuropathy, Ataxia, and Retinitis Pigmentosa) (OMIM: 
551500) is the mitochondrial disease. It is linked with mutation in gene 
MTATP6, coding subunit 6 of mitochondrial H(+)-ATPase. Major mutation is 
missens-mutation 8993T-G, leading to substitution LEU156ARG.
Different variants of retinal receptors damage were described. Cone-rod reti-
nal dystrophy with loss of color vision and of visual acuity is followed by 
nyctalopia (night blindness) and loss of peripheral visual fields. Genetic vari-
ants, associated with associated with disorders of visual perception: CORD2 
(OMIM: 602225), CORD8 (OMIM: 605549), CORD16 (OMIM: 614477).
Retinal dystrophy and iris coloboma with or without congenital cataract — ​RDICC 
(OMIM: 610942) is associated with MIR204 gene, encoding microRNA.
Retinal dystrophy, iris coloboma, and comedogenic acne syndrome: RDC-
CAS (OMIM: 615147) is associated with disorders of visual perception too.
Leber Hereditary Optic Neuropathy — ​LHON (OMIM: 535000) — ​is the mi-
tochondrial disease. There are 18 allelic variants, partially overlapping with 
retinitis pigmentosa, including mutation in gene of tRNA of Leu or disorders 
in Complex I, III, and IV polypeptides in the respiratory chain. Genes asso-
ciated with visual perception are: LCA12 (OMIM: 180040), LCA15 (OMIM: 
602280), LCA2 (OMIM: 180069), MTTL1 (OMIM: 590050) etc.
Many neurodegenerative diseases are associated with different forms disor-
ders of visual perception and oculomotor functions.
Pontocerebellar hypoplasia has phenotype: cerebral and cerebellar atrophy, 
atrophy of the pons (in some patients), oculomotor apraxia, nystagmus, poor 
visual attention. Variants are associated with visual perception: PCH1B 
(OMIM: 614678), PCH2A (OMIM: 277470), PCH4 (OMIM: 608755), PCH5 
(OMIM: 608755), PCH2F (OMIM: 608756), PCH9 (OMIM: 102771), PCH6 
(OMIM: 611524).
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Spinocerebellar ataxia in ophthalmology context has in phenotype not only 
optic atrophy and pigmentary retinal degeneration, but supranuclear oph-
thalmoplegia. Variants are associated with visual perception: SCA7 (OMIM: 
164500), SCA17 (OMIM: 607136) etc.
Different forms of epilepsy are associated with genes, involved in perceptive 
functions.
Familial temporal lobe epilepsy, 4 type, (ETL4, OMIM: 611631) is remark-
able example of focal genetic epilepsy.
Early infantile epileptic encephalopathy is big (> 70 variants) group of pro-
gressive neurodegenerative diseases with pharmacoresistant seisures with dif-
ferent ophthalmology disorders from atrophy of optical nerve up to cortical 
blindness. Association with visual perception was described for the type 5 
(EIEE5, OMIM: 182810) and 31, (EIEE31, OMIM: 602377).
With visual perception and its disorders are associated myoclonic epilepsy 
of Unverricht and Lundborg (EPM1A, OMIM: 254800) and generalized epi-
lepsy with febrile seizures plus, type 7 (GEFSP7, OMIM: 613863).
There are many other forms of epilepsy, associated with genes necessary for 
visual perception. More then, new associations are describing rapidly.
We have two possible interpretations of this fact:
1. Disorder of visual perception may be nonspecific associated with damage 
to the brain tissue during the progress of encephalopathy.
2. The same time, visual perception is associated with short-term memory, 
which is based on the reverberation of nerve impulses along closed neural 
circuits. Paroxysmal processes have a similar mechanism.
Role of mitochondria (including examples of NARP and LHON) is important 
because:

●	 Conduction and synaptic transmission are energy consuming pro-
cesses.

●	 Mitochondrial diseases are caused by mutations of more than 200 
genes.

●	 The distribution of modified mitochondria in the tissues is random, 
and the presence of clinical manifestations depends on their share in 
the cell (the phenomen of heteroplasmy).

●	 A significant part of cases are soft forms with minimal signs [Gerasi-
mov et al., 2018]
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As the example of disorder without clear molecular basis may be discussed 
hereditary prosopagnosia, OMIM: 610382. Almost all reported cases are 
of the acquired form, but there is evidence for a familial form as well. But 
there is no molecular description in OMIM, and the last publication was in 
2008.
In our previous publication (2017) [Gerasimov, Shalygin, 2017] we per-
formed analysis of cytogenetic localisations of described genes. We selected 
3 locuses:

●	 1p31.3 — ​LCA2 and RP20, 1p34.1 RP76, 1p36.11 — ​RP59,
●	 9q21.12 — ​RDICC, 9q21-q22 — ​ETL4,
●	 9q34.11 — ​EIEE31 and EIEE5.

Now analysis of distribution and interactions of many thousands genes needs 
especially bioinformative and interactomic algorithms.

Conclusions:
●	 Visual perception at various levels is associated with genes, the dam-

age of which is associated with retinitis pigmentosa, retinal dystro-
phy, LHON, pontocerebellar hypoplasia and spinocerebellar ataxia, 
early infantile epileptic encephalopathy.

●	 Often they may be grouped in common loci (1p31–36; 9q21–22, 
9q34) and can be inherited together

●	 On the visual pathway different genes have different localizations of 
functional activity 1.in receptor zone (retina), 2.in visual tract with 
subcortical centers and 3.in cortex.
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Chapter 30.  
Modern achievements in cochlear and brainstem auditory 

implantation

I. V. Koroleva, E. A. Ogorodnikova

According to the WHO, 466 million people suffer from hearing loss, 34 mil-
lion of them are children [WHO, 2018]. There are more than 5 million total 
deaf people in the world. Various hearing loss occurs in 1 % of people aged 
20 years. The number of age-related hearing impairments doubles every 10 
years. Among people over 65, at least 24 % of the population is affected by 
hearing impairment [Koroleva, 2012]. As WHO estimates, 1.1 billion young 
people aged 12–35 are at risk of hearing loss due to prolonged exposure to 
loud sounds when listening to music [WHO, 2018].
Hearing loss in adults leads to impaired communication and therefore causes 
problems of interaction in the family and at work, limited learning opportuni-
ties and professional duties, and to the disability due to significant hearing 
impairment [Koroleva, 2012]. Person with hearing loss often cannot fully 
perceive speech or distinguish other surrounding sounds. As a result, they ex-
perience anxiety and irritability, which, in the absence of rehabilitation, leads 
to various psychological changes and identity crisis, especially in people with 
late deafness: increased anxiety, depression, irritability, egocentrism, social 
isolation, etc. Their order varies depending on the personality type, the degree 
of hearing loss and the character of hearing impairment compensation, sup-
port for the immediate social environment.
In children, hearing loss is often congenital or occurs at an early age. In such 
cases, even a slight decrease in hearing leads to impaired speech develop-
ment, and with a deep decrease in hearing — ​to muteness. The consequences 
of hearing impairment in children are various secondary disorders of mental 
processes: perception, attention, memory, thinking, imagination, emotional-
volitional sphere, etc. All of this limits the child’s ability to learn, and in adult-
hood to gain a profession, find a job [Vygotskiy, 2000; Koroleva, 2012]. The 
child with severe degree of hearing loss receives disability status.
At present a whole arsenal of rehabilitation methods for people with hearing 
impairments is used. All these methods can be divided into 3 groups [Korol-
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eva, 2012, Koroleva et al., 2018]:
1. 	medical methods (conservative and surgical treatment of the pathology 

of individual peripheral structures of the auditory system),
2. 	technical methods (different devices for restoration of auditory func-

tion or compensation of hearing impairment based on undamaged ana-
lyzer characteristics),

3. 	psychological and pedagogical methods (methods of development, 
training, psychological assistance to people with hearing impairment 
due to compensatory mechanisms of the brain and creating favorable 
conditions for their social adaptation).

In some cases, there is a combination of medical, technical and pedagogical 
methods at integrated medical-technical-pedagogical rehabilitation technolo-
gies [Koroleva, 2018]. Such technologies include rehabilitation methods as-
sociated with the use of hearing aids and implants. In general, the technical 
means of rehabilitation of people with hearing impairment can be divided into 
two large groups (Figure 1).

Figure 1. Rehabilitation equipment for people with hearing impairment  
[Koroleva et al., 2018].

The modern approach to the rehabilitation of people with hearing impair-
ments involves a partial or full restoration of a subject’s ability to perceive 
sounds and speech. Today various technical devices are used to provide an op-
portunity to recognize surrounding sounds and speech for people with varying 
degrees and type of hearing loss (Figure 2):
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1. 	Traditional hearing aids (HA)
2. 	Implantable hearing aids
3. 	Cochlear implants (CI)
4. 	Auditory brainstem implants (ABI)
5. 	FM systems

Figure 2. Modern hearing devices and their location in auditory system structures 
[Koroleva, 2012].

Due to damage of the structures of the outer, middle, inner ear, the exter-
nal sounds come to the auditory system weakened. As a result, children and 
adults with hearing impairments do not hear quiet sounds, sounds of medium 
and significant volume are perceived as illegible, or do not recognized at all. 
Hearing aids (HA) amplify the sounds transmitted to the hearing system of 
a hearing-impaired person. These devices for amplifying speech and other 
sounds that provide the ability to hear ambient sounds and speech to people 
with mild, moderate, severe hearing loss and part of people with hard hearing 
loss [Handbook, 2009; Koroleva, 2012; Tavartkiladze, 2013].
However, for deaf people with the majority of auditory receptors damaged 
(hair cells), HAs are not effective for speech perception. Deaf patients are 
advised to use a cochlear implant (CI) [Cochlear implants, 2006; Koroleva, 
2012; Tavartkiladze, 2013]. The effect of CI is based on the fact that in case 
of sensorineural hearing loss with destruction of the cochlear receptors (hair 
cells) the neurons of the spiral ganglion and their axons forming the auditory 
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nerve remain intact for a long time. A significant portion of the auditory nerve 
fibers are retained even with a very long period of deafness or hearing loss 
due to meningitis. Unlike HA, which only enhances sounds, CI replaces dead 
cochlear receptors and converts sounds into electrical impulses that stimu-
late the dendrites of spiral ganglion neurons. These impulses are transmitted 
through the auditory nerve to the subcortical and cortical auditory centers of 
the brain causing auditory sensations and deaf person assumes the ability to 
hear speech, surrounding sounds, music.
CI consists of 2 parts — ​implantable and external. The implantable part in-
cludes receiver, chain of active electrodes (from 8 to 22), and reference elec-
trode (Figure 3). It is completely autonomous and has not any external outputs 
and batteries or other parts requiring replacement. The receiver case is made 
of titanium or ceramic, depending on the CI model. The implanted part of 
the CI is intended for life-long use without substitution, including under the 
growth of the child.

Figure 3. The device of cochlear implant [Koroleva, 2016].
A — ​the external part of CI with the speech processor, transmitter, microphone, power 
supply; B — ​the inner part of CI, including the receiver and the chain of active electrodes; 

C — ​the location of CI parts on the head and in the ear.

