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Chapter 1. How is the 3-dimensional space represented in the primary visual
cortex in strabismus?

Alekseenko S. V.

Pavlov Physiology Institute Russian academy of sciences, St.Petersburg, Russia

Abstract

Deviation of the eye from the normal position (strabismus) causes a loss of stereoscopic vision,
which based on visual cortical neurons that are sensitive to the disparity of images on two retinas.
Such neurons encountered in the primary visual cortex, where they tuned to the position of objects
relative to the bifixation point. The aim of this paper is to create maps of projections of dot-objects
of 3D space in this cortical area patients with strabismus caused by optical and anatomical disorders.

Introduction

Changes in eyes alignment (strabismus) at an early age affect the visual representation of the
position of objects in the near surrounding 3-dimensional space. This is due to the fact that
stereoscopic vision is lost or decreased, the squinting eye eventually becomes amblyopic, the
parameters of eye movements and crowding zones change, an asymmetry of optokinetic nys-
tagmus appears, etc. (Daw, 2006). The stereoscopic vision based on visual cortical neurons
interconnections that are sensitive to the disparity of images on two retinas, which occurs due
to the distance between the eyes (Barlow et al., 1967; Nikara et al., 1968; Poggio, Fischer,
1977; Freeman & Ohzawa, 1990; Prince et al., 2002). Such binocular neurons estimate an im-
age mismatch of 10-20 arc seconds (Parker et al., 2016). Disparate neurons first encountered
in the primary visual cortex, where they are tuned to the position of objects relative to the gaze
bifixation point (Cumming, Parker, 1999; Roe et al., 2007; Gardner et al., 2008; Alekseenko,
2015). The signals from these neurons used the oculomotor system to change the position of
the fixation plane and to fuse the monocular images perceived separately by the left and right
eyes into a single visual percept (binocular fusion).

Ophthalmologists distinguish many forms of strabismus: convergent, divergent, vertical, con-
comitant and incomitant (paralytic), torsional etc. This is understandable, because the position
of the eyes in the orbits, the direction of gaze depends on the state of many anatomical struc-
tures (the lens, the cornea, six eye muscles, four oculomotor nuclei) and in each of them, as
well as in the structures of their management, disturbances leading to strabismus are possible.

Despite the variety of strabismus forms, clinical methods of correcting the position of the
eye are provided by different procedures of glasses or contact lenses supplemented, eye mus-
cle surgery, refractive surgery, and by functional training (Cepruesckuii, 1951; Poxkona,
Martgees, 2007; XKanpo, droxpe, 2022).

These methods of treatment directly indicate that there are fundamentally different optical,
anatomical and functional defects in concomitant strabismus. The manifestation of these de-
fects, leading to mismatch of information coming from the two retinas, is manifested at dif-
ferent child ages. If congenital concomitant strabismus is caused by disorders leading to an-
atomical defects such as strength of the external eye muscles or different refraction of eyes,
then strabismus will be visible during the first 3.5—-6 months, i.e., during beginning formation
of stereoscopic vision (Fox et al., 1980; Petrig et al., 1981, Atkinson, 1984; Braddick et al.,
1980). If the child has accommodative disorders leading to different refraction of the eyes
due to differences in the curvature of the lenses, corneas, then strabismus will develop at the
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age of 3.5—6 months. In this postnatal period, monocular structures that provide visual acuity
of the eyes, cortical structures of perception of information from different eyes (ocular dom-
inance columns (Hubel, Wiesel, 2006)), as well as mechanisms for controlling vergent and
versional eye movements develop. By the age of stereo vision formation, their development
reaches a level sufficient to guide the optical axes of the eyes to a common point—bifixation,
which is necessary for projecting images of objects on the corresponding points of the retinas
(Daw, 2000).

The occurrence of strabismus, as well as its treatment, primarily leads to a change in the
structure of projections of objects in the primary visual cortex. Maps of cortical representa-
tion of objects in the cases of strabismus with anatomical or optical defects have not yet been
demonstrated.

The purpose of this work is to create and compare maps of projections of objects to the pri-
mary visual cortex in individuals with various forms of strabismus and to assess the possibil-
ities for the formation of binocular neurons in this cortical area.

Methods

Based on the known data on the course of visual pathways from the retina, the position of
dot-objects projections via both eyes to the primary cortical area was determined. This map-
ping method was described earlier (Alekseenko, 2015). For a brief illustration of the meth-
od, the projections of the dot-object X are shown in fig.1a. The optical axes of the two eyes
intersect at the point of gaze bifixation through which the fixation plane passes. The visual
pathways from the retina are divided into two streams directed to different hemispheres. Due
to the separation of the retinal paths, one visual hemifield of both eyes and a small part of the
opposite hemifield, which is the projection from the retinal zone of naso-temporal overlap, are
retinotopically represented in each hemisphere.

As can be seen in fig. 1a, information about object X projected onto the temporal halves of
both retinas is transmitted along the ipsilateral fibres of these pathways. The lower part of the
fig. 1a shows the localization of the projections of the object X on rectangular diagrams of
parts of cortical area in both hemispheres in which the horizontal meridian of the visual field
is represented. The projection of object X on the left retina is located farther from the optical
axis of this eye than on the right retina. Accordingly, monocular projection of object X in the
left hemisphere is farther from the projection of the boundary between visual hemifields than
in the left hemisphere. However, dot-objects projected onto the retinal zone of the naso-tem-
poral overlap presented in both hemispheres.

Results

For all forms of strabismus, maps of projections from different eyes to the primary visual
cortex V1 were constructed for the same three dot-objects located at different distances from
the nose in the sagittal plane of space. Their positions were chosen on purpose, because they
are located in the spatial loci to which binocular neurons of known groups are tuned: FAR,
NEAR or binocular neurons tuned to objects in the plane of fixation (Poggio, Fischer, 1977).

Figure 1 shows maps of projections of these objects in the visual cortex in the case of normal
alignment of eyes (a) and in a case with convergent strabismus (b) caused by an anatomical
defect (for example, the internal eye muscle of the right eye is shortened or the asymmetric
attachment of the muscles is incorrectly attached to the eyeball).



g
8 ENE | s
&
3 B
=Y
|0 S —
& ??
Lefl hemisphere Right hemisphere Left hemisphere Right hemisphers

Figure 1. Maps of projections of 3 dot-objects to the primary visual cortex in the case of

normal eye alignment (a) and convergent strabismus due to the anatomical defect (b).

Rectangular diagrams are parts of cortical area where the horizontal meridian of the visual
field is represented. FAR, NEAR, FIXAT—binocular cells tuned to the objects.

In the norm (Fig. 1a), object 2 is located at the bifixation point on the frontal plane, object 1 is
located behind this plane, object 3 is in front of it. It can be seen that the minimum distance in
the cortex between projections through the left and right eyes is observed in object 2 located
at the bifixation point. At the same time, the distance between projections for objects located
closer and further than the bifixation point is increased. In the zones of these projections,
there are monocular neurons that receive inputs from different eyes, and as a result of the
convergence of axons (outputs) of these neurons, binocular neurons are formed, tuned to the
position of objects 1-3. Such binocular neurons are selective to disparities in the range from
—1 to +1 deg (Anzai, De Angelis, 2010). The length of intra-areal neuronal connections (45
mm) limits the formation of BNs that are selective to higher disparity values.

In the case of strabismus caused by a congenital anatomical defect of the right eye (fig. 1b) the
optical axes of the eyes intersect not at the point of gaze fixation, but in a different position.
Therefore, the projections of objects through different eyes to the cortical area do not corre-
spond to each other. The distance between the monocular projections of objects 1 and 2 in the
cortex of the left hemisphere is large and exceeds the length of neuronal axons necessary for
the formation of binocular neurons tuned to the position of these objects. It is quite possible
to form a neuron tuned to object 3. This may indicate the presence of stereo vision in a sepa-



rate sector of space. However, it is obvious for dot- objects only. Strabismus of this origin is
corrected in the clinic by surgery of the eye muscles. In addition, if the operation is carried
out during the period of plasticity of neural connections (up to 6 years), disparate neurons are
formed and children have stereoscopic vision.

Fig. 2 shows diagrams of projections into the cortex in children with convergent (a, c) and
divergent (b) strabismus caused by differences in the focal lengths of the optical apparatus of
the eyes (optical defects). In these diagrams, the right eye is deviated. In children with differ-
ences in eye refraction at the age of the onset of the formation of stereoscopic vision (from
3—4 months of age) and lasting up to 3 years (Daw, 2006). There is a gradual deviation of one
eye, aimed at combining the fixation points of both eyes, which is necessary for the formation
of an ordered system of binocular neurons.

wvisual corfax
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m—
—

= ran
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Figure 2. Maps of 3 dot-objects projections to the primary visual cortex in the case of

accommodative strabismus. (a)- convergent strabismus with small angles of eye deviation,

(c)-. with large angle, (b)—divergent strabismus. For most cases of even mild strabismus, only
a hypothetical horopter can be drawn.

In this case, the eye and, accordingly, the fixation point of the gaze deviates towards the short-
er focus eye, which leads to convergent or divergent strabismus. This is confirmed by clinical
observations: farsightedness of the squinting eye (i.e., long-focus eye) is usually combined
with a convergent type of strabismus, and myopia with a divergent one. The angle of eye
deviation depends on the differences in the focal lengths of the optical apparatus of the eyes.
With strabismus, the width of the binocular sector of the visual fields also changes—the sector
narrows with convergent strabismus and expands with divergent.

We see by comparison of the diagrams that the frontal plane of space, on which the gaze bi-
fixation point is located, approaches to the observer in the case of convergent strabismus and
moves away with divergent strabismus. Such changes in the distances to the fixation plane

8



and a shift in the fixation point cause a different position of the monocular projections of ob-
jects in the primary cortex, however, the conditions for the formation of disparate neurons of
all types are preserved (Fig. 2a, b). Under these changed conditions, other types of binocular
neurons carry out tuning to objects position. For example, in the case of normal alignment of
eyes, the spatial position of object 2 is estimated by a neuron tuned to the fixation plane, in the
case of convergent strabismus it is evaluated by neuron FAR, and in the case of divergent stra-
bismus by a neuron NEAR. This indicates that the information about the position of objects in
3D space changes with accommodative strabismus with a small angle of eye deviation.

At large angles of deviation of the eye (Fig. 2¢), BN cannot form due to the increased distance
between projections from different eyes.

In the clinic, for the treatment of such forms of strabismus, surgery is not used, the position
of the squinting eye returns to normal when the focal lengths of the eyes are adjusted using
glasses, contact lenses.

Thus, analysis of the location of monocular projections of dot-objects in the retinotopically
ordered primary cortex showed that disparate neurons necessary for stereoscopic vision can-
not be formed in strabismus. Only at small angles of strabismus caused by accommodative
disturbances, such binocular neurons can be formed. However, the assessment of the position
of objects in space by these neurons depends on the position of the fixation point relative to
the observer, the position of which changes with convergent and divergent strabismus.

Discussion

The study showed how the correspondence of information coming from different eyes is
important for the structures of stereoscopic vision. The map of 3D space is disturbed even in
the primary visual cortex with strabismus. Only at small angles of deviation of the eye during
strabismus caused by accommodation disorders, in this visual area of the lowest level of the
cortical hierarchy, conditions are created for the formation of all known types of disparate
neurons. The preservation of stereo vision in children with “purely accommodative strabis-
mus” at small angles of the eye deviation is noted in the guide to strabology (?)Kanpo, roxpe,
2022). At large angles of the eye deviation, as well as with other forms of strabismus, stereo
vision was not detected. It is clear that these clinical data represent the result of the function-
ing of all visual areas, and not just the primary cortex.

The disparate neurons of the primary cortex are tuned to the position of objects relative to the
point of bifixation. They respond only to the local correspondence between the two images.
They responses to random-point stereograms and other specific stimuli that do not cause
depth perception (Erkelens, Collewijn, 1985; Masson et al., 1997; Cumming, Parker, 1999,
2000; Miles, 1998; Busettini et al., 2001; Erkelens, 2001). That is, this cortex does not yet
solve the problem of correspondence of features of two images, which is necessary for the
perception of objects depth. However, such stimuli caused the monkeys to make vergent eye
movements, which is important for changing the distance to the fixation plane.

The data obtained when comparing the assessment of the spatial location of the same dot-ob-
jects (1, 2, 3) by disparate neurons in accommodative strabismus (Fig. 2ab) and in the norm
(Fig. 1a), made it possible to show changes in the types of neurons that were tuned to these
objects depending on the eyes alignment—from strabismus to normal alignment. Similar re-
arrangements in the activation of cells in the primary cortex should occur in children in the
treatment of strabismus caused by different refraction of the eyes. In addition to the redistri-



bution of activity in the family of disparate neurons, there are also changes in the activity of
the oculomotor structures, which receive signals from the binocular neurons FAR or NEAR:
vergent eye movements change the distance to the fixation plane and versional movements
change the location of the bifixation point in this plane. Consequently, in the process of stra-
bismus treatment, quite complex changes occur in many parts of the nervous system. Appar-
ently, this explains the long duration of the process of stereofunction recovery in comparison
with the period of their formation and the critical period of their disruption (Daw, 2006).

Note that the map of projections of objects into the cortex with paralytic strabismus wasn’t
built, because this form of strabismus occurs in neurological disorders (paresis, paralysis of
visual and oculomotor structures of the brain). The surgical rotation of the eye does not elim-
inate pathology in innervation and provides only a cosmetic effect.

Each sensory system formed its representation of the surrounding space, and they are co-
ordinated with the participation of motor control and reinforcement. The map of the visual
space in the primary cortex are retinotopic, but not spatiotopic (Gardner et al., 2008). This
retinotopic organisation, according to our results, is disturbed by strabismus. In this regard,
the information sent by neurons of this area to subsequent visual and oculomotor structures
during strabismus does not correspond to information about the spatial position of objects in
other “healthy” for this patients sensory systems (auditory, tactile). Given this, the process of
restoring stereo vision must be more effective in the plastic period of development of binoc-
ular visual neural systems and coordination with other brain structures.

This study was supported by the State Program 47 GP “Scientific and Technological, Development
of the Russian Federation *“ (2019-2030), theme 0134—2019—-0006.
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Chapter 2. Comparative analysis of neural network and human attention
patterns in image classification

Antipova A.

Lomonosov Moscow State University, Moscow, Russia

Introduction

People are very good at creating or learning new concepts. With only a few examples, we
can identify common content for a new concept. The central problem of cognitive science is
how this process of conceptualization, and its underlying representations should be modeled.
A related process is categorization, the ability to separate an object from its background and
assign it to some class (Bruner, 1977). Research on this cognitive ability can be traced back
to the works of Plato and Aristotle, but there is currently no theory capable of satisfactorily
describing the flexibility of categorical organization (Boyarskaya, 2011). Nevertheless, the
ability to effectively categorize objects is one of the most important cognitive abilities for suc-
cessful interaction with the world, and therefore this ability is also actively studied in research
on artificial intelligence. Thus, Velichkovsky points out that neural networks demonstrate
categorization of stimulus situations, the ability to correctly “recognize” slightly modified
versions of previously learned concepts (Velichkovsky, 2006). However, a comparison of hu-
man and neural network categorization abilities has not yet been carried out. Even though the
principle of creating neural networks is biologically mimic and, therefore, we expect similar
results when performing cognitive tasks, it seems important to practically compare the strate-
gies of artificial intelligence and humans, since this may further limit the development of Al

In the “strong-weak AI” paradigm, one of the main difficulties to overcome seems to be the
specialized nature of modern forms of artificial intelligence, the ability to solve a single task,
such as face recognition or playing chess. It seems that universal artificial intelligence (AGI)
will be as multitasking as human intelligence. However, it is still not clear exactly how this
can be modeled. One approach to solving the problem is to look for conceptual structures.
A conceptual structure is the mental carrier of a concept, responsible for its assimilation,
functioning, and change within individual mental experience. Concepts are the point of con-
vergence of general patterns of conceptual thinking and the uniqueness of individual mental
experience of a particular person. The conceptual structure is not only a mechanism of infor-
mation processing, but also a means of its storage. This aspect of the organization of a concept
can be described in terms of “semantic networks” and “semantic spaces” considering, howev-
er, the fact that the semantic network of each concept is a dynamic formation with constantly
changing composition of semantic elements and moving boundaries. Thanks to conceptual
structures a special “represented reality” is formed, which, according to J. Piaget, “becomes
even more than reality, because a whole world of what can be constructed is discovered and
because thinking becomes free in relation to the real world” (Piaget, 1968).

Conceptual structure consists of three mechanisms: semantization, categorization and con-
ceptualization. Semantization is the ability to recognize the meaning of a word or expression
and conceptualization is the ability to create certain ontological representations of some array
of empirical data. These mechanisms appear to be the most difficult for modeling, although
they include the ability to categorize, which is why we propose to begin modeling conceptual
structures precisely with it. It is categorization that underlies such tasks as object recognition,
object tracking, etc. Modern researchers of artificial intelligence contrast such processes as
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intelligence and creativity, but the development of conceptual structures will remove this bar-
rier, as creativity and intelligence are characterized by the number of conceptual connections
and the speed of processing conceptual information.

Modeling the ability to efficiently operate on existing concepts and create new ones is one of
the main tasks for researchers of intelligent agents (Zwarts, 2015). It is assumed that such a
conceptual agent can create and modify conceptual frameworks to interact effectively with
the world around it. The theory of concept spaces proposed by Peter Gardenfors in 2000 (Gar-
denfors, 2000) seems to us a great solution to the problem of structural storage of concepts,
but the question of how to create concepts from unlabeled data remains open. A 2017 study

shows that InfoGAN latent spaces can serve as domains in the concept space framework
(Bechberger & Kuhnberger, 2017).

Also, a common problem for the cognitive and computer sciences is the problem of mental
representation: in what form a concept or category is stored in the brain or conceptual space.
A mental representation is a common approach to explain and describe the nature of ideas and
concepts in current philosophy, particularly in branches of metaphysics like philosophy of
mind and ontology. A promising direction in this question is the study of the phenomenon of
learning to draw (Pelayo & Fonseca, 2013). In the cognitive studies of drawing, the “begin-
ner’s paradox” is well known. A novice artist draws not at all what he perceives visually, but
rather seeks to display the general concept of the subject, which he uses in identifying things,
while some children with autism spectrum disorders can draw realistic pictures without pre-
vious drawing training. It is assumed that in autistics some ability to generalize and concep-
tualize information is impaired, so sensory stimuli undergo minimal processing. Although
drawing is not a direct reflection of those figurative processes that unfold in the psyche of the
subject, it nevertheless can be considered as an indirect indicator of verbal-image translation
in the structure of corresponding concepts. It is extremely interesting to search for an answer
to the question “Why can’t I draw the world the way I see 1t?”.

However, for the time being practical research of conceptualization mechanisms was limited
to psychological experiments within the framework of diagnostics of cognitive abilities of
a patient. For example, the technique of formation of artificial concepts offered by German
psychologist N. Ah and modified by Soviet psychologist L.S. Vygotsky for an assessment
of “level of generalization” in preschool children (Vygotsky & Sakharov, 1998). At the mo-
ment, research on conceptual structures is closely related to the search for neural correlates
of semantic spaces (Pulvermuller, 2013) but working with the human brain is a complicated
process, so in our opinion, modeling conceptual networks is a more efficient job.

Thus, the direct study of conceptualization mechanisms is not yet available to us, but to iden-
tify the possibility of studying conceptualization processes at the level of universal abilities
of intellectual systems, we propose to compare categorization ability of a human and a neural
network. This study is unique in terms of considering categorization and conceptualization
within a universal approach to the study of cognitive processes. We aim to consider cognitive
and computer science problems on a transdisciplinary level.

Theoretical background

To compare categorization ability, we propose to compare the attention patterns in an image
classification task in a neural network and a human. Note that the search for attention patterns
in the classification task in a neural network is an important task for the interpretability of the
model prediction results. Interpretability of the model becomes necessary because of such
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aspects as increasing confidence in the results when solving critical problems, increasing
safety and the possibility of challenging the results of calculations. Such a task is of particular
interest for such neural network architecture as transformer. A feature of the architecture is the
use of the attention mechanism and high efficiency under conditions of parallelization. The
Transformer model was first proposed in “Attention is All You Need” by Google developers
in 2017 (Vaswani, 2017).

Neural network models are the basis for such a branch of the philosophy of artificial intelli-
gence as connectionism and the main element in the structural approach to modeling the fea-
tures of natural intelligence. The latest research shows that the architecture of the transformer
is equivalent to the mathematical model of the EC-hippocampus. This “memory model” turns
out to be equivalent to the self-attention module (Whittington & Warren, 2022). Also in a
2017 article, researchers found that human-selected ROIs on an eye tracker contain the most
features for successful image classification by ML models (Zhou et al., 2017). Such studies
show that neural networks, and the transformer architecture particularly, are most suitable for
interdisciplinary studies of the universality of cognitive processes.

The subjects are offered a solution to an implicit image classification problem, which is not a
standard eye-tracking problem. After presenting the image, the subject must assign it to one
of the four proposed categories, in average two of which are high-level and two are low-level.
We did not analyze the obtained data on the selected class in the experiment, since we special-
ly selected images that are difficult to classify unambiguously, and there is no correct answer
in this problem.

As a result, we obtain averaged heatmaps for each image with highlighted areas that a person
or Vision Transformer (ViT) paid attention to when solving the classification problem.

Methods

Participants. The experiment involved 25 subjects aged 18 to 29 years with normal or correct-
ed to normal vision without mental disorders.

Equipment. The study was conducted using the GazePoint GP3 eyetracker, with a registration
frequency of 60 Hz and a 9-point calibration before the start of the experiment. The design of
the experiment was made on the Neurobureau platform.

Dataset. We used 51 images from the open eye-tracking dataset (Borji & Itti, 2015). The se-
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lected images belong to 7 different categories: “art”, “object”, “objects”, “landscape”, “poor
image quality”, “abstract”, “drawings”. The choice of images from these categories, except
for the “object” category, is due to the fact that it is difficult to classify them unambiguously.
We believe that the absence of an obvious class to define equalizes the conditions for a human
and a neural network trained to classify only 1000 classes. The choice of a relatively small
number of images is since a larger number implies a greater cognitive load on the subjects and

a decrease in the accuracy of the resulting heatmaps.

Model. Vision transformer (ViT) is an image classification model that uses a transformer-like
architecture. The model uses self-attention—a kind of attention mechanism, the task of which
1s to identify patterns only between input data, which brings the model closer to the context
in which the person is when solving the problem. The model is pretrained for 1000 classes,
which mainly include animals, plants, and simple objects.
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Figure 1. Sample image from the CAT2000 dataset.

"l

Figure 2. Sample image from the CAT2000 dataset.

Hypotheses. We assume that the patterns of attention will be different for all categories, ex-
cept for the “object” and, possibly, “drawings” categories, since in these categories, in our
opinion, it is easy to separate the object from the background.

Experiment design. Stimuli from the CAT2000 dataset were presented to the subjects for 5
seconds, after which it was necessary to assign the image to one of the 4 proposed categories.
For example, for the following picture such categories were selected: musician, man, male,
guitarist. There was no time limit for category selection.
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Figure 3. Sample image from the CAT2000 dataset.

Method of analysis. As a result, we got average attention heatmaps for each image. To com-
pare images, we used a pixel-by-pixel comparison of normalized ViT and human attention
heatmaps with color segmented portions of the highest attention in the image.

Figure 4. VIT attention heatmap segmentation.
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Figure 5. Human attention heatmap segmentation.

Results

In the used dataset, 23 attention heatmaps turned out to be similar in terms of attention pat-
terns and 28 images differed in these patterns. For a group of images with similar heatmaps,
the following features can be distinguished:

1. The object/objects can be clearly distinguished in the image.

2. Presence of contrast zones.

&

Figure 6. VT attention heatmap of the dog image.
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Figure 7. Human attention heatmap of the dog image.

It is interesting that the neural network paid attention to the same parts of the image from the
“drawing” category as a person. Perhaps such representations of concepts in the theory of
drawing can serve as an example of representations of concepts in the conceptual space.

Figure 8. VIT attention heatmap of the bear image.
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Figure 9. Human attention heatmap of the bear image.

For different heatmaps, the following features can be distinguished:

1. Attention patterns are similar if the image is not uniform. By image uniformity, we mean
the degree of uniformity in the distribution of similar objects throughout the image. If the
image is homogeneous:

* The person looks to the center.

* The neural network pays attention to the most contrasting parts of the image.
_ e ) :) L.
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Figure 10. VIT attention heatmap of the balls image.
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Figure 11. Human attention heatmap of the balls image.

The difference in strategies can be explained by the peculiarities of human holistic perception:
if there is nothing to “catch” on in the image, then the easiest strategy is to focus the gaze on
the center of the image. So, with an embracing, or, in other terminology, ambient (Velichk-
ovsky, 2006), way of perception fixation points accumulate in the central area of the image:
“the whole is greater than the sum of its parts”. Due to the absence of such an effect in mod-
ern neural networks, it is necessary to “scan” the image in search of contrasting features for
prediction.

2. The neural network ignores social stimuli that are important for a person: letters and faces.
For successful social engagement, attention modulation to socially relevant stimuli is a cru-
cial component. This qualitatively affects the final patterns of attention for a person: in most
cases, in the presence of inscriptions or faces, attention is focused precisely on these parts of
the image. Perhaps the absence of such bias is a useful feature, but for the development of
social artificial intelligence the need to respond reactively to social stimuli becomes apparent.
Characteristically, ignoring social stimuli is a diagnostic marker of autistic diseases. Note
that now, the use of literature on psychological deviations in the study of neural networks is
becoming increasingly popular (Mizutani, 2022). The most well-known phenomenon of this
type is savantism—the presence of outstanding abilities in one or more areas of knowledge,
contrasting with a generally limited personality. A person with the savant syndrome can repeat
several pages of a text he has heard only once, accurately state the result of multiplication of
multi-digit numbers or say on what day of the week May 3 of any year falls. Savants’ abilities
are most often manifested in music, mathematics, drawing, calendar calculations, etc. (Bijakji
etal., 2021).
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Figure 12. VIT attention heatmap of the people image.

Figure 13. Human attention heatmap of the people image.

Low-level processes are fundamentally inaccessible to introspection, so savants cannot ex-
plain the source of their abilities. Alan Snyder suggests that such processes are deliberately
inhibited to consciousness, and that an automation strategy speeds up decision-making, espe-
cially when providing partial information about the world. (Snyder, 2009). It is worth noting
that savant skills are not related to the capacity for creativity; they do not depend on active
learning, but on easy reading of raw information. Skills do not improve over time and disap-
pear with the treatment of the disease. However, the cognitive strategy of savants has some
advantages for problem-solving classes that involve breaking down cognitive distortions (sa-
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vants, by concentrating on details, have no bias in problem solving) (Snyder et al., 2009).
Thus, savants have privileged access to low-level processes of the nervous system. The crite-
rion of high/low level in perceptual processes is the vector of information processing and it’s
mediated by experience. Processes affecting perception directly through the senses are called
ascending processes, and processes affecting perception through knowledge, experience, and
context are known as conceptually guided processes (Chistopolskaya et al., 2019).

We believe that the development of modern neural networks is at a similar savant stage. Neu-
ral networks have unlimited access to “sensory” information (all pixels in an image, frequen-
cies in a piece of music, etc.) without top-down processes. Characteristically, neural networks
are called imitators in the same fields in which savants are declared geniuses: mathematics,
drawing, music, modeling, etc. Thus, it is established that conceptualization is a necessary
condition for the development of artificial intelligence, and it is also possible to model it, giv-
en the fact that the ability to categorize in neural networks and humans is similar.

The limitations of the experiment include the presence of a small number of stimuli from dif-
ferent categories, although the resulting heatmaps are stable.

Conclusions

As a result of the study, the features of the categorization processes in humans and the ViT
neural network were established. The obtained results suggest that the main mechanisms
(separation of the object from the background, paying attention to the contrasting parts of
the material) of categorization can be considered universal, while the difference in strategies
1s associated with the peculiarity of the holistic perception of the image and the importance
of social stimuli in human life. Based on the results, we can also assume the similarity of the
internal architecture of the structures responsible for the categorization process. The results of
this study can be used as a rationale for the universality of conceptualization processes.