The external part of modern CI models from different companies includes a 
microphone, sound processor, battery placed in a boot similar to a behind-the-
ear HA, as well as a transmitter with a magnet. The transmitter locates behind 
the ear under the hair. It is attracted to the implanted part through the skin by 
magnet. There are CI models in which all components of the external part are 
packed in one block. For some CI, it is possible to temporarily remove the 
magnet from the receiver of the implantable part. It is necessary for nuclear 
magnetic tomography scanning. Recent CI models allow carry out such ex-
aminations without removing the magnet.
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The sound processor located in the outer part of the CI is a small-sized spe-
cialized computer. On the outer casing of the CI processor there are regulators 
that allow you to adjust the volume of sounds, choose a program for their 
processing, etc. There are also special indicators that control the operation 
of the CI, and the discharge of batteries. In addition, various external devices 
can be connected with this part of CI through a special connector — ​a phone, a 
player, an FM system, etc. In the modern models of CI systems, the regulators 
are located on the panel of remote control. It makes easier for the patient to 
manage them, and excludes the possibility of accidentally switching regula-
tors in children. Using the remote control, patient can simultaneously change 
the parameters of two CI processors in bilateral implantation.
The CI power source is rechargeable batteries or disposable batteries located 
in the battery block near the processor. The outer part of CI is removed dur-
ing sleep or bathing, as HA. With the latest CI models, the patient can swim 
without removing the external part.
Scheme of the work of cochlear implant (Figure 4, I):

●	 Speech and other sounds enter the microphone of the external part of 
the CI and are converted into electrical signals.

●	 Electrical signals are transmitted to the CI processor.
●	 In the CI processor the entire spectrum of the audio signal is fre-

quency filtering in accordance with the number of channels / elec-
trodes. Then, in each channel, signal processing (with different 
strategies) is performed and the signals are converted into encoded 
sequences of electrical pulses.

●	 The electrical pulses are transmitted by transmitter (held on the pa-
tient’s scalp using a magnet) in the form of radio signals to a radio 
receiver located under the skin in the temporal bone;

●	 The implanted receiver decodes the signal and sends it as a sequence 
of electrical signals to the electrodes in the cochlea;

●	 Electrical impulses stimulate the auditory nerve fibers. Different 
parts of the nerve are stimulated by different electrodes in accord-
ance with the spectrum of sound entering the microphone. The elec-
trodes in the initial part transmit information about low-frequency 
sounds to the apical part of the cochlea. Electrodes located closer to 
the receiver transmit information about high-frequency sounds to the 
basal part of the cochlea. Thus, the principle of tonotopic organiza-
tion of the cochlea and the auditory system as a whole is respected;
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●	 The fibers of the auditory nerve transmit information further to the 
auditory centers of the brain, where information about speech and 
non-speech signals is processed in the same way as in a normal-
ly hearing person and patient perceives diverse sounds, including 
speech and music.

The intelligibility of speech, perceived with CI, substantially depends on the 
coding strategy (conversion) of speech signals into electrical impulses. The 
following basic strategies of signal coding in CI system are used:

●	 strategies for highlighting speech characteristics;
●	 SPEAK strategy (spectral maximum detection strategy);
●	 CIS strategy and other advanced versions based on it;
●	 ACE strategy.

Figure 4. Schematic representation of the CI functioning [Loizou, 1998]. I — ​sche-
matic representation of the device of the CI system. II — ​detail of the processing of 
audio / speech signals in CI models with CIS coding strategy. III — ​schematic rep-
resentation of the conversion of sound signals into biphasic electrical pulses at differ-

ent stages of processing in the CI processor.
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CIS-strategy (Continuous Interleaved Sampling — ​continuous alternating 
strategy of fast coding) is the standard of application in modern CI systems 
(Figure 4, II). Under the CIS strategy, all electrodes are stimulated for each 
cycle, but not simultaneously [Wilson et al., 1991]. This allows to achieve 
a high frequency of stimulation of the auditory nerve (up to 83000 imp / s) 
and to avoid the application of electric fields during stimulation of adjacent 
electrodes. As a result, not only spectral, but also temporal characteristics of 
speech signals are transmitted, including information on transients, the enve-
lope of signals. This provides a better transmission of both segmented (pho-
nemes) and suprasegmental (intonational-rhythmic) characteristics of speech. 
At that the main parameters of stimulation, the change of which affects the 
intelligibility and sound quality of speech and other sounds, are the frequency 
of stimulation, the duration of the pulses, the order of stimulation of the elec-
trodes, the compression parameters of input signals (Figure 4, III).
In recent years, special attention has been paid to the development of new cod-
ing strategies based on the CIS strategy for advancing transmitting spectral 
information and information of the fine temporal structure in speech signals, 
including the low-frequency range, which is important for the perception of 
music and speech in noise, the prosodic characteristics. In most CI systems, it 
is possible to use different coding strategies. This allows audiologist to choose 
the optimal strategy for the patient or to help for experienced CI user indepen-
dently changes the strategy, according to signal category (speech, music) and 
acoustic environment (quiet or noisy conditions).
In spite of some differences in the design of implantable part of different 
CI models surgical approaches for their implantation are similar [Koroleva, 
2016]. The operation of implanting of the internal part of CI into the ear of a 
deaf patient consists of the following main stages (Figure 5):

1.	 cut of the skin behind the ear to provide access through the bone to the 
inner ear (before surgery, the hair behind the ear is shaved off);

2.	 preparation of the recess for the CI receiver in the temporal bone;
3.	 mastoidectomy;
4.	 drilling a cochleostomy to insert an electrode carrier (for some methods)
5.	 introduction of the electrode carrier into the cochleostomy or through 

the hole in the round window into the scala tympany;
6.	 installation and fixation of the CI receiver in the temporal bone, fixa-

tion of the electrode carrier;
7.	 skin suturing behind the ear.
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Figure 5. Stages of the surgery of cochlear implantation [Koroleva, 2016].
1 — ​incision of the skin on the head; 2 — ​mastoidectomy and posterior tympanotomy; 
3 — ​introduction of an electrode carrier into a cochleostomy; 4 — ​location and fixation of 

the CI receiver in the temporal bone.

After surgery, as a rule, computed tomography of the temporal bones is done to 
control the completeness of the electrode chain introduction into the cochlea. 
Most patients, including children, after the end of the action of anesthesia can 
get up and communicate. The day after surgery, the patient can independently 
move with almost no restrictions, although the bandage on their head remains 
for several days to protect the incision. Usually patients are discharged from 
the clinic 7–10 days after surgery. Most of adult patients report that they fully 
recover from surgery in less than two weeks. After surgery, the patient does 
not hear. He begins hearing only after connecting and programming the pro-
cessor located in the external part of CI.
However, cochlear implantation is not only a surgical operation. It is a com-
plex system of measures which includes 3 main components:

1. preoperative diagnostic examination and selection of patients: a com-
prehensive audiological examination, computed tomography of the 
temporal bones, MRI of the cochlea, consultations with audiologist 
and psychologist, a standard set of preoperative examinations. These 
measures are carried out in regional deaf centers or in the center of 
cochlear implantation (takes 2–5 days).

2. surgical operation, which performed by otosurgeon at the center of 
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cochlear implantation (the duration of 40–90 minutes).
3. postoperative auditory-speech rehabilitation of a patient with CI. The 

initial procedures include connecting the external part of the CI, pro-
gramming and setting up the CI processor (usually 3–4 weeks after the 
operation), classes with a special teacher and speech therapist to re-
store / develop auditory perception of sounds and speech with CI. For 
deaf children it also embraces the training of understanding of speech 
and developing of own oral speech with the skills of communication. 
In addition, psychological support of patient and all family, audiologi-
cal observation, technical aid and assistance in social adaptation are re-
alized. The measures carried out in the center of cochlear implantation 
(initial period), regional audiological and rehabilitation centers, educa-
tional institutions for children with hearing impairment. The duration 
of postoperative rehabilitation for postlingually deaf adult patients is 
1–3 months, for prelingually deaf children, up to 5 years.

Cochlear implantation is performed for adults and children with bilateral sen-
sorineural deafness or hard hearing loss. The earliest age of implantation in 
children is 6 months. For adult patients, the maximum age is limited only by 
the somatic state of the patient. By 2019, more than 550 thousand people use 
CI in the world.
Cochlear implantation refers to medical rehabilitation methods with a high 
economic effect. In terms of the indicator “financial costs / improving the 
quality of life”, it takes 3rd place after “intensive care for newborns” and 
“cardiovascular surgery” [Koroleva, 2016]. Most patients use 1 CI (implant 
for one ear) because of the high cost of the device. Some patients are ex-
posed to bilateral cochlear implantation. First of all, these are patients who 
have lost hearing due to meningitis, and deaf-blind children. In a number of 
economically developed countries, bilateral implantation is performed for all 
children. Bilateral cochlear implantation may be performed simultaneously or 
sequentially [Litovsky et al., 2004; Peters et al., 2010]. In the latter case, the 
interval between the first and second operation may vary from 6 months up 
to 20 years, and after implantation on the second ear, the patient also needs 
postoperative auditory-speech rehabilitation [Koroleva et al., 2019; Peters et 
al., 2010].
Thanks to cochlear implantation the ability to perceive the speech and com-
municate is restored in postlingually deaf adults. They can return to work and 
social activities. Prelingually deaf children with CI get the chance to learn 
and understand the speech and start speaking. The best results are achieved 
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in children implanted under the age of 2 years. With properly organized post-
operative auditory-speech rehabilitation their level of speech development 
approaches to the normal, which allows to study in a main-stream school and 
to receive any profession. In deaf children with complex impairments owing 
to CI, the possibilities of communication and learning are expanding. In all 
cases, the use of CI improves not only the quality of life of the patient, but also 
his family [Koroleva, 2016; Faulkner, Pisoni, 2013].
However, if the auditory nerves of the patient are damaged or the cochlea 
is fully ossified, then even CI will not help. For such patients, the method 
of auditory brainstem implantation has been developed [Colleti et al., 2009; 
Tavartkiladze, 2013; Koroleva, 2016]. The auditory brainstem implant (ABI) 
is inserted into the cochlear nuclei of the brain stem above the auditory nerve 
(Figure 6, I).

Figure 6. Scheme of the auditory system with the location of the ABI electrode car-
rier on the ventral cochlear nucleus (I), the tonotopic organization of cochlear nuclei 

with the surface arrangement of electrodes (II).
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ABI also consists of the implantable and external parts. The outer part of the 
ABI is the same as for the CI, the inner part as a whole is also similar, but the 
shape of the electrode carrier is different — ​in correspondence of the size and 
shape of the cochlear nucleus (Figure 7).

Figure 7. The device of the auditory brainstem implant [Koroleva, 2016].
A — ​the external part of the ABI, including a sound processor, transmitter, microphone, 
power supply (“Opus 2”, “MED-El”); B — ​the internal part of the ABI, including the re-

ceiver and the carrier of the electrodes (“Mi1000 Concerto ABI”, “MED-El”)

Auditory brainstem implantation includes the same components as cochlear 
implantation, but with certain features:

1. Preoperative diagnostic examination and selection of patients for sur‑
gery consists of standard set of measures for cochlear implantation + 
MRI of the cochlea and brain in the area of ​​the cerebellar angle. It 
is carried out in a neurosurgical hospital or in the center of cochlear 
implantation.