It is important to compare heatmaps of different transformer architectures and create a model
that recognizes drawn objects without learning from drawings. It is also extremely interesting
to develop the design of the “Conceptual Synthesis” experiment for a neural network. The
“Conceptual Synthesis” technique is aimed at identifying conceptual abilities (the ability to
construct a certain set of semantic contexts based on three words that are not related in mean-
ing) (Holodnaya, 1988). In the future, we plan to continue to explore visual patterns, as we
believe that access to mental representations is easier when modeling cognitive phenomena
in the form of a neural network.

The article was prepared with the financial support of the grant of the Moscow Center for the
Study of Consciousness No. 1/2022.
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Chapter 3. Stimulus display with extra wide color gamut for color discrimination
thresholds assessment by strict substitution method

Belokopytov A.

Institute for Information Transmission Problems, Russian Academy of Sciences, Moscow, Russia

Abstract

Introduction. Assessment of human color discrimination thresholds usually requires costly
sophisticated apparatus with complex optical system and unusual visual conditions for ob-
server (MacAdam, 1942). The amount of the experimental data is limited due to these obsta-
cles especially outside Adobe RGB color space. Measurements in these areas of human color
space are needed to develop color appearance models for novelty imaging devices.

The goal. To develop simple device for assessment of human color discrimination thresholds
in free-view conditions.

Methods. The device uses “strict substitution” method [2] for visual stimuli presentation
which allows to significantly simplify optical system. The device consists of stimulus box
and Arduino based control box. Stimulus box contains plate with RGB LED strips, two dif-
fuse plastic plates, set of exchangeable apertures, digital temperature sensor, and a fan. Con-
trol box has auxiliary LCD display and three rotary encoders. LED brightness of each color
channel is regulated with 16-bit PWM. Device was calibrated with X-Rite 11 pro spectropho-
tometer. Control box software allows to set reference and test stimuli color in xyY CIE color
coordinates, and provides replacement of stimuli with frequency of up to 100 Hz.

Results. The device has the following features: extra wide color gamut (about 120 % of Adobe
RGB), brightness of an equiluminance plane of up to 80 cd/m?, stimuli of up to 4 cm diame-
ter, free-view conditions. The device characterization (according to [3]) was conducted, the
results were satisfactory. Some cross-talk between color channels was found (less than 10 %),
the reasons are under discussion. Thermal stability measurements showed that device should
be used in a laboratory with air conditioning. Pilot measurements of color discrimination el-
lipses gave reasonable results.

Conclusion. The device can be used to access color discrimination thresholds.
Introduction

In 2012 the new standard for imaging devices (mainly television devices) was adopted by
ITU-R (BT.2020, 2012) and later it was extended (BT.2100, 2018). However, there are still
no commercially available devices that meet one of these standards. The standards have set
substantially expanded requirements for the device’s color gamut. Rec. 2020 color space cov-
ers 75.8 % of the CIE1931 color space (i.e. human color gamut), whereas Adobe RGB color
space covers 52.1 %. The best commercially available displays cover no more than the Adobe
RGB color space (for example, NEC PA311D, Eizo CG319X—-99 %)).

Why there are no imaging devices with more wide gamut? Part of the answer is too few ex-
perimental data on the human color discrimination thresholds outside the Adobe RGB color
space and lack of color appearance models in this color space area.

Assessment of human color discrimination thresholds usually requires costly sophisticated
apparatus with complex optical system and unusual visual conditions for observer. For exam-
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ple, MacAdam apparatus clearly is very complex (Fig. 1).
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Fic, 2. Vertical cross section of chromaticity discrimination apparatus.
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FiG, 3. Horizontal cross section of chromaticity discrimination apparatus,

Figure 1. MacAdam apparatus (MacAdam, 1942)

Modern opto- and microelectronics allows to develop simple device for assessment of human
color discrimination thresholds. Now high brightness color LEDs and RGB LED strips are
widely available. To maximally simplify the optical system of the device it was convenient
to use “strict substitution” method (Wyszecki, Stiles, 2000, pp. 278-293). In this method
test and reference color stimuli interchange in time but have the same physical location and
stimulate the same retinal area. Interchange of stimuli is controlled electronically by the mi-
crocontroller program.

Traditional technology inevitably led to unusual visual conditions for observer—ocular view
which limited investigations to monocular mode and “Maxwellian viewing” (Burns, Webb,
2010) which required special training of the observers. In contrast, now it was not hard to de-
velop device for “free viewing” (“Newtonian viewing”) visual conditions that is much more
convenient for observer and opens new possibilities.

Methods

All spectral measurements (emission/transmittance/reflection) were done with X-Rite I1 Pro
rev. D spectrophotometer in hi-res mode (wavelength resolution 3.33 nm) with the help of the
spotread utility from argyll cms software package (Argyll, 2021). Assessment of the LED’s
temperature was done with 1) digital thermometer DS18B20 and 2) Fluke TiS60 Thermal
Imager.

The device consists of the “Control Box” with electronics and “Stimulus Box” with LEDs and
fans (Fig. 2).
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Figure 2. General view of the device

Off-the-shelf electronic components are used in the device: control box—Arduino Leonardo
microcontroller, PSU MeanWell 12V 2A, three ECI11 rotary encoders, LCD display 20x4;
stimulus box—decorative RGB LED strips, digital thermometer DS18B20, fans Evercool
EC6015M12B (60x60%15 mm). Microcontroller provides at least 3 hardware PWM channels
with 16-bit resolution each. LED strips were annealed for 100 hours at full brightness. Addi-
tionally, the control box has RJ45 port to connect optional module with three encoders (3 m
cable) which operate parallel to the encoders mounted in the control box.

Stimulus box was made of binding board, has dimensions 135x135x50 mm. Inside the box
there are two diffuse plastic plates (one mounted in the cover), PCB with LED strips, digital
thermometer (Fig. 3). Fans are mounted at the back side of the box, there are holes in the
box and the PCB for the air flow. Stimulus box is accompanied with set of exchangeable dia-
phragms with round holes of various diameters (maximum 4 cm).

A B

Figure 3. Inside stimulus box. A. Diffuse plastic plate over PCB with LEDs. B. PCB with LED
strips, digital thermometer is mounted in the center of the PCB.
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Control box software allows to set color center in CIE xyY color coordinates, to measure
JND in polar coordinates, to replace stimuli with a minimum interval of 10ms. Experimenter
sets desired parameters with 3 knobs (encoders), and observer operates only 2 knobs. Further
technical details one can find at https://github.com/abelokopytov/sd.

Optical pulses measurements were done with shunted Vishay BPW34 photodiode and oscilloscope.

Stimulus display characterization as new imaging device was conducted according to (Brainard et al.,
2002).

Results
Spatial homogeneity (field uniformity)

Field uniformity was assessed by analyzing luminance profile of the stimulus box window
photographs with the help of the ImageJ software (Fig. 4). The conclusion is that two thirds
of the window can be used for measurements.

549x551 pixels; RGB; 1.2MB
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Figure 4. Photograph of the stimulus box window with marked ROI (region of interest)
superimposed with luminance profile of the ROI
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Luminance linearity

The evaluation of the luminance linearity led to the conclusion that the device demonstrates
good linearity (Fig. 5). Measurements were conducted in 10-bit PWM mode but there is con-
fidence that the results will be the same for 16-bit mode.
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Figure 5. Color Red, Green and Blue channels luminance dependence of the PWM value.

Diffuse plate spectral properties

Spectral reflectance and transmittance of the diffuse plate are presented in Fig. 6.
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Figure 6. Diffuse plate spectral reflectance/transmittance

Light pulses assessment

It was important to assess quality of linearity at low PWM levels to define limits of applica-
bility of the device at low light levels (when luminance of the stimulus box is less than 0.1
cd/m? and cannot be reliably measured with the spectrophotometer used). To accomplish this
task light pulses were measured directly (in 10-bit PWM mode) with the help of photodiode
and oscilloscope (Fig. 7).
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Figure 7. Output light and input electrical pulses at various PWM values.

It was reasonable to set the low limit of the PWM value to about 6 in 10-bit PWM mode, i.e.
to 6*64=400 in 16-bit PWM mode.

Stimulus display spectral characteristics

The spectral power diagrams were measured for Red (Fig. 8), Green (Fig. 9) and Blue (Fig.
10) channels at various temperatures (temperature was assessed with digital thermometer

inside the stimulus box).
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Figure 8. Spectral power distribution of the Red channel at various temperatures indicated in

the legend.
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Figure 9. Spectral power distribution of the Green channel at various temperatures indicated

in the legend.
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Figure 10. Spectral power distribution of the Blue channel at various temperatures indicated
in the legend.

Luminance dependence on the temperature

It was found that time lag to stabilize temperature and emission of the stimulus box is about

2 minutes. Luminance dependence on the temperature for Red, Green and Blue channels are
presented in Fig. 11-13 accordingly.
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Figure 11. Luminance of the Red channel at various temperatures.
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Figure 12. Luminance of the Green channel at various temperatures.
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Assessment of the LED temperatures

It was of interest to compare digital thermometer readings with other device. Measurements
were done with the following RGB values: R=21989; G=9478; B=65535 (luminance 273 cd/
m?). The data on LEDs temperatures obtained by Fluke thermal imager are shown in Fig. 14

and comparison with digital thermometer readings and ambient temperature are presented in
the Table 1.
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Figure 14. Data obtained by Fluke thermal imager

Table 1. Ambient and LEDs temperatures.

Source Temperature (°C)
Ambient 22.0
Digital thermometer inside stimulus box 26.7
Thermal Imager maximum 33.8

Working temperature of the device.

In air conditioned laboratory with ambient temperature 22 °C digital thermometer reading at
zero luminance is about 24 °C due to fans self-heating (though airflow is outside the stimulus
box). At the equiluminance plane with Y = 80 Cd/m? its readings are about 26 °C, so temper-
ature difference compared to zero luminance is about 2 °C.

Channels cross-talk
It was found that channels luminance does not obey additivity law. It means that
LW#LR+LG+LB

Here LW denotes luminance of “white” (i.e. R=G=B=value), LR, LG, LB denote luminances
of Red, Green and Blue channels at the given PWM value accordingly.
Relevant data is presented in the Table 2.
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Table 2. Luminance additivity check results.

PWM Value LW LR LG LB Error (%)
128 121.4 37.9 78.6 11.3 53
512 476.2 141.1 307.2 44.0 3.4
1023 942.1 265.9 615.5 88.1 2.9

PSU voltage was stable in all conditions.

Device accuracy

The device was calibrated (CIE xyY color coordinates of the primaries were measured with

spectrophotometer at ambient temperature 22 °C and parameters in the control box software were
adjusted accordingly) to present equiluminance plane Y = const. Maximum Y achieved was more

than 80 cd/m>.

Device accuracy was assessed in the 5 CIE color centers (Robertson, 1978). Data on luminance
accuracy is presented in Table 3, and data in Fig. 12 allows to visually evaluate xy accuracy.

Table 3. Target and measured device luminance (Y) in the 5 CIE color centers.

CIE color center CIEY (cd/m2) Y measured (cd/m2) Error (%)
Gray 30.0 31.07 3.6
Red 14.1 15.71 11.4
Yellow 69.3 71.36 3.0
Green 24.0 24.88 3.7
Blue 8.8 9.62 93
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Figure 15. CIE1931 chromaticity diagram with target (square markers) and measured (circle
markers) CIE xy color coordinates in the 5 CIE color centers
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Stimulus display gamut

The developed stimulus display covers 120 % of the Adobe RGB gamut (color space) except
some area (Fig. 16).
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Figure 16. CIE1931 chromaticity diagram with gamuts of the developed stimulus display
(solid triangle) and Adobe RGB (dashed triangle).

Discussion

Spectral measurements of the diffuse plate used showed that it has rather big reflectance co-
efficient (Fig. 4) hence follows that color threshold measurements should be conducted in the
dimmed room. Illumination of the plate mounted in the cover of the stimulus box should not
exceed 1 lux.

The device by design has high dynamic range: PWM value can vary from 0 to 65535 (16-bit
mode). Luminance linearity analysis increased low limit of the PWM value from 0 to 400.
And diffuse plate reflection also somewhat decreases this range.

Stimulus display emission is temperature unstable. For this reason, the device should be used
in the air-conditioned laboratory at the recommended temperature 22 °C. The effect of cross-
talk between channels may be explained by the equal cross sections of the common wire and
channel wires in the LED strips used but this caveat needs further investigations.
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Conclusion

The device developed has the following useful features:

1. Extra wide gamut of the stimuli allows to measure color thresholds outside the Adobe

RGB color space.

2. High brightness—equiluminance plane Y=80 cd/m* achieved; maximum brightness of

940 cd/m? achieved (for “white”).

3. High dynamic range—16-bit PWM value range from 400 to 65535.

4. Free viewing is very convenient for the observer and allows to use binocular or monoc-

ular modes and explore peripheral color vision.

5. Ease of use—three knobs for experimenter and two knobs for the observer. Experimenter

set directly CIE xyY color coordinates of the reference stimulus.

6. Low cost—cheap electronic components and materials.

On the other hand, the device has the following drawbacks:

1. Temperature instability. The device should be used in the air-conditioned laboratory.

2. The laboratory should be dimmed.

3. Channels cross-talk and other factors limits the device accuracy.

Undoubtedly the construction of the stimulus box can be improved. There are wide possi-

bilities to increase maximum luminance and expand color gamut (adding appropriate color
LEDs).

Pilot experimental results of color threshold assessment by a stimulus display developed are
described in another chapter of this book.
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Chapter 4. Perception of Classical Architecture: Psychophysical Researches and
Aesthetics

Bondarko V. M., Danilova M. V., Solnushkin S. D., Chikhman V. N., Shelepin Yu.E.

Pavlov Institute of Physiology Russian Academy of Sciences, St. Petersburg, Russia

The Parthenon is an ancient temple of Athena, which was built in 447438 BC. It is the most
important surviving building of Classical Greece. In the architecture of the Parthenon, the up-
per parts of columns taper upward and the two-dimensional projections of the building have
many convex horizontal and vertical lines, although the temple is perceived to be perfectly
straight. The stylobate (floor) rises towards the center, while the corner columns tilt towards
the center and have a barrel shape. Frith (2007) demonstrates a hypothetical two-dimensional
projection of the Parthenon taken from a paper by Pennethorne (1844); it lacks the correction
in the curvature and the slopes.

a) (b)

Figure 1. Image of the Parthenon (a) and its hypothetical two-dimensional projection (b), if
correction was not made.

These corrections were not made by accident. To make the temple appear higher, the laws of
perspective were used and the columns tapered upward. This, in turn, leaded to an additional
effect. The tilt illusion arises, where the columns at the top appears to diverge. To prevent this
the columns of the temple were tilted inwards. But this caused the genesis of the Wundt-Her-
ing illusion (or the fan illusion) in which the apparent concavity of the stylobate (floor) can
observe. To avoid this, the stylobate line was made convex.

Fig. 2a shows exaggerated temple diagram with the tilt and the Wundt-Hering illusions gen-
esis. The columns are tilted inwards and form a fan. The tangents to the columns form sharp
angles (dashed lines). In the tilt illusion (Fig. 2b) a vertically oriented grating in the center of
the circle seems to be tilted clockwise due to the surroundings. A similar illusion is observed
when lines are used as images (look at the sharp angle at the top of the columns in Fig. 2a).
In the Wundt-Hering illusion (Fig. 2¢) the horizontal straight lines are visible as convex (top
line) or concave (bottom line) when a fan image is superposed on them.
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(2) (b) (c)

B e T

Figure. 2. The temple diagram (a), the tilt illusion with vertical grating in the center (b) and
the Wundt-Hering illusion (c).

We considered the architecture of the Parthenon from the point of view of the tilt and the
Wundt-Hering illusions. Psychophysical experiments were carried out to estimate the values
of these illusions. Moreover, curvature of some elements without context were estimated. The
Parthenon is the canon for classical architecture, which is strictly followed by all buildings of
this style (Vitruvius, about 13 BC; Palladio, 1570; Puppi, 1989).

Methods

Observers. Three observers with normal or corrected-to-normal visual acuity participated in
both experiments. The observers were naive to the purpose of the study.

Apparatus. The stimuli were synthesized on a Mitsubishi Diamond Plus 230SB monitor
with diagonal size 22 in. and screen resolution 1600x1200 pixels and a refresh rate of
100 Hz. The software was developed in Delphi and Python. Dark lines (5 cd/m2) were
drawn on a bright background (40 cd/m2), the lines were 0.8 arcmin thick. A 130x100
cm? mask with a circular aperture 28 cm in diameter was superimposed on the monitor
screen.

Stimuli. When we studied the tilt illusion our stimuli consisted of target (T) lines, target
lines joined with inducing (I) lines (Fig. 3, a, b) or inducing lines (distractors) were lo-
cated at different distances from the T lines. The test lines with varied orientation were at
the other visual hemifield and compared with T lines. The lengths of the T lines were 1.2
times smaller than the lengths of the I lines and were equal to 2.5 deg. The orientation of
the T lines was fixed at 87° or —3° to the horizontal. The orientation of the I lines differed
by £10-30° or £15-75° from the orientation of the T lines. Fig. 3a, b shows an examples
of these stimuli.

In the Hering illusion we used a fan with straight, slightly concave or convex lines. The
fan was oriented horizontally or vertically (c, d). The angular size of the horizontal fan was
6.7%x5.1 deg, the distance from the center of the fan to the lines was 0.63 deg, the length of
straight lines was 4.7 deg. The concave and convex lines were arcs of a circle with a large
radius. The distance from the 6.7 deg horizontal line to the vertices of the arcs was 3.8 arcmin.
Distance d (Fig. 3e) was taken as measure of curvature. The same concave and convex lines
were used to estimate curvature of lines without context also.

37



b e
v
> I fﬁf_i__‘_‘_hh‘%

Figure 3. Stimuli that were used in experiments.

The observer’s task was to discriminate the orientation of the target lines or the curvature of
the lines. The screen was viewed binocularly at the distance of 115 cm. The stimuli time pres-
entation was 1 s.

Results

Orientation estimation in the title illusion
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Figure 4. Difference between reference and additional lines orientation (deg).

Figure 4 shows the tilt illusion for abutting lines for the three observers in —87° (a) and —3°
(b) referent lines orientation respectively. X- axes are differences between reference and ad-
ditional lines orientation (deg). The right-hand disconnected points correspond to the biases
for isolated lines. Subjects see the lines as tilted away from the inducing lines as was shown in
several investigations (for example, see Blakemore, Carpenter, and Georgeson, 1970). Curves
1, 2 and 3 are data of different observers.
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Figure 5. Lines orientation estimations.
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Figure 5 shows the apparent orientation of the lines when the distractors (I lines) are rotated
clockwise or counterclockwise (curves 1 and 2) by 15° from referent lines with orientation
87° (T lines) in depends on distances between T and I lines. The data of three observers are
averaged. Vertical lines are SEM that represents intersubjective variability. The right-hand
disconnected point corresponds to the estimations for the isolated lines.

Thus, without correction for the slopes of the columns, they may appear to diverge at the top.
Curvature assessment

Figure 6 shows the magnitudes of the averaged Wundt-Hering illusions, computed as the dif-
ference between the mean values of the resulting normal distributions and the physical curva-
ture of the reference stimuli, separately for concave, straight, and convex reference horizontal
(1) or vertical (2) lines. Illusions do not depend on curvature referent lines and similar for
vertical and horizontal orientation. In the case of isolated lines (3,4), there are no distortions
in the estimates (there is no illusion).
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Figure 6. Estimates of the curvature for lines with different curvature and orientation in context
(1,2) and without context (3,4) are drawn. Magnitude of the estimations for horizontal (1,3)
and vertical (2,4) lines, respectively.

The stylobate (floor) line of the Parthenon corresponds to our concave line in our experi-
ments. The curvature of the concave line is overestimated by 4.27 arcmin (Fig. 6). When the
curvature of the concave line is —3.8 arcmin, it is perceived as a straight line (possibly some-
what convex), since its deviation from a straight line with a length of 6.7 deg at the center of
the arc is only 0.47 arcmin (=4.27-3.8). The initial curvature of the stylobate line is somewhat
less in absolute value than the one we used in our experiments.

Therefore, the line of stylobate can be perceived as a straight line.

But curvature of the columns is estimated correctly. The convex shape of the columns
may be due to the aesthetics of perception.

Aesthetics of perception
We considered Berlyne’s theory (Berlyne 1974), of the relationship between beauty and com-

plexity of images. The dependence of the beauty score on complexity can be linear or bell-
shaped (with increasing complexity the beauty score increases and then decreases).

Early we showed that the complexity estimations depend on the alphabet of images (Chikhman
at al., 2012). For contour images, the complexity estimates are correlated with the number of
turns in the images. Experimentally obtained estimates based on the data of 35 observers are
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shown in the figure 7.

For Chinese characters, the best approximation in the model was obtained by taking into
account the product of the square of the median of the amplitude spectrum and area of the
image, when images had the equal size (compare the third and the fourth rows of Fig.8).

T d O ¢ 78
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Figure 7. Contour images arranged in order of increasing complexity. Complexity increases
from the left to right and then from the upper row to the lower row.
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Figure 8. Hieroglyphs arranged in the order of increasing complexity. Complexity increases

from left to right. Upper row is complexity that calculated as the stimulus area. In the

second line complexity was calculated as the median of spatial frequency distribution. In

the third line complexity was estimated as the squared median multiplied by the stimulus

area or median multiplied by perimeter image. In the fourth line experimental obtained

estimations of complexity are shown, that were calculated as the sum of positions assigned
by 19 observers.

High correlation between experimental data and model calculations, where the product of the
square of the median of the amplitude spectrum and area of the image was taken into account,
means that complex images have more details of various shapes, orientations and sizes. Pro-
jections of buildings are closer to the alphabet of hieroglyphs. A confirming example is the
hieroglyph responsible for the concept of “house” (Fig. 9b).
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(a) (b)

Figure 9. Classical Stock Exchange building in St. Petersburg (a) and the Chinese character
responsible for the concept of «house» (b). Note, that the cornices of the Stock Exchange
building are straight, but appear to sag slightly due to the Wundt-Hering illusion.

Classical buildings have more divergent details than the modern many-storeyed buildings of
typical construction, but less than eclectic buildings. They seem to be more aesthetic. This
confirms the hypothesis that beauty is related to the complexity of images. The dependence of
the beauty score on complexity is rather bell-shaped (with increasing complexity the beauty
score increases and then decreases).

Conclusion

The obtained data were matched with the Parthenon's architecture. We observed an illusion
of repulsion in the tilt illusion with a small difference between the orientation of lines. The
angle between the lines seemed to be enlarged. This illusion can arise due to the thinning of
the upper part of the columns in the temple (Fig. 2a). As a consequence, it will seem that the
Parthenon columns are deviated from each other at the top part similarly to a fan. To avoid the
influence of the tilt illusion, the temples’ columns were inclined inward. This procedure led to
the genesis of the Wundt-Hering illusion (or fan illusion). We obtained our experimental data
using concave, convex and straight lines in the modified Wundt-Hering illusion and showed
that the curvature of these lines was distorted. The curvature corresponding to the temple’s
lines decreased.

Thus, distortions in the perception of the curvature of lines was compensated in the architec-
ture of the Parthenon. As a result, all lines in the Parthenon are perceived as straight ones.

The influence of the context on the curvature estimation was revealed. The curvature is ad-
equately assessed in the absence of a fan image, that is, from relatively small distances, the
convexity of the columns should be noticeable. Such elements in architecture may be related
to the aesthetics of perception.

This study was supported by the State Program GP-47 “Scientific and Technological Development of
the Russian Federation “ (2019-2030), theme 0134—2019—-0006.
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Chapter 5. Cross-modal interaction in the integral assessment of image and
sound quality

Glasman K., Grinenko E., Shelepin Yu.

St-.Petersburg Electrotechnical University LETI, St.Petersburg, Russia
Pavlov Institute of Physiology Russian Academy of Sciences, St.Petersburg, Russia

1. Audiovisual information perception and quality assessment
1.1. Audiovisual information

The modern world is a world of media, or mass communication systems. Television, film,
radio, newspapers, and the Internet have a serious informational impact on society, its state
and development (Mons, 1973). The amount of information assimilated by a person depends
on the number of perception organs involved in the information receiving process. The suc-
cess of film and television is to some extent related to the fact that hearing and vision organs,
which gives a person the lion’s share of information, have been involved in the process of
perception. It is television that has become the most popular way of mastering information.
The information society —a society controlled by information, was formed with invention of
television. The possibilities of this technical phenomenon allow to transmit the maximum
amount of information in the form which is extremely easy assimilated and, therefore, has the
greatest impact (JIeuenxo, 2005).

The progress in the creation of effective management, communication and media communica-
tion systems urges the consideration of human parameters as the most important link in such
systems. The semantic side of the information should be considered when this information
serves as the basis for certain practical actions. However, film, television, and other media
systems are not only media. Film and television are also fields of culture and art. Therefore,
the methods of the theory of information should also be extended to the sphere of aesthetic
perception and objects of art (Mounb, 1966).

Semantic information allows it’s accurate representation, it is translatable into other languag-
es, and the rules for handling it and the symbols that appear in it are generally accepted.
Aesthetic information is personalized information, it is almost entirely unpredictable, it is
untranslatable, because there is no other language to convey this information.

Messages containing purely semantic or purely aesthetic information are only extreme cases.
Every real message is always a mix of both semantic and aesthetic information. When we lis-
ten to the latest news on the radio, some messages carry semantic information: for example,
the weather forecast, stock prices if we are stock holders; administrative orders if they apply
to us. Such messages determine the reactions of the majority, or at least of a logically defin-
able group of listeners. The rest of the messages are essentially useless to us; they inform us,
cause us resentment or satisfaction, but in no way determine our actions either in the present
or in the future.

Aesthetic information disseminated by the media does not so much reflect the real facts as it
evokes certain states of mind, reactions and emotions in the audience. Information conveyed
in this way becomes more stable for the audience than facts and arguments presented in the
form of semantic information. The aesthetic information object is based on what different
people believe in. Often these objects are not based on any facts or evidence, but are created
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by collective experience. At the same time, as a rule, they are not clearly recognized by the
individual himself (ITomnienyes, 1999).

Every real message in film and television contains both semantic and aesthetic information,
but these types of information exist separately in the message. Some messages can contain
mainly semantic or aesthetic information.

In artistic works, aesthetic information is of the most importance. For example, the role of
aesthetic information in musical works is very large—this arises from orchestration variations,
differences in the instruments construction, interpretation features, etc. Specific features of
different types of art are reflected in aesthetic information.

1.2. Cross-sensory interaction in audiovisual information perception

Perception is the holistic image formation of an object resulting from the impact of the ob-
jective world on the human senses. Perception reflects external aspects of objects. There are
two main forms visual and auditory perception. Perception is formed from sensations that
human obtain while interacting with objects in the environment. In this interaction, the con-
tours of the object determine, for example, the trajectory of the hand touching the object, and
the trajectory of the hand movement, in turn, determines the structure of the visual image.
Perception belongs to the individual and it is a model of external objects and our body. Rep-
resentations are built from perception (I'pumianos, 1998).

It can be said that perception is the first moment when a person meets the world, in which the
foundations of future cognitive strategies and intellectual intuitions are laid. In the modern
world, there is an increase in visual communications; visually active presentations (computer
graphics, hypertexts of electronic manuals (Kyxra, 2004)) replace the textual presentations.

Information perception is characterized by a polysensory nature. Different sensory systems
participate in perception: hearing, vision, skin-tactile sense, chemoreception (smell, taste),
thermoreception (sense of heat—cold). Each of these sensory systems, or analyzers of infor-
mation of the external world consists of the peripheral (receptor), conductive (sensitive nerve)
and central part, 1.e. the corresponding areas of the brain, where information of the external
world, perceived by receptors, is converted (decoded) into visual, auditory, skin-tactile, ol-
factory, thermal sensations and representations. The polysensory nature of perception ensures
the human possibility to receive practically all biologically and socially significant types of
external world information (Mopo3zos, 1998; IlImakoB, 1954).

The information transmitted in film and television systems are multimedia messages contain-
ing two main components image and sound. These components are transmitted through dif-
ferent human sensory channels, but they are synthesized during the perception of multimedia
messages, which corresponds to the principle of perception integrity. Scientists from different
fields have studied the intersensory perception phenomenon existence for many years: psy-
choacoustics, psychology, physiology, neurology, philosophy, musicology, and ecology. Cur-
rently, this problem has begun to be considered by specialists in the field of human-computer
interaction.

A qualitative characteristic of perception is modality. Modality describes the information per-
ceived by particular sensory system. The relevant modalities for modern film and television
systems includes visual and auditory modalities. Audiovisual perception is characterized by
the fact that information received within one sensory modality influences the perception of
information received by another sensory modality (Storms, 1998).