2. Neurosurgical surgery of brain stem implantation carried out in a neu-
rosurgical hospital. The duration of the operation is 5–8 hours. An im-
portant part of the surgery is the electrophysiological control of the 
location of the electrodes on the cochlear nuclei by recording brain 
stem potentials.

3. Postoperative rehabilitation is realized in the center of cochlear im-
plantation. The content of postoperative rehabilitation of patients with 
ABI is the similar to rehabilitation of patients with CI.

The number of ABI users is much less than the CI users. Up to 2018, only 
about 1,700 people with ABI were registered in the world. It is accounted by 
the fact that cases of auditory nerve damage as a cause of deafness are rela-
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tively rare. As well the ABI implantation is a more complex surgery, which 
can have serious consequences for the patient. In addition, the results of using 
ABI are inferior to success of the cochlear implantation. The small size of 
cochlear nuclei in comparison to the cochlea makes difficult the selectively 
stimulate individual frequency-specific zones of the nuclei. It is also more 
difficult to configure the processor of ABI and training of patients to perceive 
sounds and speech with ABI. Therefore, for a long time, such rehabilitation 
was single and performed only for adult patients with a diagnosis of neuro-
fibromatosis II, when after removing the tumors it was not possible to pre-
serve the auditory nerves. But in recent years, due to the improvement of the 
carrier of ABI electrodes, sound processors, and surgical methods, brainstem 
implantation is performed also for adults and children with full ossification 
of the cochlea, aplasia of the cochlea and auditory nerve, disturbances of the 
auditory nerves by a trauma.
In Russia, the first auditory brainstem implantations were performed to 3 pa-
tients (2 adults and 1 child) in 2014 with the participation of specialists from 
the St. Petersburg Research Institute of Ear, Throat, Nose and Speech, Pole-
nov Russian Neurosurgical Research Institute, Department of Neurosurgery 
of the Fulda Clinic and the University Hospital of Marburg (Prof. R. Behr) 
[Yanov et al., 2017].
It has been shown that in the majority of ABI users improves auditory-visual 
perception of speech. But some patients can only detect the sounds, while oth-
ers become able to perceive and distinguish speech, reaching 50 % of speech 
intelligibility [Skarzynski et al., 2000; Behr et al., 2007; Colleti et al., 2009; 
Matthies et al., 2013]. The quality of auditory perception and speech intelligi-
bility in patients with ABI depends on:

●	 the cause of hearing loss (after removal of the tumor the results are 
generally worse),

●	 the degree of brain damage as a result of compression by the tumor 
and during surgery,

●	 the location of the electrodes in the cochlear nuclei of brain stem and 
the number of activated electrodes,

●	 the age of the patient at the time of surgery. In children the develop-
ment of auditory perception with ABI is better than in adults. It is 
due to the plasticity of the nervous system in childhood, especially 
under implantation up to 2 years..

Difficulties in recognizing of sounds and slowly learning in patients with ABI 
relative to CI users is determined of narrower frequency range of perception. 
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The cochlear nuclei have a layered structure — ​afferent fibers of the high-fre-
quency part of the auditory nerve pass deep in the nuclei, and on the sur-
face — ​low-frequency (Figure 6, II). So, when using a flat surface electrode, 
mainly low-frequency afferents are stimulated. There are 2 hypotheses to ex-
plain lower speech intelligibility with ABI — ​the hypothesis of selectivity and 
the distortion hypothesis.
The hypothesis of selectivity — ​ABI cannot provide selective contact with 
frequency-specific zones of cochlear nuclei in accordance with their tono-
topic organization. Firstly, in the ABI the number of independent channels 
transmitting spectral information is limited. Secondly, each electrode of ABI 
activates large populations of neurons, the excitation fields of which overlap 
each other. As a result, the excitation boundaries of the frequency-specific 
region are blurred.
The distortion hypothesis — ​ABI distorts the activation of specific neural cir-
cuits in cochlear nuclei. Cochlear nuclei are complex structures with several 
types of specialized neurons that perform different functions. The projections 
of these neurons go to the ipsi- and contralateral superior structures in audi-
tory system. In addition, there are numerous connections between neurons 
inside the cochlear nuclei. With surface stimulation of nuclei, competing 
pathways are excited simultaneously and effect of interference distorting the 
efficient functioning of cochlear nuclei. At the same time, under stimulating 
of cochlear nuclei through the auditory nerve with CI, they function closer to 
the natural way.
Cochlear and brainstem implantation are constantly evolving technologies. 
The device and characteristics of the internal and external parts of the CI / 
ABI, surgical technique of implantation, methods of tuning the implant pro-
cessor and postoperative auditory-speech rehabilitation, methods of assessing 
the quality of fitting settings and the effectiveness of rehabilitation are con-
stantly improving [Koroleva, 2016].
Various parameters in CI systems are modernized:

●	 Reducing the size of CI;
●	 Design of fully implantable devices;
●	 Developing of strategies for processing acoustic signals;
●	 Improving the intelligibility of speech transmitted by CI (in different 

conditions, including in noise);
●	 Improving the perception of music with CI;
●	 Decrease of energy consumption;
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●	 Modification of electrodes for implantation under ossification or ab-
normality of cochlear;

●	 Perfection of electrode carrier to improve the quality of sound sig-
nals transmission, reduce trauma to the cochlea, etc .;

●	 Reducing the size of the implantable receiver, allows to simplify the 
surgical procedure and reduce its duration;

●	 Development of CI models combined with a hearing aid (elec-
tro-acoustic correction);

●	 Development of objective methods for tuning the CI processor;
●	 Development of binaural implantation;
●	 Design of CI models with minimization of the life limitations for CI 

users (swimming, MRI).
Auditory implantation is an example of a comprehensive medical-techni-
cal-pedagogical technology, where the final result depends on the success of 
each component [Koroleva, 2016].
Fitting of the CI / ABI processor is crucial for transmitting relevant features of 
different categories of sound signals, including linguistic elements of speech, 
which is necessary for their adequate speech perception and recognition by 
the CI / ABI users [Tavartkiladze, 2013; Vaerenberg et al., 2014; Koroleva, 
2016]. For the processors’ fitting the manufacturers are developing special 
equipment and programs that provide primary parameters of electrical stimu-
lation at the initial stage of using CI / ABI, and conditions of their correc-
tion according to auditory perception experience of patient under adaption to 
new conditions of hearing. The optimal parameters of electrical stimulation 
are individual and depend on a number of difficultly controlled factors — ​the 
state of the structures of the cochlea, auditory nerve, subcortical and cortical 
auditory centers of the brain, patient’s sensory experience, peculiarities of the 
location of the electrodes in the cochlea, etc.
Assessment of the CI / ABI processor settings is carried out by subjective 
and objective methods [Cochlear implants, 2003; Koroleva et al., 2013; Ta-
vartkiladze, 2013; Koroleva, 2016]. Subjective methods include assessing of 
patient’s reactions to stimulation — ​the minimum (threshold) and maximum 
comfortable levels of electrical stimuli, parameters of the volume balance for 
the ensemble of electrodes. A part of the comprehensive procedure of proces-
sor settings checking is testing the patient’s perceptual responses to acoustic 
stimulation, including determining tonal hearing thresholds with CI / ABI, 
speech intelligibility in silence and in noise, a subjective assessment of the 
quality of speech with CI / ABI, using questionnaires.
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Objective methods include recording physiological responses of the auditory 
system to electrical stimulation: stapedial reflexes (ESRT), auditory nerve po-
tential (ART), brainstem and cortical evoked potentials [Lorens et al., 2004; 
Kosaner et al., 2009; Shapiro et al., 2012; Bakhshinyan, 2014; Gransier et al., 
2016]. These methods are primarily used during the initial period of use of 
the CI / ABI in young children or prelingually deaf teens without auditory ex-
perience. However, even in these patients with growing auditory experience 
with CI / ABI, the subjective assessment methods are gaining more impor-
tance for the fitting of the parameters of electrical stimulation [Lorens et al., 
2004; Koroleva et al., 2013; Calvino et al., 2016]. The role of the perceptual 
assessment of the processor fitting quality also increases due to the develop-
ment of CI systems and transmitting the new cues of acoustic signals that are 
important for the perception of prosodic information and melody in speech 
or in music. These measures help to maximize the approximation of auditory 
perception with CI to the natural one. This determines the need to analyze the 
capabilities of CI users to adequately identify all diverse acoustic information.
To ensure such assessment of the quality of processor fitting a special battery 
of psychoacoustic tests was developed in addition to the traditional methods 
(recording ESRT, ART, tonal hearing thresholds, discomfort thresholds) and 
on the basis of the experience in using the training program “Learn to Lis-
ten” [Koroleva et al., 2003; Ogorodnikova et al., 2005; Ogorodnikova et al., 
2008; Koroleva et al., 2013]. Tests allow evaluate the patient’s perception of 
temporal and spectral characteristics of sounds with CI at different stages of 
rehabilitation [Ogorodnikova et al., 2008; Koroleva et al., 2013].
The developed battery includes 2 test blocks. The first of them is focused on 
checking the quality of the initial fitting of the CI processor according to the 
results of the perception of the basic characteristics of sound signals: dura-
tion, time structure, timbre. The tasks of block have a limited linguistic nature 
and, in general, reflect the universal character of audition. They are used at 
the beginning and at the end of the first rehabilitation session to control the 
settings of the processor in accordance with new auditory skills with CI (the 
daily auditory training). The second block is aimed to assess auditory per-
ception and quality of processor fitting in patients with experience of CI us-
ing (of 6 months). This block includes more complex tasks with pronounced 
linguistic component for training of the perception of dynamically changing 
speech signals, target speech signal in a complex acoustic scene (speech com-
petition, background noise) and to develop skills of acoustic orientation, etc. 
The approbation of test battery confirmed its efficiency, which is relying on 
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the possibility of adequate assessment of individual characteristics of the pa-
tient’s auditory perception at different stages of rehabilitation. It is especially 
important for patients with problems of processor fitting by only traditional 
methods and with serious deficit of speech environment.
Thus, in recent decades, the technical, medical and rehabilitation components 
of auditory implantation that provide a comprehensive solution for people 
with hard hearing loss and deafness have shown significant progress and es-
sential achievements based on the use of innovations in hearing aid technolo-
gies and new data of studies on hearing and speech physiology. Now the new 
perspectives in compensation of sensory and cognitive dysfunctions are asso-
ciated with the heavy development of modern neurotechnologies in the field 
of artificial neural networks and artificial intelligence.
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Chapter 31.  
Structural and functional features of the macula 

organization in schizophrenia

K. E. Kozub

Schizophrenia is a severe mental illness that affects more than 21 million 
people worldwide, according to WHO. Schizophrenia is characterized by im-
paired thinking, perception, emotions, language, self-perception and behavior.
The history of the study of visual functions in schizophrenia began with the 
work of E. Kraepelin and E. Bleiler. E. Kraepelin was the first to be able to 
obtain experimental evidence of impaired visual perception in schizophrenia 
[Cohen, Servan-Schreiber, 1992]. However, E. Bleiler was unable to confirm 
them and came to the conclusion that the main visual disturbances in schizo-
phrenia are “unprovable” [Cohen, Servan-Schreiber, 1992]. The authoritative 
opinion of E. Bleiler was one of the reasons for the decrease in researchers’ 
interest in studying visual functions in schizophrenia up to the 1950s and 
1960s. XX century. Progress in research was probably constrained by the fact 
that visual impairment is subtle and not as obvious as high-level cognitive 
problems. A study of the basic visual functions of patients with psychosis (vi-
sual acuity, accommodation, visual field, color perception) in Russia was first 
conducted by A. Shamshinova. She showed a significant effect of psychotro-
pic pharmacological drugs on the visual functions of patients and the need for 
further study of this problem [Shamshinova, 1972]. Later Goldovskaya I. L. 
side effects of psychotropic drugs on the organ of vision were analyzed in de-
tail, a set of restrictions on the conduct of this therapy and measures to prevent 
such complications were revealed [Goldovskaya, 1989].
The first experimental evidence of a violation of the processes of visual per-
ception in schizophrenia was obtained in the course of psychophysical studies, 
allowing to evaluate both sensory function and decision-making mechanism. 
From the 2nd half of the 20th century, neurophysiologists are actively study-
ing this issue. The analysis of spatial visual information at lower hierarchical 
levels, starting from the retina, involves two parallel channels of transmission 
of qualitatively different information. The magnocellular (M-path) is stimu-
lated by low-contrast, low spatial frequency, images, small stimulus size and 
movement. Parvocellular (P-path), in contrast, is stimulated by high-contrast 
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images with high spatial frequency, large stimulus size and color. The re-
sponses of the magnocellular system (approximately 10 % of nerve fibers) are 
faster and shorter than those of the parvocellular system (80 % of fibers). Most 
clearly, these paths are distinguishable at the level of the external articulated 
body, where they pass through different layers of cells — ​large (M-path) and 
small (P-path), forming two tracts. At the level of the cortex, the P-cells give 
connections mainly to the temporal cortex, and the M-cells to the parietal. 
Usually the first tract is called the ventral, and the second — ​dorsal, but be-
tween them there are cross-links (fig.1). The responses of the visual pathways 
to stimulation are examined using electroretinography, functional magnetic 
resonance imaging (fMRI), electroencephalography (EEG), which includes 
a wide range of event-related potentials, as well as in psychophysical experi-
ments [Simonova et al., 2014].
In schizophrenia, persistent sensory impairments are observed, accompa-
nied by a mismatch in the mechanisms of local and global analysis, which 
manifests itself in a change in the functional state of the magnocellular and 
parvocellular visual systems (fig.2). These changes are recorded using elec-
troretinography, functional magnetic resonance imaging (fMRI), electroen-
cephalography (EEG), as well as in psychophysical experiments.

Figure 1: Visual representation of the parvocellular and magnocellular pathways.
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Figure 2: Сhange in contrast sensitivity in patients with schizophrenia depending on 
the type of antipsychotic therapy. 1— normal, 2— atypical antipsychotics, 3— typi-

cal antipsychotics [Shoshina, Shelepin, 2016].

Patients treated with atypical antipsychotics, blocking mainly dopamine and 
serotonin receptors, showed a decrease in contrast sensitivity, compared with 
a mentally healthy control, in the range of low and medium spatial frequen-
cies. While patients receiving typical antipsychotics, blocking mainly dopa-
mine receptors — ​in the range of low and high spatial frequencies [Shoshina, 
Shelepin, 2016].
Thus, the results of the analysis allow to say that the type of antipsychotics 
produced has the effect on the degree of reduction, compared with the norm, 
of the threshold contrast sensitivity only in the range of low spatial frequen-
cies, to which the magnocellular channels providing global image analysis are 
most sensitive. [Shoshina, Shelepin, 2016; Shelepin, 2017].
The axons of the retinal ganglion cells form the optic nerve and, leaving the 
retina, form synapses in the lateral geniculate body, where they provide a sep-
arate signal path for the magno- and parvocellular visual pathways. Therefore, 
the study of the retinal structure can be especially useful in schizophrenia, 
which is characterized by a disorder in both these systems.
Optical coherence tomography of the retina (OCT) is a non-contact meth-
od of visualization of the retina`s structure, based on the principle of light 
interferometry, in which the infraded light is projected both onto the fun-
dus and the reference mirror. The difference between the spectral frequency 
composition of the light reflected from the fundus of the eye is compared 
with the constant spectrum of light reflected from the reference mirror and 
is used to visually reconstruct the retinal layers by analogy with ultrasound. 
OCT allows non-invasive assessment of the state of the neurons of the visu-
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al analyzer. The main protocols for OCT studies are the macular mode and 
the mode of examination of the optic nerve head, which determines both the 
disk morphology and the thickness of the retinal peripapillary nerve fiber 
layer (RNFL).

Figure 3: OCT image of the normal macula, retinal layers including: 
NFL — ​retinal nerve fiber layer; GCL — ​ganglion cell layer; IPL — ​inner plexiform lay-
er; INL — ​inner nuclear layer; OPL — ​outer plexiform layer; ONL — ​outer nuclear lay-
er; OPR — ​outer segments of photoreceptors; RPE/BM — ​retinal pigmented epithelium/

Bruch`s membrane complex; EZ — ​ellipsoid zone

OCT studies of retina performed in patients with schizophrenia are few and 
tend to show thinning of the retinal peripapillary nerve fiber layer (RNFL) or 
macula. Curiously, in the study from Spain [Ascaso at al. 2015], thinning of 
the macula was found in a subgroup of patients who had not had a psychotic 
episode in the last 6 months, suggesting that acute psychosis may be associ-
ated with inflammation and swelling of the retinal tissues, which prevents the 
detection of her atrophy. A similar conclusion had previously been confirmed 
in a study from Malaysia by Dr. Lee et al. (Table 1), where the thinning of the 
macula was found in patients with a longer duration of the disease, while in 
patients with a disease experience of less than 2 years, it did not differ from 
the control.
One of the latest research by Silverstein et al. (2018), including 32 patients 
with schizophrenia and 32 control faces, correlated by sex and age, taking 
into account their comorbidities and dose of antipsychotic drugs, showed no 
deviations in the thickness of the macula and RNFL, but revealed increased 
parameters of the Cup volume and the Cup to disk ratio. The latter conclusion 
requires a recheck taking into account the data on patient refraction, since 
changes in this index may be due to the anatomical features of the eyes, in 
particular myopia (an increase in disk excavation in megalodisks, provided 
that glaucoma is excluded).
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Table.1

Comparisons between control group and schizophrenia subgroups according 
to chronicity or illness [Lee, 2013]

Findings:
The detection of reliable markers of schizophrenia using the OCT method, 
which is objective, fast, and non-invasive, could make a significant contribu-
tion to the system of diagnosis and monitoring of patients with schizophrenia. 
Finally, it may be fundamentally important to establish a link between periph-
eral changes in the structure of the visual analyzer (thickness and geometry of 
the macular zone) and functional changes at all stages of the transmission and 
analysis of visual information.
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Chapter 32.  
Modern angle of view of the problem of restoration of 

vital functions

D. I. Krivenchuk, A. S. Zamaro, V. A. Kulchitsky

The title of the article to some extent reflects the importance of the visual an-
alyzer for the analysis of facts and the generation of hypotheses in scientific 
research. Face-to-face scientific discussions among professionals are a neces-
sary step in verifying various assumptions. The authors of the article looked 
at the problem of correction of control of vital functions. Mortality statistics 
reflect the fact of insufficient effectiveness of modern methods of diagnosis 
and treatment of diseases that are accompanied by a violation of the control 
of the activity of the heart and blood vessels, as well as the respiratory system 
[Wang et al., 2019].
One of the fatal conditions is respiratory arrest, especially when apnea de-
velops during sleep. Why during sleep? In a sleeping state, there is no pos-
sibility of arbitrary regulation of respiration. During wakefulness, a person 
consciously, when trying to hold a long breath, ultimately decides to resume 
inhaling and exhaling. Therefore, if a person has impaired automatic control 
of breathing regulation, then due to arbitrary regulation, correction of inha-
lation and exhalation is possible. However, during sleep with a violation of 
the central regulation of respiration and the absence of arbitrary control of 
inspiration and expiration, the mechanism of chemoreceptor regulation re-
mains. Receptors of the vascular bed and especially the carotid body detect a 
lack of oxygen in the blood, and medullary receptors (on the ventral surface 
of the medulla oblongata) respond to the growth of carbon dioxide in the 
brain tissue [Schläfke et al., 1975; Chernigovsky, 1976; Nattie, Li, 2012] and 
contribute to the activation of respiratory movements when breathing is held. 
And if a pathological process develops in the area of these receptors, which is 
accompanied by inhibition of the functional state of peripheral (in the vessels) 
and central (in  the brain) chemoreceptors? In this case, the chemoreceptor 
mechanism will not work and sleep apnea will actually become fatal for a 
person. Therefore, for the prevention of such fatal conditions, it is advisable 
to determine the effectiveness of the functioning of peripheral and central 
chemoreceptors. This technique of “return breathing” was developed in ex-
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periments [Sato et al., 1994; Dahan et al., 2007; Bruce, White, 2015] and pro-
posed in clinical practice [Kulchitsky et al., 2014; Kaliadzich et al., 2014], in 
particular for the treatment of patients with obstructive sleep apnea syndrome 
[Kulchitsky et al., 2018].
So, the complex issue of timely diagnosis and timely treatment of sleep 
apnea is considered. Nevertheless, what is seen on the horizon in the tech-
nologies for the prevention and treatment of diseases that are manifested by 
pathological processes in brain tissue due to brain ischemia, hemorrhage 
or brain injury? Until now, the restoration of the performance of patients 
of different ages after a stroke is a problem in virtually all countries of 
the world. As a result of the pathological process in the nervous tissue, the 
functioning of the neural networks of the brain is disrupted. Clinical prac-
tice has shown that after a sudden violation of the structure and functioning 
conditions of neural networks, even in a local area of the brain, a process 
of restoring control of impaired functions develops over a long period. But, 
unfortunately, depending on many conditions, the reparative process is very 
slow and often the patient remains disabled for life. In the course of experi-
ments on laboratory rodents, it was possible to prove high efficiency for the 
restoration of brain neural networks of manipulations on the implantation of 
mesenchymal stem cells (MSCs) into the brain. The authors of the article, 
together with neurosurgeons Yuri Shanko and Valeria Novitskaya (Republi-
can Scientific and Practical Center for Neurology and Neurosurgery, Minsk, 
Belarus), demonstrated that the best implantation efficiency is achieved us-
ing the perineural stem cell migration technique after injection of the sus-
pension with MSCs into the submucous layer of the nasal cavity [Shanko 
et al., 2018a; 2018b, 2018c; Kulchitsky et al., 2018]. In this case, MSCs 
migrate in the perineural spaces of the olfactory and trigeminal nerves to 
the cranial cavity (Figure 1) and then directly to the site of brain damage 
[Shanko et al., 2018a; 2018b, 2018c; Kulchitsky et al., 2018]. In the area 
of damage to the neural networks of the brain, MSCs secrete neurotrophic 
factors that form the conditions for the restoration of the functions of neu-
ral networks. In three clinics in Minsk, more than 75 patients who have 
suffered an ischemic stroke or brain injury have been effectively treated 
[Shanko et al., 2019a; Zamaro et al., 2018].
Unfortunately, the problem of restoring brain functions is especially difficult 
to solve in the presence of massive damage to the neural networks of the brain. 
In such situations, clinicians sometimes dreamed of methods by which they 
could replace the destroyed parts of the brain with healthy neural networks.
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Figure 1. Scheme of migration of mesenchymal stem cells along the olfactory and 
trigeminal nerves from the nasal cavity to the injured brain.