44



Cross-modal audiovisual interaction has been studied for many years. There are many phe-
nomena confirming that cross-modal interaction exists. For example, it has been proven that
viewers associate an increase in the audio tone pitch with an increase in the brightness of the
image (Marks, 1989; Martinussen, 2007; Masry, Hemami, Rohaly, Osberger, 2001; Stein,
Meredith, 1993). The phenomenon of synesthesia is known as a phenomenon of perception,
when the receptors of one sense organ are stimulated, along with sensations specific to it,
sensations corresponding to another sense organ arise, in other words, signals emanating from
different sense organs are mixed. A person not only hears sounds but also sees them, not only
touches an object but also feels its taste (Neuman, 1990). Ventriloquism is a type of audio-
visual cross-modal interaction (Bermant, Welch, 1976; Howard, Templeton, 1966; Ragot,
Cave, Fano, 1988). The effect is to create the illusion that we are hearing the puppet’s speech
on the screen, when in fact we are hearing the voice of the ventriloquist. Even though we are
aware that the doll cannot speak, it seems that the sounds come from her mouth. This effect
is an illustration of the spatial connection that occurs during the perception of auditory and
visual information. The dominance of one modality over another has been described in sev-
eral works (more often the authors describe dominance of visual information over auditory
ones) (Burrows, Solomon, 1975; Colavita, 1974; Jones, Kabanoff, 1975; Knudsen, Brainard,
1995). The influence of sound on eye’s light and color sensitivity (Kravkov, 1936) and the
influence of visual images on hearing sensitivity are known (Gregg, Brogden, 1952).

The described phenomena and effects confirm the need for a new approach to the develop-
ment of integral quality assessment methods in television, which should take into account the
phenomenon of intersensory interaction in the quality perception of audiovisual programs.

1.3. From content delivery to quality of experience delivery

Digital television is a system where new information technologies are used in the production,
distribution, and presentation of television programs. Yesterday television was a means of
mass information, agitation, culture, and art, i.e. a social and political institution, today it also
become a component of the information environment as an ecosystem where the passive audi-
ence is replaced by a multitude of actors who are both creators and consumers of information
and media content (Bopo6n€s, Crenanos, 2011).

The convergence of high-definition television, film, and data networks is making a new ser-
vice real, “quality of experience delivery”, a service that replaces traditional “content deliv-
ery”. Viewers of ultra-high-definition digital television already talk not only about the images
and sound quality itselfs, but also about the emotional impressions left behind by the images
and sounds they watch and listen to. This means that the television viewer will soon want to
receive, anywhere and anytime, not just a television program, film, or audiovisual material,
but a personalized visual and auditory experience, impressions, emotions (Iltacman, 2006).

A similar trend can be seen in other areas of technology related to the audiovisual information
transmission. Not only the digital indicators of mobile phones (dimensions, screen resolution,
etc.) determine the popularity of certain devices. One of the main success factors of Apple
Company is that people who use Apple devices every year get new sensations and impres-
sions, often without purchasing new devices, but only by installing new versions of software
(Bajarin, 2012).

Business models in the telecommunications industry have changed fundamentally in recent
years. Telephony was a service that provided reliable communication anywhere and anytime
and saved time and money in recent years. Today young people use telecommunications to
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build their own social and entertainment ecosystem. The main purpose of the telecommuni-
cations system nowadays is to deliver personalized emotions and experiences (Bau, 2011).

“Quality experience delivery” should be the main task for the media industry. The study of
viewers’ perception and the development of quality of experience evaluating methods is a sig-
nificant task. And it serves as the basis for the technical requirements development for future
media industry systems.

Assessment of qualitative parameters of media systems is reasonable to consider in the con-
text of the structure of the information ecosystem. Society has entered the era of digital com-
munications due to the rapid development of radio, television, communications and infor-
mation technologies. All these technologies are associated with the creation, transmission,
distribution, and processing of information obtained through communication channels. These
instruments are components of the information environment, where there are many subjects—
producers, and consumers of content simultaneously. Such an environment can be considered
as an information ecosystem—a dynamic self-organizing system that has a network structure
and consists of modules (Kilkki, 2008). The modules exchange information flows. There are
producers and consumers of information in the system, and media technologies, that are used
to produce and distribute information.

Existing network media technologies, that offer a huge variety of services, well demonstrate
that user perception and evaluation are more important than any technical mechanisms used
within the network and technical parameters. An important question is how different technical
parameters affect end users and market players.

The quality of service traditionally applied only in a technical context in the evaluation of data
networks. In rapidly network technologies development, which modern television systems
are also based on, the stack of TCP/IP protocols has become the main protocol of media data
transmission. The term “quality of service” is defined as a set of parameters that can be used
to describe the network performance that are necessary to meet the requirements of various
applications. Quality of service is a purely technical concept that describes the interaction
between applications and network services. The usage of definition of “quality of service”
is limited by the technical domain, means that another concept that describes and manages
the interaction between users and applications and describes the degree of user satisfaction
should be introduced.

Three modules can be defined in the structure of the information ecosystem: the user, the
application and the network, the relationships between which are described using quality
of service and user satisfaction (Moorsel, 2001; Muhammad, Chiavelli, Soldani, Li, 2006;
Reichl, 2007). First of all, it is necessary to define and apply terminology that corresponds to
the nature of each module. It is equally misleading to use technical terms to describe a human
module and to use human concepts in a technical module. Therefore, it is necessary to create
an algorithm or model that effectively converts technical parameters into measures of human
perception.

The proposed information ecosystem structure can be used to define the key term—user satis-
faction. Many definitions of this term have been proposed in the literature. The International
Telecommunication Union ITU offers the following definition: the acceptability of an appli-
cation or service as a degree of subjective perception by the end user (ITU-R WP6C, 2012).
Work (Muhammad, Chiavelli, Soldani, Li, 2006) explains the difference between the terms
user satisfaction and quality of service as follows: the main goal of the network and services
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should be to achieve high user ratings, while network quality is the main structural element
for the effective achievement of this goal. In (Li-yuan, Wen-an, Jun-de, 2006), user satisfac-
tion is defined as a function of two aspects: monitoring/controlling the user’s perception in
real time; controlling and matching the service based on user satisfaction with the assurance
that the quality of service will meet the users’ requirements. As defined in (Lopez, Gonzalez,
Bellido, Alonso, 2006), user satisfaction is defined as an extension of traditional quality of
Service.

Article (Moorsel, 2001) provides a more general definition of satisfaction, starting with a
fundamental understanding of keywords. However, to describe specific role of a person, for
example, as a user or a customer, the author suggests using clarifying definitions: the degree
of user satisfaction and the degree of customer satisfaction. In all cases, the impressions and
experiences acquired correspond to the role played by the person. The user satisfaction metric
is usually measured at the final playback device and can conceptually be considered as the
“residual” quality after the distortions placed at the stage of content production and content
delivery over networks to the final device decoder. The assessment of perceived quality of
service is the subject of both objective and subjective measurements.

Each module of the information ecosystem has its own terminology and language that cannot
be directly applied for other modules. The definition of terms is of particular importance in
customer and user modules, since an incorrectly defined term can affect the assessment of the
subjective perception and degree of satisfaction of the person / customer and person / user.
In work (I'macman, 1998), it was shown that quality scores in terms of the category scale of
different languages turn out to be different on the interval scale. It is important to define the
basic terms related to the assessment of user satisfaction degree in each language spoken by
people and subjective measurements are made.

The term “Quality of Experience” is used as a summarized term to describe the degree of user
satisfaction with certain services in the ITU documents published in English (ITU-R WP6C,
2012). It should be taken into account that a term that defines the degree of user satisfaction
and 1s called “Quality of Experience” exists and is used in psychology and philosophy (Har-
man, 1990; Csikszentmihalyi, 1992), where it often means “quality of perception”. In medical
terminology, there is also the term “Quality of Experience”. It is a subjective assessment of
patient satisfaction with the outcome of medical care. In the context of television systems and
telecommunications networks, the term “user satisfaction” is a subjective assessment that
describes, from the user’s perspective, the integral quality and quantity of services provided.

Summing up, we come to the conclusion that as a generalized term for describing the degree
of user satisfaction with certain services of the media industry, it is reasonable to use the term
called “Quality of Experience” which is understood as a subjective assessment that describes
the degree of user satisfaction with audiovisual services, depending on a number of factors:
goals pursued by the user while viewing; user expectations based on previous experience
with similar services; the psychological state of the viewer; network parameters such as band-
width, latency, jitter, and packet loss; type of device used for viewing; and finally, the type of
content (news, clips, sports, etc.).

1.4. Standardized methods for image and sound quality assessment

The International Telecommunication Union (ITU) has developed a number of recommen-
dations related to television image quality assessment: ITU-R BT.500-13, ITU-R BT.710-4,
ITU-R BT.1128, ITU R BT.1129, ITU-R BT.1788, ITU R BT.1082, ITU-R BT.2021 (ITU-R
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REPORT BT.1082—-1, 1990; Rec ITU-R BT.1129-2, 1998; Rec ITU-R BT.1788-0, 2007; Rec
ITU-R BT.2021, 2012; Rec. ITU-R BT.1128-2, 1997; Rec. ITU-R BT.500-13, 2012; Rec.
ITU-R BT.710-4, 1998).

The main standard for subjective assessments in television is Recommendation ITU-R
BT.500-13 (Rec. ITU-R BT.500-13, 2012). This Recommendation, first published in 1974
(and subsequently updated several times), describes a number of procedures for human eval-
uation of image quality. The Recommendation defines two main classes of subjective eval-
uations: evaluations that determine the quality of the system under optimal operating condi-
tions (such evaluations are usually called quality assessments); evaluations that determine the
ability of the system to maintain quality under suboptimal operating conditions due to signal
transmission and distribution (such evaluations are usually called impairment assessments).
Subjective assessments are carried out in accordance with a certain methodology, which de-
fines the choice of test sequences, the choice of participants, assessments scales, observation
conditions, measurement procedures and processing of results.

The Recommendation describes several methods for subjective assessments of perceived
quality. The main ones are two: the Double Stimuli Impartment Scale (DSIS) method and the
Double Stimulus Continuous Quality Scale (DSCQS) method.

The methodological basis for the development of technologies and methods of stereoscopic
image quality assessment is provided by Recommendation ITU-R BT.500-13 (Rec. ITU-R
BT.500-13, 2012). The improvement of this methodology in order to develop methods for
assessing the quality of stereoscopic images is given in Recommendation ITU-R BT.1438
(Rec. ITU-R BT.1438, 2000). The subjective evaluation factors of stereoscopic television
images, evaluation methods, viewing conditions, selection of participants and test materials
containing still and moving images are considered in this recommendation.

Recommendations regulating the choice of test sequences, the choice of participants, assess-
ment scales, observation conditions, measurement procedures and processing of results also
exist for subjective sound quality assessments. The recommendation ITU-R BS.1284 (Rec.
ITU-R BS.1284-1, 2003) should be considered as the main one. The exchange of sound ma-
terials and its types are constantly increasing. The ability to control and maintain the quality
of sound materials becomes increasingly important. These considerations led to the develop-
ment of technical regulation EBU3286 (1997) (EBU Document Tech. 3286, 1997). Recom-
mendation ITU-T P. 800 defines subjective quality assessment methods that can be used to
assess the quality distortions caused by various telephone network equipment (Rec. ITU-T
P. 800, 1996). Recommendation ITU-T P. 805 (Rec. ITU-T P. 805, 2007) describes method-
ologies of sound quality assessments in dialogue (conversation) environment. Methodologies
for subjective evaluations to detect subtle distortion in audio systems, including multichan-
nel systems, are presented in Recommendation ITU-R BS.1116-1 (Rec. ITU-R BS.1116-1,
1997). Recommendation ITU-T P. 800.1 (Rec. ITU-T P. 800.1, 2006) discusses the terminol-
ogy that can be used to describe the speech quality based on the mean opinion score of speech
intelligibility (MOS). Recommendation ITU-T P. 800.2 (Rec. ITU-T P. 800.2, 2013) is a sup-
plement. It discusses more general types of mean opinion scores for a group of participants,
and describes the minimum information that should be obtained for a correct interpretation
of the results.

The widespread multimedia services development led to the creation of a special study group
“Audiovisual Quality in Multimedia Services”. As a part of the International Telecommu-
nication Union, this group created one of the most important documents regulating quality
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assessment methods in multimedia applications, Recommendation ITU-T P. 910 (Rec. ITU-T
P. 910, 1999). The Recommendation ITU-T P. 910 (249) defines methods for subjective qual-
ity assessment of digital video images encoded with different bit rates in multimedia applica-
tions such as video telephony, videoconferencing and telemedicine. Recommendation ITU-T
P. 911 (Rec. ITU-T P. 911, 1998) was developed as an extension of Recommendation I[TU-T
P. 910. It introduces two groups of subjective tests: optimization and qualification tests. Opti-
mization tests are subjective tests that are carried out during the development and standardi-
zation of new signal processing algorithms or new systems. The purpose of these experiments
is to evaluate the qualitative parameters of new systems or new processing algorithms. Quali-
fication tests are subjective tests that are conducted to compare systems or equipment param-
eters available on the market. These tests should be carried out in an environment close to the
actual operating conditions of the systems. An important part of the Recommendation ITU-R.
P. 911 (Rec. ITU-T P. 911, 1998) is Appendix C, which describes the relationship between
sound, image and audiovisual quality scores.

However, despite the fact that there are many standardized methods, the problem of assessing
image and sound quality is still actual and far from being finally solved. The introduction
of new services such as high-definition television, mobile television, and the integration of
television with data networks require changes in the subjective assessment methods and the
development of new methods for subjective quality assessment.

1.5. Quality assessment of television materials: current challenges

A number of works have been done on integral quality assessment or quality of experience
assessment in television broadcasting and related fields in recent years. Integral quality as-
sessment in television systems, that includes evaluation of both image and sound quality, is
conducted in a wide variety of television applications. For example, in (Neumann, Crigler,
Bove, 1991), the influence of the sound quality of television receivers on the viewer’s percep-
tion of television programs was studied. An interesting result was obtained a video clip with
higher sound quality was always rated as more interesting. An additional unexpected result
was noted that the image received a higher score with high sound quality accompany.

Integral quality assessment is important in virtual reality systems and other multimedia sys-
tems. In (Larsson, Vastfjall, Kleiner, 2001), an ecological approach to the multimodal per-
ception of a virtual environment (virtual reality) was developed, according to which different
perception modalities should interact in the process of forming an impression of complex
objects. Typically, virtual reality systems are designed for visual observation. The results
of the work showed that sound in virtual reality systems can be used not only as a channel
for transmitting information, but also as a source of improving the sense of reality in virtual
environment systems. The use of sound to create or enhance the sense of presence in virtual
reality systems was also studied in (Turner, McGregor, 2007). The work (Martinussen, 2007)
investigated the effect of using animation with stereo sound on the level of presence in multi-
dimensional virtual reality systems.

The influence of various additional stimulus, such as light, wind, vibrations during the
demonstration of audiovisual programs, i.e. increasing the number of multimedia programs
modalities, is studied in (Waltl, Timmerer, Hellwagner, 2009). In (Winkler, Symmetricom,
San Jose, Mohandas, 2008) it is proposed to normalize the level of quality of service and
guarantee the necessary bandwidth in multimedia conferencing systems. The proposed ap-
proach is discussed using the results of sound quality assessment experiments. Similar studies
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are described in (Bouch, Sasse, 2000). The works (Bench, Sasse, H. de Meer, 2000; Wilson,
Sasse, 2000) study the users’ requirements for the quality of service in multimedia data trans-
mission networks. Various tasks of quality of experience assessment in multimedia systems
are investigated in (Bevan, 2009; Ganglbauer, Schrammel, Deutsch, Tscheligi, 2009; Roto,
Obrist, Vaananen-Vainio-Mattila, 2009; Vaananen-Vainio-Mattila, Segerstahl, 2009; Zaman,
2009). The fundamentally new Dolby AC-4 and DTS -UHD multichannel sound systems pro-
viding high sound quality developed by Dolby Labs and DTS for ultra-high definition video
files. New systems allow to get full-fledged 3D sound, which leads to the ability to accurately
localize apparent sound sources on a virtual sound stage, in whatever direction they move
across the screen. One of the goals of creating new systems is a new level of sound and image
integration (beicTpymkun, Crenanenko, 2014).

Cross-modal interaction in the process of audiovisual perception allows to optimize the pa-
rameters of television systems in order, for example, to reduce the data bit- rate. The paper
(Lee, De Simone, Ebrahimi, 2009) investigates the effect of the focus of audiovisual attention
on the perceived quality of audiovisual sequences of standard definition. It is shown that the
sound source attracts visual attention, so image distortions in areas far away from the sound
source are less noticeable. This fact can be taken into account when encoding video signals.

In (Hulusic, Aranha, Chalmers, 2008) the influence of cross-modal interaction between image
and sound perception on the threshold parameters of the human visual system was investigat-
ed. The results found made it possible to achieve a reduction in the computing power required
to process dynamic images, due to image coarser quantization in areas that were far from the
center of attention, which associated with the sound source. At the same time, the overall vid-
eo quality was not reduced. Similar problems are solved in (Bonneel, SinVri, Vijuid-Deltiuni,
DrettakLs, 2010). The goal of (Vleeschouwer, Delmot, Marichal, Macq, 1997) is the adaptive
distribution of the data bit-rate between different areas of the image according to their seman-
tic significance. The proposed method shows its effectiveness at low and very low encoded
data bit rates.

Research in the field of quality of experience assessment is very important for creating effi-
cient mobile TV systems, that operate in conditions of low and variable bandwidth of commu-
nication channels. The main factors affecting the quality of experience in mobile TV systems
are investigated in (Knoche, Sasse, 2008). The development of audiovisual quality assessment
methods on mobile devices operating in 3G networks is carried out in (Ries, Puglia, Tebaldi,
Nemethova, Rup, 2005). It is noted that the quality of music and voice playback affects the
perceived image quality.

The evaluation of video quality in mobile television is carried out in (Jumisko-Pyykko, Hak-
kinen, 2005). The influence of basic parameters as data bit-rate, frame rate and screen size of
a mobile device is investigated. It is shown that the H.264 codec provides the highest quality
when the bandwidth and data bit-rate is tightly limited. A combination of video and audio
streams is also investigated for low bit-rate streams. It is noted that the ratio of sound and
image bitrates of 32/128 Kbps is the most relevant for the viewer, although research of the
impact of program genre is required.

Low bit-rate audio coding for mobile multimedia applications is studied in (Kontola, Mak-
inen, Taleb, Bruhn, Bessette, Salami, 2006). The work (Utriainen, Jumisko-Pyykko, 2010)
investigates the influence of image and sound coding parameters (frame rate, bit—rates) in
mobile stereoscopic television. The influence of these parameters in the context of mobile de-
vices use is considered in (Jumisko-Pyykko, Utriainen, 2010). An ecological approach to as-
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sessing the quality of service in mobile television is considered in (Thurstone, 1931), and user
requirements for network quality of service are discussed in (Bouch, Sasse, 1999). The aim of
work (Winklerand, Faller, 2005) is to evaluate audiovisual quality in mobile applications us-
ing the AVC/H.264 codec for image and AAC for audio, and to study the interaction between
image and sound in terms of perceived audiovisual quality. The effect of text readability on
the perceived video quality is explored in (Knoche, McCarthy, Sasse, 2006). The results can
be used to obtain quantitative estimates of image quality improvement when delivering imag-
es and text separately in mobile television.

1.6. Quality assessment methods and models

In the field of integral quality assessment different approaches are used to solve the tasks and
different models and methods are proposed. One of multimedia quality assessment models
is discussed in (Hands, 204). It is noted that image and sound quality are integrated in the
human nervous system using the multiplicative law. For “talking head” type of content, both
modalities have a noticeable effect, with the weight of sound quality even larger than the
weight of image quality. For dynamic scenes, image quality is more important and has more
weight. Various methods for objective image and integral quality assessments are considered
in (Barber, Laws, 1994). The poles are the signal-to-noise ratio, on the one hand, and hybrid
metrics, on the other. It is noted that metrics based on the data bit- rate are the most promising
for practical applications.

The influence of context, i.e. circumstances in which mobile devices are used to quality of
the experience assessments in mobile television was studied at the work (Jumisko-Pyykko,
Hannuksela, 2008). In each task in which a mobile device was used, the variable parameter
affecting quality was the bit-rate of transmitting data. In (Wilson, Sasse, 2000), a combined
method, which uses task characteristics, user satisfaction, and user cost, is proposed to esti-
mate the level of multimedia quality required in various network multimedia applications. A
similar approach is developed in (Wilson, Sasse, 2000, 2001) for multimedia teleconferencing
systems.

The paper (Jumisko-Pyykko, Hakkinen, 2007) shows that the main factors to be taken into
account when assessing audiovisual quality are image quality, genre of the program, sound
quality, and cross-modal audiovisual interaction. The importance of integrated audiovisual
quality assessment is noted in (Winkler, Faller, 2005). This area has not been sufficiently
developed, although there are many standards that describe methods of separate assessments
of image and sound quality. To take into account audiovisual interaction is relevant for ap-
plications that use low data bit-rates. The optimal ratio of audio and video data bit-rates, that
provides the highest integral quality is proposed in the paper. However, the proposed ratio is
a particular case and cannot be extended to different values of the total bit-rate and various
types of content of audiovisual programs. A similar study was carried out for mobile televi-
sion systems (Jumisko-Pyykko, Hakkinen, 2006). The paper presents the results of extensive
research, but the conclusions are also made for particular case.

The paper (Yamagishi, Tominaga, Hayashi, Takahashi, 2007) discusses a model of objective
quality assessment, that makes it possible to predict the subjective image quality based on
the physical parameters of a videotelephone network system (frame rate, bit rate, packet loss
rate). The paper does not describe the cross-modal interaction of image and sound scores. In
(Watson, Sasse, 1998), it is noted that the existing standardized methods for measuring the
image and sound quality do not correspond to the tasks of new multimedia applications. Many
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works are known to assess the quality of service at the network level of multimedia applica-
tions, but there is a need for multidimensional assessments that take into account the subjec-
tive quality assessment of the user, that alone can determine the relevance of new multimedia
applications implementation. The need for a multimodal assessment is proved in (Strohmei-
er, Jumisko-Pyykk0O, Kunze, 2010). A model that allows to predict subjective image quality
assessment based on the results of objective measurements (bit rate, image size) in mobile
television is proposed in (De Koning, Veldhoven, Knoche, Kooij, 2007).

A particular structure in solving the complex problem of quality of experience assessment is
introduced in the work (Wikstrand, 2003). The author proposes to solve the problem based
on the task decomposition, for the first time introducing a model of three levels: the content
level of audiovisual programs; the media level; the network level (Gulliver, Ghinea, 2006).
The content level of audiovisual program is related to the transmission of information from
content creation to the viewer and its impact on the audience. The media level (it could be
called the transport layer) covers issues related to encoding, data compression for transmis-
sion through networks and playback on the viewer’s device. The network level covers infor-
mation delivery and exchange over networks. Technical parameters that affect the quality of
service at the network level include packet loss, jitter, delays.

A number of papers address quality measurement and quality management issues at three
levels. At the network level, bit error values, segment loss, segment order (Ghinea, Thomas,
2000), delay and jitter (Claypool, Tanner, 1999; Ghinea, Thomas, 2000; Procter, Hartswood,
McKinlay, Gallacher, 1999) were changed to study the quality of service. All of the listed
technical parameters, including channel bandwidth allocation (Wang, Claypool, Zuo, 2001),
were used to measure the network performance.

At the media or transport level, the effects on the quality of frame rate (Apteker, Fisher, Kisi-
mov, Neishlos, 1995; Ghinea, Thomas, 1998; Kawalek, 1995; Kies, Williges, Rosson, 1997),
subtitling (Gulliver, Ghinea, 2003), animation method (Wikstrand, Eriksson, 2002), image
spatial resolution (Kies, Williges, Rosson, 1997), audio and video stream synchronization
(Steinmetz, 1996), and video compression parameters (Masry, Hemami, Rohaly, Osberger,
2001; Winkler, 2001) have been investigated.

At the content level, or user level, there are a number of parameters and factors that affect the
quality of the experience. In (Rimell, Hollier, 1999) and (Ghinea, Thomas, 1998), the type of
content was a variable parameter. In the first study two types of content were used: the bank
annual report and the staged sexual harassment. The second study used fragments from a
news program, a music video, and a rugby match. Level of understanding, level of interest,
comprehension, and memorization were analyzed as parameters for measuring quality. Papers
(Ghinea, Thomas, 1998; Gulliver, Ghinea, 2003; Masry, Hemami, Rohaly, Osberger, 2001;
Procter, Hartswood, McKinlay, Gallacher, 1999; Rimell, Hollier, 1999; Steinmetz, 1996) in-
vestigated the effect of content type changing on quality of experience. The authors of the
works used different parameters to measure the quality of audiovisual programs and different
ways to manage it.

The parameters that are most important and affect the quality of experience at the content lev-
el may vary according to the function and content type. For games, content level quality pa-
rameters include the degree of enjoyment and pleasure, as well as the ability to win the game
and get a high score. Especially for conversational-type programs parameters that take into
account how well the meaning of the information is conveyed should be included (Veinott,
Olson, Fu, 1999). Lip-reading ability and comprehension (Barber, Laws, 1994), speech intel-
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ligibility, facial and emotion recognition, and comprehension of presented material, for exam-
ple, may be important (Barber, Laws, 1994; Kies, Williges, Rosson, 1997; Masry, Hemami,
Rohaly, Osberger, 2001).

Quality of experience research can take place at one level or at several levels at once.

The accuracy and quality of television programs and audiovisual materials can be measured
through objective measurements or subjective assessment.

1.7. Objective quality measurement methods

Objective measurements that determine the accuracy of playback and quality were carried
out in (Verscheure, Frossard, Hamdi, 1998; Wang, Claypool, Zuo, 2001; Winkler, 2001).
(Verscheure, Frossard, 1998; Winkler, 2001) used the signal-to-noise ratio as an objective
parameter characterizing the fidelity of playback. The signal-to-noise ratio is a mathematical
indicator that does not take into account characteristics of human perception.

(Verscheure, Frossard, Hamdi, 1998) also used motion picture quality metrics as a model to predict
how users would rate material. The frame rate was used as an objective parameter for accuracy
assessing in (ETSI TS133220 (3GPP SA 3); Wang, Claypool, Zuo, 2001). In (Winkler, 2001), the
author used the Perceptual Distorion Metric3 (PDM) as a potential model to predict how users will
evaluate the quality of streaming video. The author proposes an improved version of PDM that takes
into account the visual appeal of streaming video. External attractiveness of presented video was
calculated as a combination of color reproduction and sharpness.

Objective and measurable indicators affecting the quality can include: signal quantization
step, frame rate, data bit-rate, spatial resolution. In different works the influence of changes
in these parameters was investigated: in (Apteker, Fisher, Kisimov, Neishlos, 1995; Barber,
Laws, 1994; Kies, Williges, Rosson, 1997; Masry, Hemami, Rohaly, Osberger, 2001; Wilson,
Sasse, 2000) the effect of frequency and frame loss changes was studied; (Masry, Hemami,
Rohaly, Osberger, 2001), (Verscheure, Frossard, Hamdi, 1998) and (Winkler, 2001) investi-
gated bit-rate changes during video encoding. In (Barber, Laws, 1994) and (Kies, Williges,
Rosson, 1997), image resolution and physical size were varied. In (266) the effect of image
and sound desynchronization on the overall quality of experience was studied. Different co-
decs were tested in (Masry, Hemami, Rohaly, Osberger, 2001) and (Winkler, 2001). (Moore,
Foley, Mitra, 2001) simulated errors and artifacts that are typical for MPEG-2 compression
format.

In the articles (Wilson, Sasse, 2000), by measuring physiological parameters: heart rate and
galvanic skin response, the stress that occurs when watching audiovisual programs with low
image quality was studied.

1.8. Subjective quality measurement methods
1.8.1. Basic principles

The purpose of subjective assessments is to evaluate subjective, perceived, or experienced
quality. Subjective assessments are characterized by an assessment of stimulus quality based
on the process of human perception. Subjective assessments are usually carried out during
the development and optimization of television system parameters. They are necessary when
developing objective quality metrics.