 These dreams begin to come true. Bioprinting technologies appeared in the 
21st century. Such technologies make it possible to construct various biologi-
cal structures in organoids, scaffolds, and in three-dimensional space. The au-
thors are primarily interested in the technology of bioprinting of nervous tis-
sue. The complexity of the structure of neural networks, their interaction with 
glial elements, the intercellular matrix, blood vessels, cerebrospinal fluid, and 
various signaling molecules that are secreted at the synapse level and extra-
synaptically makes the solution to this problem extremely difficult [Shanko 
et al., 2019b; Zamaro et al., 2018]. The appearance of the first bioprinters and 
excessive advertising of new technologies only emphasized the complexity 
and unresolved nature of this problem. Suppose, using bioprinting, a three-di-
mensional biological object has been created, including neural networks, glial 
elements, and the intercellular matrix. It becomes clear that such a design is 
not viable after placing it in damaged areas of the brain. In this design, there 
are no blood vessels and other elements of the nervous tissue that are vital for 
the normal functioning of the implanted neural networks. That is why we sad-
ly sometimes look at the next designed model of a bioprinter. Nevertheless, 
our small team is looking to the future with hope.
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Introduction
Alzheimer’s disease (AD) is a chronic neurodegenerative disease manifest-
ed by progressive deterioration of memory, speech, and other higher cortical 
functions. Today, according to the WHO, it is the main (60–80 %) cause of 
all dementias [The Global Dementia Observatory Reference Guide, 2018]. 
The pathogenesis of the disease is based on impaired metabolism of beta-am-
yloid which accumulates in brain tissues and vessel walls in the form of se-
nile plaques. Also, formations of neurofibrillary tangles consisting of bound 
hyperphosphorylated tau-protein leading to accelerate the neurodegenerative 
processes of white and gray brain’s matter [Lobzin et al., 2018]. The macro-
pathogenesis of the disease is characterized by a sequential neurodegenerative 
process of the cortical divisions, which begins with the medial divisions of the 
cortex, then moves to the temporal and parietal lobes, then the frontal lobes 
and lastly captures the occipital lobes [Emelin et al., 2017].
Based on this, the earliest symptom of the following clinic is memory impair-
ment in the form of progressive amnesia (first forgetfulness to current events, 
then fixation amnesia, then complete anamnestic disorientation). Along with 
memory disorders, all types of cognitive activity are disturbed (attention, 
comprehension, analysis, synthesis, abstraction). Later, violations of orienta-
tion in space and perception (recognition of faces, identification of objects) 
appear. The late stage of AD is characterized by a global neurodegenerative 
process with manifestations of behavioral and psychotic disorders, progres-
sive disturbances of posture, gait, muscle stiffness. [Emelin et al., 2016]
For early detection and accurate diagnosis of AD, it is necessary to understand 
the degree of dysfunction of the brain systems involved in the process of 
memory ensure. Neuroimaging is one of the best methods in this case because 
of its informativeness and minimally invasiveness in comparison with others. 
fMRI is the method of neuroimaging which is using to assess the dynamics 
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of functional disorders based on changes in the main brain networks. Resting 
state Functional magnetic resonance imaging (rs-fMRI) is the registration of 
the BOLD signal (Blood Oxygen Level Dependent) from the volume points 
of the brain called voxels. The similarity of the frequency characteristics of 
the recorded BOLD signal in anatomically distant parts of the brain is called 
functional connectivity (FC) [Piradov et al., 20165]. It is assumed that this 
coactivation of brain structures during the resting state reflects the functional 
relationships that underlie brain’s readiness to respond to incoming external 
stimuli. Therefore, the FC reflects the similarity of the characteristics of the 
pattern of neural activity of brain structures anatomically distant from each 
other [Van den Heuvel et al., 2010]. Modern methods allow us to analyze 
the GM as a single network, a connection consisting of subnets, and also to 
evaluate the topology of functional connections. The most common mathe-
matical method for evaluating a “macroconnectom” and the main theoretical 
approach to studying its structural and functional organization is graph theory, 
according to which the whole brain is represented as a set of nodes (anatom-
ical regions) interconnected in varying degrees [Van den Heuvel et al., 2011; 
Achard et al., 2007].
According to the theory of neural systems (Figure 1), the work of the brain is 
represented as a changing activity of neural networks depending on the activi-
ty being performed. Brain networks are constellation formations of large neu-
ral ensembles of various parts of the cortex and subcortical structures. Today 
were allocated 32 brain networks [Rosazza et aql., 2011] which can be divid-
ed into two large groups: “task-positive” (task performance) and “task-neg-

Figure 2. General FC of HC (left) and AD patients (right).
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ative” (passive mode of the brain). In accordance with Stanford University’s 
manual, Salience Network (SN) has a switching function between these two 
types of brain networks [Menon et al., 2015]. Default Mode Network (DMN) 
is the main task-negative network which is represented by Medial Prefrontal 
Cortex (MPFC), Posterior Cingulate Cortex and the Lateral Occipital Cortex 
right and left division (LOC l/r) [Horn et al., 2013]. These components are 
anatomically closely related to the parahippocampal gyrus, angular gyrus, 
hippocampus, that apparently determines one of the main functions of the 
DMN — ​mental “scrolling” of recent memorable exciting events that we call 
a passive brain mode [Davey et al., 2016; Mars et al., 2012]. Moreover, bind-
ing the time continuum [Ostby et al., 2012], absorbing distractions [Ziaei et 
al., 2014], activating the chains of “social connections” [Li et al., 2014] and 
others are the DMNs functions too.
The main “task-positive” network is the Executive Control Network (ECN). 
It consists of Lateral Prefrontal Cortex (LPFC) on the right and left sides, 
and Posterior Parietal Cortex (PPC), also both divisions. The function, based 
on the name, of this network is any initiation and control of cognitive activ-
ity [Marek et al., 2018; Zanto et al., 2013]. The Salient Network is repre-
sented by the Anterior Insular Lobe (AI) and the Anterior Cingulate Cortex 

Figure 3. Main alterations of FC among AD patients.



K. V. Markin, D. A. Tarumov, K. M. Naumov, V. U. Lobzin, A. V. Temniy, N. A. Puchkov	 263

(ACC) and regulates switching between “task-positive” and “task-negative” 
networks [Menon et al., 2015; Menon et al., 2011]. So, the FC alterations of 
these brain networks within it or with other brain structures could serve as 
a basis for identifying the causes of the appearance of certain symptoms in 
patients with AD. According to the first meta-analysis conducted by Jacobs 
in 2013 (53 studies / 1196 patients / 1255 healthy), FC decrease in the DMN 
among patients with AD can be predictor of the disease long before the first 
symptoms appear, immediately after its compensatory amplification [Jacobs 
et al., 2013].

Figure 1. The scheme of the Brain Network theory.

Figure 4. Comparison of alterations in FC of Networks.
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A meta-analysis of 75 sources on this topic in 2015 showed that a decrease in 
FC among patients with AD was observed in all brain networks in comparison 
with patients with mild cognitive impairment (MCI), which alterations of FC 
in similarly brain networks were lower [Li et al., 2015]. Having analyzed 34 
sources for 2017, Badhwar came to the conclusion that patients with AD and 
MCI have a significant decrease in FC in the DMN and ECN amid an increase 
in FC in the SN. In this case, the compensatory function is attributed to the 
Salience Network [Badhwar et al., 2017].

The purpose of our study is to identify changes in functional connectivity in 
patients with Alzheimer’s disease.

Materials and methods
An experimental group included 11 (70±4 years of age) patients from Neu-
rology Department with AD; control group consisted of 22 healthy controls. 
Resting functional magnetic resonance imaging was performed on each sub-
ject. The next stage — ​postprocessing (motion correction, spatial normaliza-
tion, image smoothing) and statistical analysis were carried out on the basis of 
MATLAB, using the CONN Functional Connectivity Toolbox 18.a package.

Results
General FC of patients is significantly reduced in comparison with the control 
group (Figure 2). When considering the results of data processing according 
to the graph theory method, the main nodes with reduced FC are in the tem-
poral and parietal lobes, which fully correspond to the previously described 
etiopathogenesis of the disease. The significant differences in FC during inter-
group comparison (p-FDR <0.05) were determined mainly by decreased FC, 
although regions were also observed with its increase. The main node with 
reduced PK in patients with BA was the Insula Cortex in left division (ICl), 
which lies anatomically between the medial and convexity parts of the tem-
poral-parietal-frontal junction, and communicates with the nuclei of the thal-
amus and the amygdala through the white matter pathways. Previous studies 
have associated a decrease in the IC FC with episodic memory impairments 
in patients with MCI [Bushara et al., 2001], and also describe the correlation 
between the connection of the insular lobe with various elements of the GM 
brain and neuropsychological studies [Seghier et al., 2012].
In our study decreasing in the FC of the insular lobe was observed with the 
following nodes: the temporal plane, the temporal pole and the posterior part 
of the superior temporal gyrus, which together represent the Wernicke’s area, 
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which may be the reason for the difficulty in processing multimodal sensory 
information [Bushara et al., 2001]; angular gyrus, which function is to ex-
tract traces of memory [Seghier et al., 2012]; the anterior prefrontal cortex 
responsible for extracting prospective memory [Volle et al., 2011]. These FC 
changes are consistent with the results (the average result of the experimental 
group was 18.25–3.45, with a norm of no less than 26 points) of the neuro-
psychological testing of MoCA (Montreal Cognitive Assessment) aimed at 
identifying dementia by examining the functions of attention, memory, and 
concentration in patients’ executive functions, speech, optical-spatial activity, 
conceptual thinking, counting and orientation (Figure 3). At the same time, 
a decrease in FC between the insular lobe and the medial frontal gyrus, as 
well as the worm-like gyrus, clearly indicates a violation of the recognition of 
faces by patients, which is confirmed by the results (average quality rating  =  
38–20 %; quantitative characteristic  =  32–10 %) of neuropsychological test-
ing on face recognition (using pictures of the illusory nature of Giuseppe Ar-
chimboldo and Oleg Shuplyak).
Comparison of the FC of brain networks in patients with AD and the control 
group showed that its decline is observed in both task-positive and task-neg-
ative networks (Figure 4). A decrease in the DMN FC within the network, 
and to a greater extent in relation to other nodes, corresponds to the data 
described in the literature [Horn et al., 2013; Davey et al., 2016; Qin et al., 
2016; Mars et al., 2012; Ostby et al., 2012; Jacobs et al., 2013; Li et al., 
2015; Badhwar et al., 2017] and manifests itself clinically in the form of the 
absence of memories of recent events and the “scrolling” of related informa-
tion the mental continuum of patients in comparison with a healthy person. 
In patients, predominantly, there is a residual memory for events of old years 
or a momentary, emotionally weakly colored reaction to events occurring 
around, with no compartments with memory traces due to their absence. This 
is clearly manifested in the repeated questions of patients about their loca-
tion, forgetting the distance traveled, the repetition of the same phrases with 
indistinguishable semantic content in relation to the current situation. At the 
same time, the gap in connectivity between the DMN elements and the islet 
lobe, which is part of the SN, observed in patients with asthma may indicate 
the impossibility of switching between work modes and rest of the brain, and 
therefore, turning on / off DMN or ECN, depending on the prevailing func-
tional mode (Figure 5). Perhaps this explains the increase in FC between the 
anterior cingulate gyrus — ​the SN element and elements of the visual network 
(primary fields) (Figure 6). In this case, SN assumes the function of the DMN 
and proceeds to the processing of the incoming picture of the world from the 
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visual network — ​a compensatory function, but not coping with the amount 
of information, does not include its flow into the circulation in the GM, and 
therefore there is no comparison. At the same time, other elements of the vi-
sual network, as well as individual “Cuneus” nodes covering the secondary 
visual fields reflect a decrease in FC, which once again confirms the flow of 
information that has not been completely processed by the visual analyzer to 
the salient network.

Figure 5. Internetwork alterations of FC among HC (left) and AD (right).

Figure 6. Intergroup comparison of FC.

Conclusion
In conclusion, alterations of functional connectivity among patients with Alz-
heimer’s disease can be a good predictor of early stages and an evidence base 
for neuropsychological tests. Also, it could be helpful for studying pathogen-
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esis of the disease.
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Chapter 34.  
Violation of visual information processing in patients

 with schizophrenia and depression and their correction 
with the help of cognitive tasks in a virtual environment

S. V. Murav’eva, Yu. E. Shelepin

Introduction
The aim of this study was to evaluate the effectiveness of the application of 
neurotechnology with an interactive virtual environment for the correction of 
cognitive impairment in patients with schizophrenia and depression (focused 
activity in a virtual environment). In the Vision Physiology Laboratory was 
created a neurotechnology using virtual reality for the rehabilitation of pa-
tients with neurocognitive disorders. The task was to create a technology for 
the rehabilitation of patients by activating the work of the spatial-frequency 
channels of the visual system associated with cognitive functions.

Methods
This paper describes research data that evaluated the effect of a course of 
visual stimulation with a cognitive task in an interactive virtual environment 
on the functioning of the magno- and parvo systems in patients with schizo-
phrenia and depression. The virtual environment used at the second stage of 
the analysis represented a video of natural scenes that simulated a bike ride 
through the landscape with a varying relief completely synchronized with the 
movement of the patients. To demonstrate the images, a large angular size 
monitor was used, which provided a more complete immersion of the subjects 
into a virtual environment. The observer’s task included a thorough review of 
both spatial images (magno-system) and separate objects (parvo-system) pre-
sented on the panoramic monitor, but also the fulfillment of the cognitive task. 
For example, focusing on individual video elements in order to search and 
account objects with certain characteristics set at the beginning of the session.
To assess the effectiveness of the technique, we used the analysis of the am-
plitude of the components of cognitive visual evoked potentials in the demon-
stration of images that differ in physical features (spatial-frequency spectrum) 
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for selective activation of low-frequency (magno) and high-frequency (parvo) 
channels and semantic features (objects of living and nonliving)
The study involved 30 patients with paranoid schizophrenia (F20 for ICD — ​
10) with disease duration of 1 to 10 years — ​17 men and 13 women and 14 
patients with depression (F32; F33 for ICD — ​10) — ​8 men and 6 women aged 
21 to 34 years. The control group consisted of 30 healthy subjects aged from 
18 to 30 years old — ​16 men and 14 women. All observers had visual acuity of 
at least 0.9, refraction corresponded to the norm. All patients who participated 
in the studies were in the hospital and received antipsychotic therapy.
At the primary stage, when comparing the results obtained in patients with 
schizophrenia and the control group and patients with depression and the con-
trol group before the course of focused activity in a virtual environment, the 
following significant changes were identified.

Results and Discussion
Comparative analysis of evoked potentials amplitude during the perception 
of images, that filtered via digital filtration for selective effect on the magno- 
(low frequency) and parvo- (high frequency) — ​channels of the visual system 
was used. It was shown that in patients of both groups a decrease in the am-
plitude of the components of evoked potentials to stimuli, filtered mainly by 
high spatial frequencies (parvo system), is observed.
In patients with schizophrenia, a significant decrease in the amplitude of the 
components of visual evoked potentials P100 (N100) and P250 (N250) in the 
occipital (O1; O2), central (C3; Cz; C4), anterior (Fp1; Fp2) and posterior 
frontal areas (F3; Fz; F4). A decrease in the amplitude of N170 is observed 
in the occipital (O1; O2) and temporal region (T5; T6), P300- P500 — ​in the 
parietal (P3; Pz; P4), central (C3; Cz; C4) and frontal region (Fp1; Fp2 and 
F3; Fz; F4) compared with healthy subjects. This effect did not depend on the 
content of images (live or inanimate objects). When comparing the ratio of 
the amplitudes of the components, the following differences in patient and the 
control group are observed. In the control group, the amplitude of the P170 
component in the parietal, in the central lead (Cz) and the frontal leads is 
not significantly different, in the central leads (C3, C4) — ​at high frequencies 
higher than at low frequencies. And patients have the opposite picture: the 
amplitude of this component is significantly higher at low spatial frequencies 
than at high ones. In the control group, the amplitude of the N250 (P250) 
components in the occipital, central, and frontal leads to high-frequency 
stimuli was significantly higher than the low, and the patients did not differ 
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significantly. In the control group, the amplitude of the P300- P500 compo-
nent in the parietal, central, and frontal leads to high-frequency stimuli was 
significantly higher than low. And in patients with schizophrenia, this pattern 
is observed only in the central parietal abduction (Pz). In the other leads is not 
significantly different.
In patients with depression upon presentation of images containing the high-
frequency part of the spectrum, a significant decrease in the amplitude of the 
components of visual evoked potentials was recorded. The amplitude of com-
ponent P100 (N100) is significantly reduced in the anterior (Fp1; Fp2) and 
posterior frontal region (F7; F3; Fz; F4; F8), the central region (C3; Cz; C4) 
and the parietal region (P3; Pz; P4). This effect did not depend on the con-
tent of images (live or inanimate objects). The amplitude of component N170 
(P170) was significantly reduced in the frontal region (Fp1; Fp2) and (F7; F3; 
Fz; F4; F8), central (C3; Cz; C4) and the parietal region (P3; Pz; P4) upon pre-
sentation of images animate and inanimate nature. The amplitude of the N250 
component is reliably reduced in the anterior and posterior frontal, central and 
parietal regions only upon presentation of images of wildlife.
When comparing the ratio of the amplitudes of the components in all the 
above areas, the following significant differences in these patients from the 
control group are observed. In the control group, the amplitude of the P170 
component in the parietal, frontal leads is not significantly different, in the 
central leads it is higher at high frequencies than at low ones. This effect 
did not depend on the content of images (live or inanimate objects). And in 
patients with images of inanimate nature, the opposite is observed: the ampli-
tude of this component is significantly higher at lower spatial frequencies than 
at high parietal, central and frontal leads, when only live images are presented 
in parietal leads. In the control group, the amplitude of the N250 component 
(P250) in the occipital, central and frontal leads to high-frequency stimuli 
was significantly higher than the low, and in patients the opposite was true. 
The ratio of the amplitudes of the P300- P500 component upon presentation 
of images of high and low frequency frequencies in patients with depression 
corresponds to the data of the control group in all leads.
When analyzing the data before and after the stimulation course by an interac-
tive virtual environment with a cognitive task, the following significant dif-
ferences were obtained. In patients with schizophrenia, a significant increase 
in the amplitudes of the N170 (P170) components in the occipital (O1 and 
O2) and central areas (Cz), P250 (N250) in the occipital (O1 and O2) and 
central parietal (Pz) areas and P350 — ​P500 in the frontal (F3, Fz, F4), central 
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(Cz, C3, C4) and parietal (P3, Pz, P4) areas upon presentation of images of 
living and nonliving objects filtered by high spatial frequencies. The most 
pronounced changes are characteristic of the late components P300 — ​P500 
(Figure 1).
In patients with depression, a significant increase in the amplitude of compo-
nents is observed: P100 in the occipital-temporal (T5, T6), P170 (N170) in the 
central parietal, central and central frontal region (Pz, Cz and Fz), component 
P250 (N250 a) the occipital-temporal (T5, T6), central (Cz) and frontal region 
(F3, Fz, F4) in response to stimuli of living and nonliving objects of high 
spatial frequencies. (Figure 1).

Figure 1. Comparative analysis of the amplitude of components of cognitive visual 
evoked potentials in patients with depression and schizophrenia before (a) and after 

(b) sensorimotor load (according to the Wilcoxon test, p <0.05).
Data of patients with depression — ​top row; of patients with schizophrenia — ​bottom row.
Green indicates areas where significant differences in the amplitude of evoked potentials 
were detected when the amplitude in response to images of low spatial frequencies above 
amplitude in response to images of higher spatial frequencies. Blue indicates areas where 
significant differences in the amplitude of evoked potentials were detected when the am-
plitude in response to images of high spatial frequencies above the amplitude in response 
to images of low spatial frequencies (corresponds to the norm). Without the color — ​of 
the area where there were no significant differences. А) — ​living objects; B) — ​nonliving 

objects.
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Data were obtained, that patients with schizophrenia experienced violations 
of the processing of visual information, both in the early and late stages. In de-
pressed patients, only the early stages of visual processing are affected. After 
a course of exposure to interactive virtual environments with a cognitive task, 
patients with schizophrenia experience an improvement in the processing of 
visual information, both in the early and late stages. In depressed patients — ​
in the early stages of the processing of visual information. In patients of both 
groups, a significant increase in the amplitude of the components of cognitive 
visual potentials at high spatial frequencies (parvo-system) is observed. Thus, 
the result of applying the course of exposure is a pronounced activation of the 
parvo-system, namely the system that is more affected.
When analyzing clinical manifestations when comparing the results obtained 
only on the background of drug therapy and therapy in combination with neu-
rotechnology with a cognitive task, a more pronounced and rapid decrease 
in anxiety, a pathological dominant, improvement of structured thinking and 
emotional state of patients.
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Chapter 35.  
Mechanisms of visual agnosia in patients with Alzheimer’s 

disease

A. N. Simarev, K. M. Naumov, K. V. Markin, V. U. Lobzin, 
A. U. Emelin

Alzheimer’s disease is a degenerative disease of the nervous system, char-
acterized by a gradual, unobtrusive onset of presenile or senile (> 65 years) 
age, the steady progression of mental disorders in combination with other 
cognitive disorders. In the development of BA, a certain staging is observed: 
in the preclinical stage, neurodegeneration covers the parahippocampal area, 
then goes to the frontal cortex area, after which the process is generalized, 
covering the entire cerebral cortex. As a rule, asthma in the initial stages gives 
a very poor clinical picture, which makes it difficult to carry out early di-
agnosis. In turn, this leads to a late start of treatment, and, accordingly, its 
low effectiveness. Development of methods for early diagnosis based on the 
identification of malfunctions of complex functional systems is considered 
as a promising direction for solving this problem. One of the particular tasks 
is to assess the characteristic patterns of visual perception disorders in the 
early stages of Alzheimer’s disease, as a reflection of the defeat of the neural 
networks for collecting and processing information in the visual system [Be-
laspova et al., 2016; Emelin, Lobzin, 2017].