Subjective measurements of playback accuracy and streaming video quality have been made
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in (Fong, Hui, 2001; Kies, Williges, Rosson, 1997; Moore, Foley, Mitra, 2001; Rimell, Hol-
lier, 1999; Steinmetz, 1996; Winkler, 2001). In (Moore, Foley, Mitra, 2001) and (Steinmetz,
1996), the probability of error detection and the degree of annoying stimulus were used as
parameters describing the accuracy of playback. The detected errors were assigned different
levels of annoying stimulus depending on their type, size, duration, and location.

In (Fong, Hui, 2001), viewers were asked to rate the quality of displayed content using a scale
from 0 to 100 %. In the study described in (Kies, Williges, Rosson, 1997), participants were
asked to compare the quality of streaming video with the original undistorted video. The au-
thors asked to rate the quality using the following statements: “the video was as good as a live
lecture in the same room”, “the video was as good as watching it with a videocassette recorder
(VCR) or regular TV”, using a seven-point Likert-style scale. In (Procter, Hartswood, McKin-

lay, Gallacher, 1999) the same scale was used to evaluate streaming video quality.

In (Winkler, 2001) Double Stimulus Continuous Quality method was used to determine which
of the two clips viewers preferred more. In this method, two clips were used, one of which is
the original, undistorted clip, the second is a distorted clip. Two versions were presented to the
viewer at the same time. Participants were asked to rate the quality of each clip on continuous
scales with two marks “poor” and “excellent”.

A huge number of subjective quality assessment methods can be grouped into three classes:
psychophysical methods, descriptive methods, and user-oriented methods (Jumisko-Pyykk®d,
Strohmeier, 2008).

1.8.2. Psychophysical methods

Experiments using psychophysical methods are highly regulated and formalized. They are
usually carried out in accordance with the recommendations of international organizations
for standardization. Quantitative subjective image quality assessment has been carried out
for a long time based on the Recommendation ITU-R BT.500-13 “ Methodologies for the
subjective assessment of the quality of television images” (Rec. ITU-R BT.500-13, 2012).
The document was improved several times and is currently the main document regulating the
experiments in the field of image quality evaluation. The documents regulating audio quality
evaluation experiments are known (EBU Document Tech. 3286—1997,1997; EBU Technical
Recommendation R90-2000, 2000; 233. Rec. ITU-R BS.1284—1, 2003). In addition to the
Recommendations ITU-R BT.500-13 (Rec. ITU-R BT.500-13, 2012) and ITU-R BT.1438
(Rec. ITU-R BT.1438, 2000), regulating the methods of subjective quality assessment of
mono- and stereo television images respectively, the Recommendations ITU-R P. 910 (Rec.
ITU-T P. 910, 1999) and ITU-R P. 911 (Rec. ITU-T P. 911, 1998) offer a number of quality
assessment methods of video and audio-visual quality of multimedia systems.

1.8.3. Descriptive methods

Works carried out using descriptive methods allow us to find parameters that describe qual-
ity from the user’s point of view. The descriptive methods are used when subjective quality
cannot be considered as a value that depends on some set of defined parameters. In this case,
the definition of system quality is vague, dependent on the personal knowledge of the user
and interpreted individually by each expert (Reiter, KOhler, 2005). Human behavior in the
process of evaluating subjective quality can be determined by testing, and testing methods
should be open-ended in order to understand the underlying attributes and properties of quali-
ty (Jumisko-Pyykko, Hakkinen, Nyman, 2007). The interview method can be used to investi-
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gate individual quality parameters that are important for each user, in addition to quantitative
scores given by experts on an absolute category scale. In (Jumisko-Pyykko, Reiter, Weigel,
2007), the results of a paired comparison test, where interviews were used to investigate the
differences between each pair of stimuli, are presented. The approach proposed in (Williams,
Arnold, 1984) is used in many areas related to sensory assessments. This approach allows
participants of experiment to use their own vocabulary to describe the product being tested.

1.8.4. User-oriented methods

Different works in the field of user-centered quality assessment extend the boundaries of
the usage of standardized methods, allowing them to be applied to real systems or services.
User-centered methods rely on the introduction of the so-called “user experience” (Jumi-
sko-Pyykk0, Weitzel, Strohmeier, 2008). Currently, there is no generally accepted definition
of the term of user experience among researchers focus on human-computer interaction. How-
ever, there are many interpretations of this term (Forlizzi, Battarbee, 2004). In (Hassenzahl,
Tractinsky, 2006) the following interpretation of the term of user experience is proposed:
user experience is the cumulative result of the internal state of the user, the parameters of the
developed system and the context, or conditions in which human-system interaction occurs.
This definition is supplemented in (Roto, 2006), the authors developed a model describing
user perception in the conditions of viewing audiovisual materials on mobile devices. The
model consists of three modules: user, system and context. The work also summaries the defi-
nitions, specifies the vocabulary and the scope of application for each of them.

The “user” module is defined as the person who controls and manages the system, he can be
defined based on the characteristics of his needs, motivation, experience, mental state and
resources.

“System” is defined as an organized set of components, that is necessary for the operation or
usability of the product under study. From a user’s perspective, a system in an environment
such as mobile television might be a device, a browser or player, a connection (connection,
access to resources) that provides access to a content. Content in these works refers to any
type of moving image or video. Short clips, news, weather, sports or music videos are the most
popular content for viewing on mobile terminals. A large part of the content viewed on mobile
terminals is so-called user-generated content. The concept of service, including the commer-
cial and service model, often overlap with the term “systems” from a user perspective. Service
parameters are part of the system definition in the mobile television environment.

“Context” refers to the search and viewing conditions of audiovisual content. The main com-
ponents of context are physical, temporal, social, and problem-oriented factors. Physical fac-
tors include visible features of a situation or physically felt conditions, including location. For
example, the most common places to watch mobile television are on the go, at home, and at
work (O’Hara, Mitchell, Vorbau, 2007; Oksman, Noppari, Tammela, Miikinen, Ollikainen,
2007). Temporal context characterizes the time available to complete a task. Actions in the
temporal dimension can be classified into fast, normal, and pending (Tamminen, Oulasvirta,
Toiskallio, Kankainen, 2004). For example, the duration of watching mobile TV programs
ranges from 10 to 15 minutes on average. Social context is a description of other people pres-
ent, their characteristics, visible roles, and interpersonal interactions. Social context includes
an assessment of other people’s influence on the user and the user’s contribution to solving
social tasks (Belk, 1975). Social context refers to the way of viewing—by one or more users
at the same time. Problem-oriented context describes multitasking and the possible interrup-
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tion of task-related activities (Hiltunen, Laukka, Luomala, 2002; Roto, 2006), such as mobile
TV viewing. It also characterizes the content viewing goals (entertainment or educational
purposes). It should be noted that, for example, in mobile communication the physical and
social environments are heterogeneous and can change during use, e.g., from individual use
to use by a group of people, from purposeful to unplanned actions (Tamminen, Oulasvirta,
Toiskallio, Kankainen, 2004).

Various standardization organizations actively develop documents regulating the quality of ex-
perience. The ETSI HF STF 354 (Specialist Task Force 354 within the Human Factors Group
of ETSI) is developing a set of required recommendations for real-time multimedia services
that aim to provide a good level of quality of experience. The goal is to provide objective
and subjective measurements of quality of experience parameters for specific communication
situations and levels of quality of service. The recommendations are formulated in ETSI doc-
uments EG 202 534 and ETSI TR102 535 (ETSI EG 202534, 2007; ETSI TR102 535, 2007).

In contrast to psychophysical approaches, user-centered methods extend the boundaries of
subjective quality assessment, based on the consideration of human behavior. For example,
the approach of Gini and Thomas (Ghinea, Thomas, 1998) to assess the quality of experience
takes into account the user’s overall satisfaction with audiovisual content and the user’s abil-
ity to understand the information contained (semantic information) in the content. The ap-
proach allows to describe user experience taking into account two aspects. Quality i1s defined
at the media level (transport layer) independently of the content, i.e. users evaluate objective
parameters of the quality of service. Also, quality is evaluated at the content level, i.e. the
level of user satisfaction is determined.

1.9. Quality of experience assessment

The challenge for current quality assessment researches is to take into account all aspects of
creating a holistic approach to quality assessment that will define the quality of experience
in terms of user characteristics, system and context of use. The development of new user-ori-
ented quality assessment methods should be carried out using some basic principles (Jumi-
sko-Pyykk0, Strohmeier, 2008).

First, quality perception is an active process involving different levels of human information
processing. This process includes information processing at a low sensory level and infor-
mation processing at a high cognitive level, including personal knowledge, attitudes, expec-
tations, and emotions (Neisser, 1976). Each sensory modality has specific parameters that
depend on the stimulus physical dimensions. At the cognitive level stimuli are interpreted by
the individual, their particular meaning, importance and goals are determined. For example,
individual emotions, knowledge, expectations, and representational patterns, in reality, influ-
ence the value that each sensory modality has and govern a person’s situational behavior and
active interpretation of quality (Jumisko-Pyykko, Hakkinen, Nyman, 2007). As it was noted
earlier, integral multimodal perception is created when information from the visual and audi-
tory channels is combined. Different modalities can interact and influence the perception of
information received by another perceptual channel. Multimodal quality appears to be more
than just a sum of two different perceptual channels (Hands, 2004).

Second, the principle of the integrity of user experience, based on the introduction of a single
complex consisting of user, system, and context, must be considered. It allows critical com-
ponents of the system to be discovered (Hassenzahl, Tractinsky, 2006; Roto, 2006).
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Third, quality assessment experiments are part of a design process that aims to meet user
needs. User-centered design is a process that reflects knowledge about users and their in-
volvement in the design process as a key stakeholder (Preece, Rogers, Sharp, Benyon, Hol-
land, Carey, 1994). The process is characterized by active user participation to understand
user needs, iterative design and evaluation, and a multidisciplinary approach. The resulting
benefits of user-centered design are characterized by increased end-user satisfaction and re-
duced system development costs.

The quality of experience assessments should be an important element in the new multimedia
systems design process. In recent years, a large number of works dedicated to the quality of
experience evaluation have been carried out. However, there is no universally accepted defi-
nition of the quality of experience, and there are no well-developed and standardized methods
for its evaluation. An analys of works has shown that the quality of experience depends on
a large number of factors (the goals pursued by the user while watching; user expectations
based on previous experience from similar services; the psychological state of the viewer;
network parameters such as bandwidth, latency, jitter and packet loss; the type of device used
for viewing; and finally, the type of content (news, clips, sports, etc.) and the unfolding sce-
nario), the task of formalizing the influence of which is relevant and unresolved at the present
stage. The most difficult task is to describe the context (conditions of viewing; psychological
state and emotions of the viewer; gender and age of the viewer; viewer’s viewing goals for a
particular program, etc.) to be able to apply the results in practice.

Existing standardized psychophysical quality assessment methods require a high degree of
regulation and formalization in order to ensure reproducibility of results; they clearly regulate
the choice of test sequences, the choice of experts, assessment scales, viewing conditions,
measurement procedures, and results processing. To assess the quality of experience, vari-
ous works have proposed descriptive methods that use viewer interviews, or user-oriented
methods, which, extend the boundaries of the usage of standardized methods, allowing them
to be applied to real systems or services. User-centered methods rely on the introduction of
the term so-called “user experience”. The transformation from existing subjective assessment
methods to the development of new methods for assessing the quality of experience cannot
be done all at once. Two steps should be done. At the first step, it is necessary to study the
integral quality, as an assessment of perception of a continuous set of two components of an
audiovisual program (image and sound). Integral quality is the most important component of
quality of experience. It is important to investigate interaction and relationship between the
image and sound quality perception. There are many phenomena that confirm the existence
of this interdependence. The described phenomena and effects confirm the need for a new ap-
proach to the development of integral quality assessment methods in television, which should
take into account the phenomenon of intersensory interaction in the perception of audiovisual
programs. In the second step, the influence of context must be taken into account.

1.10. Conclusions to section 1

1. Television broadcasting today is undergoing a radical transformation associated with
the use of digital and information technology and the transition from hardware solu-
tions to software solutions. Television is becoming a component of the information
environment as an ecosystem, in which a passive audience is replaced by a multitude of
actors who are both creators and consumers of information and media content.

2. Television is no longer the only audiovisual playback device. TV programs can be

57



58

displayed on the screen of a desktop computer, laptop, handheld computer or mobile
phone. The market for mobile communication services is huge, and the new mobile
television has all the opportunities for formation, development and growth.

. The convergence of high-definition television, cinema and data transmission networks,

which symbolizes the transition to a post-industrial: or information society, and which
will certainly happen soon, makes a new service real —*“quality of experience delivery,”
which begins to replace the usual “content delivery. The television viewer will soon
want to receive, anywhere and anytime, not just a television program, film or audiovis-
ual material, but a personalized visual and auditory experience, impressions, emotions.

. Digital television broadcasting development is directly related to the video compres-

sion methods and technical parameters improvement, or compression of digital vid-
eo data streams and audio compression, or compression of digital audio data streams.
Compression allows the most expensive resource of communications and information
systems—the bandwidth of communication channels—to be used efficiently.

. Application of compression requires solving an optimization problem aimed at achiev-

ing the maximum level of displayed image and sound quality while meeting the techni-
cal limitations associated with the bandwidth of communication channels. Evaluation
of image and sound quality should be based on taking into account the characteristics of
subjective perception of distortions and artifacts caused by codecs of image and sound
signals compression.

. Determination of optimal video and audio codec parameters is usually done separately

for image and sound, however, image and sound quality evaluations in audiovisual
programs are not independent. A new approach is needed to optimize codec parameters
based on integral quality assessment in television and taking into account the phenom-
enon of inter-sensory interaction during the perception of audiovisual programs. This
approach corresponds to the principle of the integrity of perception as a process of
forming a holistic image of the object, that arises as a result of the impact of the objec-
tive world on the senses.

. Itisreasonable to consider quality assessment of audiovisual systems with compression

in the context of information ecosystem structure—a dynamic self-organizing system
with a network structure. Quality assessment in such systems with a network structure
has two aspects: quality of service and quality of experience. Quality of service is de-
fined as a set of parameters that can be used to describe the network performance that
is necessary to meet the requirements of different applications. Quality of experience is
a subjective assessment that characterizes the user’s satisfaction with audiovisual ser-
vices and depends on a number of factors: the user’s viewing goals; user expectations
based on previous experience with similar services; network parameters such as band-
width, latency, jitter and packet loss; the type of device used for viewing; and finally,
the type of content (news, clips, sports, etc.) and the unfolding scenario.