Main part
Age-related neurodegeneration is an irreversible process of atrophy of the 
brain substance that every person will face sooner or later.
Today in Russia about ¼ of the population belonging to the category of per-
sons over working age: men aged 60 years and older, women aged 55 years 
and older [Population census, 2010] are at risk of developing neurodegenera-
tive diseases, one of whose manifestations is visual impairment.
The most significant role in the pathogenesis of Alzheimer’s disease is played 
by vascular factors, genetic predisposition, disregulation of the blood-brain 
barrier, and other causes leading to the development of metabolic disorders of 
β-amyloid and its amyloid precursor protein (APP), which leads to the forma-
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tion of amyloid precursor protein (APP) beta amyloid deposits and neurofi-
brillary tangles. [Vlasenko et al., 2010; Lobzin et al., 2018] A certain stage is 
observed in the development of BA: in the preclinical stage, neurodegenera-
tion covers the parahippocampal site (mild BA), then spreads to the parietal 
lobes, then to the frontal cortex area, after which the process is generalized, 
covering the entire cerebral cortex. Despite the fact that obvious violations 
of visual perception are considered typical for severe asthma, early signs of 
visual impairment are also detected at early stages. A number of researchers 
believe that a special case of Alzheimer’s disease is posterior cortical atrophy 
(“posterior” or “visual” version).
In general, violations of visual perception can lead to violations in any part of 
the optical path: be it the retina of the eye, the pathways, or the areas of the 
visual cortex of the brain. Neurodegeneration processes can capture all levels 
where there are neurons.
Visual perception is not as simple as it seems at first glance. For a long time, 
it was believed that he was exclusively afferent (centripetal) character, being 
a passive process, i. e. resulting from stimulation of the senses by agents com-
ing from outside. For the first time denied this hypothesis I. M. Sechenov in 
his “reflex concept of perception”, according to which perception is an active 
process. [Sechenov, 1947]. He pointed out that “… every act of visual percep-
tion includes, along with centripetal (afferent) mechanisms, also centrifugal 
(efferent) mechanisms. The eye, perceiving objects of the surrounding world, 
actively “gropes” them, and these “feeling” movements, along with proprio-
ceptive signals from the eye muscles, are included as elements in the visual 
perception” [Luria, 1962].
A. R. Luria based on the works of A. L. Yarbus [Yarbus, 1961] designated 
“that the visual perception of an object or its image is a complex active process 
consisting of extracting individual signs of this object or image, synthesizing 
them into complexes or groups, and finally choosing a value from a number 
of alternatives. Sensory and motor devices are involved in this process, in par-
ticular, an eye movement device that performs orienting-exploratory activity” 
[Luria, 1962]. This determines the relevance of the state of associativity of the 
visual centers of the cerebral cortex.
The process of visual perception itself is carried out at several stages: periph-
eral, cortical and systemic. In the first case, perception disorders will be as-
sociated with degenerative processes of retinal neural networks, in which the 
number of rods and cones will decrease, as well as ganglion cells, in the sec-
ond — ​the defeat of the primary cortical fields of the visual analyzer (decrease 



A. N. Simarev, K. M. Naumov, K. V. Markin, V. U. Lobzin, A. U. Emelin	 277

in the number of neurons in the corresponding areas of the cerebral cortex), in 
the third — ​defeat of the neural network structures of secondary and tertiary 
cortical fields responsible for the functions of a conscious gnosis.
Optical image perception is the main step in coding optic information into 
the nervous system. In photoreceptors, the process of photon absorption and 
triggering the response of neural structures occurs. After that, from the bipo-
lar cells of the intermediate layer of the retina, the signal is transmitted to the 
ganglion cells. The latter are the initial stage of neural network processing of 
visual information, generating propagating impulses. These are the “output” 
neurons of the retina, their axons form the optic nerve, the axons of the gan-
glion cells are sent to the subcortical visual centers, mainly in the external 
articular body. In turn, from the subcortical structures, information enters the 
cerebral cortex (primary visual cortex, 17 Brodmann field). It is noteworthy 
that starting from the retinal ganglion cells, neurons are divided into 2 types: 
large and small. They are associated with overlying structures strictly adher-
ing to a certain regularity — ​large (Magna) cells with large, and small (Parvo) 
with small. Thus, the formation of interconnected parvo-and magnosystems 
[Shelepin, 2017].
After processing, in the primary visual cortex, the magnetic and parvosystems 
transmit visual information in 2 final streams: the ventral (V) — paravocellu-
lar tract and the dorsal (D) — magnocellular tract.

Figure 1. The ventral and dorsal tracks as the “prolongation” of magno- and parvo-
cellular pathways.

The first path starts from 17 fields according to Brodman, passes through 18, 
19 and 37 fields heading to the lower temporal field, which is considered to 
be the repository of image descriptions. Information passing through this path 
provides object recognition. The magnocellular tract, in turn, is directed to the 
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parietal cortex, responsible for analyzing the nature of dynamic changes and 
the position in space of the visual object [Shelepin, 2017].
Both streams are directly related to the prefrontal cortex of the frontal lobe, 
which plays an important role in both visual and spatial perception, and, along 
with this, influences the formation of episodic and semantic memory. In addi-
tion, the ventral flow has a functional relationship with the hippocampal and 
parahippocampal regions, which suggests the possibility of comparing and 
comparing the resulting visual image with the accumulated experience due to 
semantic memory [Dynin, 2016].
Thus, the presence of a direct relationship between the cortex areas respon-
sible for memory, attention and visual perception explains the possible cu-
mulative impairment of these functions during primary degeneration of both 
primary and secondary or tertiary cortical fields of the visual analyzer.
Initially it was assumed that it is the degeneration of the ventral flow that is re-
sponsible for the “images of memory” that underlies visual agnosia. However, 
this theory, proposed by Charcot in 1887, was refuted by A. R. Luria, propos-
ing his hypothesis of “amorphosynthesis”, i. e. synthesis of individual traits 
into a single structure. He believed that visual agnosia is a complex visual 
disorder of the synthesis of isolated elements of visual perception, a violation 
of the combination of these elements into “simultaneous-perceived groups”, 
which is the basis of the normal recognition of objects [Luria, 1962]. In this 
regard, it would be wrong to give one of the two streams a leading role in the 
organization of visual perception disorders.
Clinical studies and experimental observations have made it possible to iden-
tify various variants of agnosia.
The initial separation of agnosias was aimed at distinguishing occipital from 
parietal forms: the so-called lower and upper sections of the “wide visual 
sphere.” The narrower differentiation of clinical forms of agnosia implies the 
following variations:

1)	Predominantly temporal;
2)	Temporal-occipital;
3)	Predominantly parietal;
4)	Parietal-occipital.

Temporal syndrome is characterized by a defect in the recognition of indi-
vidual subject images (figures, letters or numbers). There is a slowness of 
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perception of the image, fragmentation with a tendency to complement the 
perceived fragment to the whole by conjecture, without visual control, a ten-
dency towards excessive generalized perception of the subject. Visual mem-
orization and recognition of a familiar object is impaired. The ability to draw 
may also be impaired due to the patient’s inability to grasp the drawing as a 
whole and to control itself [Kok, 1967]. For diagnostics tests are used “noisy 
images”, the Popelreyter technique [Poppelreuter, 1923; Shelepin et al., 2009; 
Sells, Larner, 2011].

Figure 2. Examples of noisy images used in psychophysiology 1 — ​Popelreyter test, 
2 — ​wait noise test, 3 — ​Moony test, 4 — ​Gollin test [Shelepin et al., 2009].

The temporal-occipital syndrome differs from the previous one by the addi-
tion of facial recognition and, sometimes, color disorders. A characteristic 
feature of agnosia on the face is fragmentation and excessive generalization 
of the perception of individuals. Also, with this form of visual agnosia, optical 
alexia can be observed (reading disorder) [Kok, 1967]. For the diagnosis of 
high performance tests show with illusions using painting of Octavio Ocampo 
[Painting «Family of birds» and Painting «General’s Family», 2019].
The parietal and parietal-occipital syndromes are distinguished by the pres-
ence of simultaneous agnosia — ​the inability to assess the meaning of the 
picture due to the fragmentary perception of the spatial situation with the 
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intimate recognition of individual objects. Drawing skills are impaired due 
to the violation of visual control, due to the inability to cover the spatial rela-
tionships of the details as a whole. Sometimes there is an apraxia of dressing.

Figure 3. Examples of optical illusions used to assess facial recognition [Painting 
«Family of birds» and Painting «General’s Family», 2019].

The method of assessing the ability to recognize emotional facial expressions 
is of great interest. Photographs of familiar faces or relatives are a more sen-
sitive stimuli.

Figure 4. Examples of typical images of emotions (own images).

Great expectations are associated with the use of using the Gollin test (mea-
surement of recognition thresholds for fragmented outline images during 
gradual construction of the outline). [Shelepin et al., 2009]. The possibility of 
using this method in clinical practice is currently being studied.
In the diagnosis of disorders of visual perception, we use the following ap-
proach, determined from the results of a preliminary analysis of the literature 
and our own experience:
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1.	 Standard techniques: MOCA, FAB, MMSE, clock drawing test — ​used 
to confirm and evaluate the severity of cognitive deficit.

2.	 Ophthalmological methods aimed at assessing the state of the fundus 
(examination, EAST), neurophysiological VEP — ​to assess the state of 
the pathways of the visual analyzer.

3.	 Special methods for the detection of agnosias: subject gnosis (“noisy 
image” technique, Popplereyter technique), the Gollin test, face detec-
tion, emotion estimation, letter definition, color definition, test images 
for the diagnosis of simultaneous and optical-spatial gnosis.

With the introduction of modern methods of examining patients in perspec-
tive, the following methods of early diagnosis of BA:

1.	 Functional magnetic resonance imaging is a technique that registers 
special BOLD-signals (blood oxygen level dependent) from the vol-
ume points of the brain, thus reflecting changes in the neural networks 
of the brain.

2.	 Eye-tracking — ​a method of registration of eye movement when view-
ing images shown.

3.	 Tachystoscopy — ​a technique for studying the speed of visual percep-
tion.

4.	 Determination of the coefficient of efficiency of visual perception re-
flects the value of the image contrast energy necessary for recognizing 
the presented image in comparison with the ideal model [Danko et al., 
1999].

Conclusion
1.	 The proposed theory of the development of visual agnosia in patients 

with BA takes into account the possibility of suffering of all parts of 
the visual tract. The most critical areas should be considered the retinal 
ganglion cells, spur neurons, parietal-occipital sulcus, lateral occipital 
sulcus, hippocampus and parahippocampal gyrus, prefrontal regions of 
the frontal lobe.

2.	 The clinical manifestations of visual agnosia are highly variable and 
depend on the location and stage of the neurodegenerative process. 
In the early stages of Alzheimer’s disease, the most sensitive methods 
are the detection of agnosia: the subject gnosis is the “noisy image” 
technique and the Popelreiter technique; making faces out of illusions; 
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definition of superimposed letters; color definition; simultaneous gno-
sis; optical spatial gnosis.

3.	 Further research is needed to identify early clinical patterns of the de-
velopment of visual impairment in Alzheimer’s patients using instru-
mental neurophysiological techniques based on recording oculomotor 
disorders and evaluating the complex synthetic functions of the neural 
networks of the visual analyzer that determine the quality of gnostic 
functions.
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neurorehabilitation
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Glaucoma, being a multifactorial disease, has many signs of neurodegenera-
tive disorder and involves disruption of neural networks in the brain [Calkins, 
Horner, 2012; Gupta N. et al., 2006; Lawlor et al., 2018]. Common mecha-
nisms of neurodegeneration in the retina and brain include ischemia, inflam-
mation, mitochondrial dysfunction, oxidative stress, etc. [Cordeiro, 2016]. 
Three main objectives of neuroprotective therapy for glaucoma considered 
depending on the timing of the start of treatment, the target and the mech-
anisms of action include protection of not yet affected axons of retinal gan-
glion cells (RGCs), salvage of minimally damaged axons or regeneration of 
RGCs and their axons [Parisi et al., 2008]. The concepts of neuroprotection 
and neurorehabilitation (or neurorestoration) are attributed as various aspects 
of the “modifying disease” treatment. A modifying treatment is one that slows 
down the clinical evolution to the late stages of neurodegenerative diseases, 
achieving this result either by suppressing primary events (neuroprotection) 
or by enhancing the compensatory and regenerative mechanisms in the brain 
(neurorehabilitation) [Francardo et al., 2017].
The neuroprotective activity is inherent of such drugs as glutamate antag-
onists, ginkgo biloba extract, neurotrophic factors, antioxidants, calcium 
channel blockers, brimonidine, and antihypertensive drugs with the effect of 
regulating blood flow, nitric oxide synthase inhibitors [Doozandeh, Yazda-
ni, 2016]. In glaucoma, the problem of deficiency of neurotrophic factors is 
proposed to be solved using gene therapy with delivery of retinal plasmid 
DNA encoding neurotrophic factors [Foldvari et al., 2016; Lebrun-Julien, Di 
Polo, 2008]. In neurodegenerative diseases of the retina and brain, non-drug 
methods are also used to protect and restore the structure and function of 
the nervous tissue [Alwis, Rajan, 2014; Baroncelli et al., 2010; Rosa et al., 
2013]. Today, special attention is focused on internal restorative strategies 
based on brain plasticity. Experience-dependent plasticity allows the brain 
to respond flexibly to changes in inputs from the external environment. The 
structural-functional plasticity of the neocortex networks in adults is realized 
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through strengthening, weakening, breaking, or adding synaptic connections 
in response to environmental challenges. Structural changes in the CNS oc-
cur through the Hebbian mechanisms of synaptic and non-synaptic plasticity. 
In the rehabilitation of patients with neurodegenerative pathology, the role 
of physical activity and cognitive training was shown. Many methods of ac-
tivation of neuroplasticity were created in the framework of the concept of 
“environmental enrichment” [Pascual-Leone et al., 2011]. The structural, cel-
lular and molecular effects of environmental enrichment have been shown in 
animal research [Baroncelli et al., 2010; Mora et al., 2007]. Not exhausting 
physical activity is now considered an efficient paradigm of neuroprotection 
and neurorestoration in the preclinical and advanced stages of Parkinson’s 
disease (PD) [Francardo et al., 2017]. It has been shown in animals that non-
stressful physical training regimes have a neuroprotective effect on the do-
paminergic and non-dopaminergic systems [Howells et al., 2005; Petzinger 
et al., 2010; Ryan, Kelly, 2016]. Physical activity can reduce the risk of PD 
development and improve the quality of life of patients [Hirsch et al., 2016; 
LaHue et al., 2016; Macpherson et al., 2017]. However, carefully conducted 
studies on large cohorts have shown a very weak effect for cognitive and 
physical training in neurodegenerative disorders. The crucial reason for the 
lack of effectiveness of cognitive and physical training is a progressive and 
steady decrease in the plasticity potential of the adult brain [Maya-Vetencourt, 
Origlia, 2012], the rate of which is individual and depends on person-specific 
genetic, biological, and environmental factors [Pascual-Leone et al., 2011].
For neuroprotection and neurorestoration of the visual system in cases of 
brain injuries and retinal diseases, several methods of non-drug therapy have 
been proposed. Bernhard Sabel divides the training for visual rehabilitation in 
homonymous vision loss caused by post-chiasm damage into two strategies: 
“compensation” and “recovery” [Dundon et al., 2015; Sehic et al., 2016]. 
These include visual scanning training (VST), audiovisual scanning training 
(AViST), and vision restoration therapy (VRT). VST and AViST are aimed at 
compensating for the loss of the visual field through visual and audiovisual 
training of scanning eye movements, while the VRT improves visual func-
tions by activating residual vision sites by training the recognition of visual 
stimuli.
Neuroprotective possibilities of non-invasive brain stimulation (NIBS) are 
also discussed. Transcranial electro- and magnetostimulation have numerous 
effects on the structure and function of nervous tissue, EEG, cognitive func-
tions, motor activity, and behavioral responses in patients with neurological 
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disorders, trauma, and cerebral strokes [Henrich-Noack et al., 2017]. Howev-
er, the positive and negative effects of NIBS are still insufficiently studied, the 
mechanisms of their action are not well-understood, and the optimal therapeu-
tic doses and parameters of transcranial stimulation are not determined, so it 
does not allow yet recommending this method in widespread clinical practice.
Non-invasive strategies of transcorneal, transorbital, and transpalpebral elec-
trostimulation (ES) have been studying for more than 25 years in animal and 
clinical research. Non-invasive ES is considered a promising approach to 
preserve and restore vision in certain diseases of the retina and optic nerve. 
The mechanisms underlying the neuroprotective effects of transcorneal ES 
include an increase in the production of neurotrophic factors, an improve-
ment in the chorioretinal blood circulation, inhibition of pro-inflammatory 
cytokines [Sehic et al., 2016]. Transorbital repetitive ES with the alternating 
current improved visual fields after the optic nerve damage [Gall et al., 2016]. 
The rhythmic stimulation with light flashes and sound tones, adequate to the 
visual and auditory system, is considered to be a most promising method of 
brain stimulation. The rehabilitation effects of rhythmic sensory stimulation 
are based on the phenomenon of “brainwave entrainment” and synchroniza-
tion in cortical activity. The brain is highly sensitive to the rhythms of the 
external environment and adapts the rhythms of its activity with the temp 
of repeated audio- and visual signals, changing the power of the dominant 
rhythms in the EEG [Barlow, 1960].
However, the evidence showed that periodic rhythms can only locally im-
prove cortical activity in specific EEG ranges, but are not able to restore the 
complex fractal dynamics characteristic of healthy brain activity (for review 
see [Zueva, 2015]). A typical sign of normal physiological processes is their 
fractal dynamics, the power spectrum of which corresponds to 1/f. The fractal 
complexity of brain activity is lost in neurodegenerative diseases [Al-Nuaimi 
et al., 2018; Dauwels et al., 2011; Jeong, 2004]. In pathology, fractal dynamics 
is replaced by ordered fluctuations of physiological parameters or completely 
random (stochastic) behavior [Goldberger et al., 2002; Hausdorff et al., 1996; 
Lipsitz, Goldberger, 1992; Manor, Lipsitz, 2013]. Evidence has been collect-
ed of the fractal anatomy of the vascular network and neural networks of the 
eye and brain and their lost in various retinal diseases, for example, in diabetic 
retinopathy [Tălu et al., 2015] and primary open-angle glaucoma (POAG) 
[Ciancaglini et al., 2015]. Glaucoma first causes an increase in the fractal 
complexity of the RGC’s dendritic tree for three weeks, and then its progres-
sive decrease [Kalesnykas et al., 2012]. A decrease in the fractal complexity 
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of dendritic branching in experimental glaucoma was found also for neurons 
in lateral geniculate body [Ly et al., 2011].
Because the potential of neuroplasticity is significantly reduced with aging 
and diseases, the effectiveness of any methods of neurorehabilitation based on 
brain plasticity is objectively limited. On the other hand, stimulation therapies 
usually apply regular stimuli of a constant frequency, which are not able to re-
store the normal fractal pattern of the physiological rhythms, and can further 
remove the system from the dynamics that characterize healthy processes. 
We hypothesized that for the best effectiveness of any strategies for restoring 
the structure and activity of the retina and the brain, an activation of adaptive 
neuroplasticity is necessary.
Considering this, we have developed a new approach to stimulation, based on 
the use of complex-structured signals with fractal dynamics. We propose that 
fractal modes in sensory stimulation can improve the effectiveness of various 
therapeutic strategies aimed at restoring the brain by activating the potential of 
neuroplasticity. A model range of fractal stimulators is created, which generate 
complex-structured optical signals with given properties and different FDs 
based on Weierstrass functions (Patent RU2671199, 2018 and Patent 
RU2680185, 2019). We hypothesized that fractal optical stimulation could be a 
promising non-pharmacological approach in the neuroprotective therapy. The 
effect of low-intensity fractal phototherapy on sensitivity in the visual field 
(Humphrey perimetry) was evaluated in patients with suspected glaucoma and 
primary open-angle glaucoma (POAG) [Zueva, 2018]. In the photostimulator, 
the LED emitter built in the case of virtual reality glasses formed the optical 
signal with the maximum brightness of on the cornea 10 12-  Lx  and FD = 1 4. .

The group of comparison used a relaxation video program twice a day for 10 
days instead of phototherapy (https://www.youtube.com/watch?v = 8LFTTUL-
cqD4). In the video program, the observer was presented with a computer-sim-
ulated image — ​a geometric fractal set with the effect of the illusion of move-
ment. The duration of each relaxing video training session is 30 minutes. The 
positive effect of fractal stimulation was found both in the suspected glaucoma 
group and in eyes with an early and developed stage of POAG. Two-week 
low-intensity fractal phototherapy significantly improved the MD indices in the 
main group. In contrast, after the video-course, there was only a tendency to 
improve the sensitivity, but MD indices did not change much [Zueva, 2018].
Thus, we obtained the first evidence of the neuroprotective effect of frac-
tal phototherapy for glaucoma. Low-intensity stimulation with signals with a 
fractal dimension of 1.4 improved the values of MD in all groups with POAG 
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and suspected glaucoma. The results allow suggesting that in advanced glau-
coma, a decrease in visual functions is associated not only with the death of 
RGCs but also with dysfunction of surviving cells that are yet at the stage of 
reversible plastic changes. These results also substantiate the advisability of 
administering neuroprotective therapy to patients with any stage of glauco-
ma, including pre-perimetric and far-advanced POAG. The mechanism of the 
neuroprotective effect of fractal optical stimulation may be associated with 
the activation of synaptic and dendritic plasticity. Fractal stimulation can have 
effects at the cellular and molecular levels, activating neurotrophic factors 
and enhancing the expression of genes that control protein synthesis and neu-
ral signaling. We concluded that manifestations of adaptive plasticity at the 
preclinical stage for some RGCs in glaucoma may underlie the neuroprotec-
tive effects of fractal phototherapy. The modifying disease impacts of fractal 
photostimulation can apparently be reflected in the suppression of primary 
events in the development of POAG.
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