. Evaluating the quality of experience as a subjective value that characterizes the degree

of user satisfaction of audiovisual services generates the need to consider the semantic
side of information, especially when this information should serve as the basis for cer-
tain practical actions. But television and other media systems are not only media, they
are also areas of culture and art. Therefore, the quality of experience evaluation should
be extended to the sphere of aesthetic perception and objects of art as well.



9. Assessing the degree of viewer (and listener) satisfaction with the quality of image and
sound displayed in digital television systems with a data compression, is an important
and relevant task for theory and practice. The relevance of the task of studying the effect
of compression parameters on the quality of the displayed image and sound increases
with an increase in the degree of compression, high values of which are achieved by
reducing psychophysical redundancy and introducing distortions and artifacts. Such
studies are especially important in mobile television systems, which use the limited
broadband communication channels, and the target compressed data bit rate drops to
megabits per second and even to lower values.

2. Integral assessment of image and sound quality, taking into account the cross-modal
interaction of the components of an audiovisual program

2.1. Methodology for integral quality assessment

A technique that ensures the consistency and reproducibility of results is of paramount impor-
tance when conducting psychophysical experiments. The review of standard and possible al-
ternative methods, performed in Section 1, showed that the existing methods do not meet the
objectives of this work, therefore, a new method for conducting psychophysical experiments
should be developed, which can be used to study cross-modal interaction when assessing the
integral quality in digital television systems with data compression.

A number of standards can be identified as prototypes, which contain recommendations for
conducting subjective experiments in television. Recommendation ITU-R BT.500-13 (Rec.
ITU-R BT.500-13, 2012) regulates subjective experiments to evaluate the image quality of
television systems. Recommendation ITU-R BS.1284—1 (Rec. ITU-R BS.1284-1, 2003) reg-
ulates the conduct of subjective experiments to evaluate sound quality, without regard to im-
age quality. Recommendation ITU-T P. 911 (Rec. ITU-T P. 911, 1998) regulates the conduct
of subjective experiments to evaluate the audiovisual quality of multimedia programs. How-
ever, the existing standards: Recommendation ITU-R BT.500-13 (Rec. ITU-R BT.500-13,
2012), Recommendation ITU-R BS.1284—1 (Rec. ITU-R BS.1284-1, 2003) regulate the con-
duct of subjective experiments to evaluate image quality without taking into account sound
quality or sound quality without taking into account image quality. Therefore, the direct use
of these documents for multimodal quality assessment is not possible.

The methodology for conducting a quality assessment experiment should be closely related to
the purpose of the system. As discussed in Section 1, performance evaluation of audiovisual
and television systems is useful to consider in the context of the structure of the information
ecosystem, where quality evaluation has two aspects: quality of service and quality of experi-
ence. The evaluation of the integral quality as the “impression quality”, which is a subjective
value that reflects the degree of user satisfaction with an audiovisual program of different
genres with an unchanged viewing context, should take into account the informational com-
ponent of the audiovisual program. Sound and image are semantically linked in television
programs, and in order to take into account their mutual interaction, the semantic component
must play an important role.

The techniques described in ITU-T P. 911 (Rec. ITU-T P. 911, 1998) are suitable for assessing
quality depending on technical parameters, such as link bandwidth, delay, jitter and packet
loss, image resolution, etc., without taking into account changes in the amount of semantic
and aesthetic information contained in an audiovisual program under the influence of various
technical parameters. In this section, when planning an experiment, a special place is given
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to the development of a methodology for integral quality assessment, taking into account the
informational approach based on the existing standardized method using an impairment scale
with two stimuli.

To conduct experiments on assessing the integral quality of an audiovisual program, it is pro-
posed to use an improved quality assessment method with a double stimulus and fixing the
results on an impairment scale.

The method proposed in this work was based on the method using the two-stimulus impair-
ment scale (DSIS) (Rec. ITU-R BT.500-13, 2012). The order of sequence presentation, time
intervals and other conditions of the experiment were in accordance with Recommendation
ITU-R BT.500-13 (Rec. ITU-R BT.500-13, 2012). A group of observers were sequentially
presented with pairs of audiovisual sequences; each pair includes a reference uncompressed
sequence and a test sequence with the same content, but distorted by video and audio com-
pression artifacts. The experts were asked to compare the integral quality of the test sequence
with the quality of the reference sequence and rate it on a five-point impairment scale.

A total of 25 pairs of sequences were randomly presented with different values of video and
audio data bitrates corresponding to a wide range of changes in audiovisual quality (from the
reference level corresponding to the highest rating to the level of minimum ratings). After
the end of the experiment, for each combination of parameters, the score averaged over all
experts was calculated.

The recommendations do not strictly regulate the approach to the preparation of instructions
for experts or observers, however, instructions are an important part of the experiment.

Before the beginning of each session of experiments, the observers got acquainted in detail
with the goals and objectives of the experiment, the manifestations of video and audio com-
pression distortions (with demonstration of examples of distortions), the order of presentation
of materials, and the rating scale. The purpose of this experiment was to determine the char-
acteristics of the integrated perception of audiovisual programs when assessing distortions
(artifacts) that occur during compression, and to determine the acceptable range of introduced
artifacts.

The introduction of audio and video data compression is always associated with the appear-
ance of noise and the appearance of image and sound distortions, the visual and auditory
manifestation of which increases with increasing compression ratio. The following distortions
are possible.

Image

1. The most noticeable artifact is the block structure. The block is a simple geometric fig-
ure and therefore is clearly visible in the image; blocks have clear boundaries —jumps
in brightness and color.

2. Image blur—reducing the sharpness, definition of the image; blurring or complete dis-
appearance of small details.

The appearance of edging on the borders of the image.
Destruction of boundaries—breaks in the contours of objects.

Jitter —most noticeable on stationary or slow moving objects.

O

Intermittent movement.
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Sound

1. The appearance of extraneous sounds—various overtones, hissing, ringing, the appear-
ance of background noise.

2. Violation of transparency and naturalness of sound.
3. Emergence of the echo effect.

4. Violation of the spatial impression—the stereo panorama becomes flatter, the sound
planes disappear.

Another artifact of television program distortion is the appearance of a delay between sound
and image, caused by the difference in signal processing time in the decoding and decompres-
sion paths in the receivers. In this work, the influence of this artifact is not studied.

The assessment of the integral quality should be based on the overall, integral impression
of viewing the audiovisual sequence. To build a scale of subjective assessments and ex-
plain to experts from what positions they should approach the assessment of the perception
of integral quality, this paper proposes to use a new, informational approach (benozepies,
['punenko, 2009; I'punenko, [lonnyonas, I'macman, benosepues, 2013; [leperynos, [macman,
benozepues, [ punenko, 2008; [Teperynos, [lmacman, benosepues, ['punenko, 2009; Grinen-
ko, Poddubnaya, Glasman, Belozertsev, 2011; Peregudov, Glasman, Belozertsev, Grinenko,
2008).

An audiovisual program contains a certain information. In news and other similar stories, this
is mainly semantic information. Bringing this information to the viewer leads to a decrease
in the degree of uncertainty (an increase in the amount of knowledge) about any fact, event,
phenomenon. Artistic, musical and other similar programs contain mainly aesthetic informa-
tion. Receiving aesthetic information gives the viewer aesthetic pleasure.

The integral perception of audiovisual material depends on many factors: image and sound
parameters, program genre, plot content, etc. Compression distortion leads to a reduction in
the amount of information delivered to the viewer. The impairment of the quality of an audio-
visual work due to distortions can be integrally assessed by the reduction in the amount of
information (the completeness of the elimination of uncertainty).

If one of the components of the test program (image or sound) has a reference quality, but a
large proportion of the information load is concentrated in the second, distorted by compres-
sion, component, then a significant overall impairment can be observed. For example, image
distortion in view programs leads to a significant deterioration in the overall impression even
with undistorted sound.

On the other hand, if one component is distorted by compression, but most of the information
1s contained in the second component, then the overall degradation may be absent or mini-
mal. An example is the distortion of the announcer’s image in a news program does not lead
to a serious deterioration in the overall impression (I'punenxo, 2011; Ileperynos, [ntacman,
benosepues, [ punenko, 2009; Peregudov, Glasman, Belozertsev, Grinenko, 2008).

After viewing a pair of audiovisual sequences, the expert-observer was asked to assess the
degree of degradation of the second of the presented video sequences relative to the first one
(reference). The score had to reflect the reduction in the amount of semantic and/or aesthetic
information in the test sequence compared to the reference one. Distortions are most notice-
able and affect the perception of the program as a whole, if the most important component of
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the program (video or sound) is distorted. The experiment is designed in such a way that the
degree of compression of audio and video data is different in each experiment. The scale that
is used for expert assessments is developed in the next section.

2.2. Distortion Rating Scale

The main advantage of psychophysical experiments is that the measured quality of television
systems directly reflects the reaction of viewers. The data obtained can be used in the devel-
opment of new systems, improvement and modernization of existing ones. The quality that
1s formed at the output of a television system depends on a number of technical parameters
or objective indicators. Therefore, psychophysical experiments are often carried out to build
mathematical models that characterize the influence of various technical parameters on sub-
jective quality.

As shown in Section 1, there are various techniques for conducting psychophysical experi-
ments and measuring quality. In the general case, the measurement process is a procedure by
which the measured object is compared with some reference and a numerical expression is
obtained on a certain scale (H0os, 1987).

In order to assign numbers to the properties of the measured object according to certain rules,
it is necessary to identify its content structure and find a correspondence between it and the
measurement tool. The most important aspect in conducting subjective experiments is the
choice of measurement standard, that is, the choice of the scale and the determination of its
properties. Often, qualitative characteristics do not have established measurement standards.
They have to be developed based on the nature of the measured object and according to the
research hypotheses.

The search for a measurement standard can be divided into four stages. At the first stage,
a qualitative classification of the object is carried out. At the second stage, it is established
whether the found properties have a discrete or continuous nature, whether they can be rep-
resented in the form of various successive states of the quality being measured. At the third
stage, empirical indicators are established, or outwardly well-distinguishable indicators of the
properties of the object. At the fourth stage, it is checked whether all the properties of the ob-
ject according to the accepted indicators fit into the ranged series. Relationships between scale
items should reflect the relationship of the object’s properties in terms of “equal”, “greater
than”, “less than”. The validity of the scale lies in the fact that it purposefully measures a
well-defined property or feature, without mixing it with others.

The accuracy and correctness of the measurement depend on: the degree of stability of the
measured object, the sensitivity of the measurement standard, the absence of systematic meas-
urement errors, and, finally, the stability of the measurement itself.

There are different types of scales. One of the most important properties of the scale is related
to the ability of the scale to meet the requirements of various operations with numbers. The
following types of scales can be distinguished (Z0os, 1987).

The simplest scale is the nominal or naming scale, which establishes relations of equality
between properties of the same class. The points of the scale are standards for the qualitative
classification of properties. This scale allows you to find the distribution frequencies by scale
points using percentages or in natural units, as well as the average trend in modal frequency.
The most powerful method of quantitative analysis in this case is to establish the relationship
between the rows of properties that are randomly located.
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An ordinal scale, or an ordered nominal scale, is a completely ordered scale of names that
establishes relations of equality between phenomena and relations of sequence in terms of
more or less. Rank scales are a commonly used variation of this type of scale. Using these
scales, you can order the measured objects from the most to the least important, significant,
preferred. The intervals in the scale are not equal, the numbers on the scale indicate only the
order of the features. All operations are carried out with ranks, and not with a quantitative ex-
pression of properties in each point of the scale. Numbers that reflect the order of the proper-
ties of measured objects are amenable to monotonous transformations. They can be replaced
by others, but with the preservation of the previous order, so that the relationship between
the ranks remains unchanged. For further processing of the results obtained using an ordered
scale, in addition to modal indicators, you can find the average trend using the median, which
divides the ranked series in half. The median is used to detect thresholds on the scale: to the
right and to the left of it there are signs that gravitate towards opposite poles. The strongest
indicator that can be found is the rank correlation coefficient, which indicates the presence or
absence of functional relationships in two rows of features.

The interval scale refers to the type of metric scales, which, unlike the first two types of
nominal scales, not only establish the relationship between the points of the scale in terms
of more—less, but also allow you to determine the size of the interval. An interval scale is a
fully ordered scale with measured intervals between scale items. The reading in the scale can
start from an arbitrary point. The reference point on the scale of intervals, as well as the value
of the dimensional quantity, can be changed. The numbers on such scales remain unchanged
after performing linear operations. Instead of a rank coefficient, you can use a more sensitive
pair correlation coefficient and multiple correlation coefficients, which allow you to predict
changes in one variable depending on changes in another or a number of other variables.

The scale that allows you to do all the operations with numbers is the ratio scale. It is a metric
scale, similar to the interval scale, but with one advantage: the reading in the ratio scale does
not start from an arbitrary point, but from an experimentally established zero. On this scale,
you can determine how much each item exceeds or is below the other.

The modified method with a double stimulus proposed in this paper involves the use of an
impairment scale to fix integral quality scores. The scales proposed in the Recommendations
developed by the International Telecommunication Union (ITU), including the impairment
scale, are ordinal scales. The numbers on such scales are ranks that allow you to sort the
measured quality according to external properties and features that correspond to the goals
and objectives of the experiment. In order to be able to use the results obtained in the course
of subjective experiments for the mathematical description of cross-modal interaction in the
process of forming the viewer’s impression of the watched audiovisual programs of various
content, it is necessary to use an impairment scale to measure the quality, which has the prop-
erties of an interval scale or, more preferably, a ratio scale.

Thurstone’s method (Thurstone, Chave, 1929; Thurstone, 1925; 1931) was used to construct
an impairment scale that has the properties of interval or ratio scales. The scale of seemingly
equal intervals was first constructed by Thurstone (Thurstone, Chave, 1929). With the help of
it, the author investigated and measured the attitude of society towards the church as a social
institution.

The technique for constructing the Thurstone scale includes the following stages. At the first
stage, a certain set of judgments is proposed, each of which reflects the attitude towards the
measured object. At the next stage, in the process of psychophysical examination, a scale val-
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ue is determined for each judgment and the final selection of judgments for the scale is made.

To assess the distortion of the image and sound that occurs during the production, transmis-
sion and playback of audiovisual information, in comparison with some “ideal”, in which
there are no distortions of the image and sound, 11 judgments were proposed—categories
ranging from “ Impairment are extremely annoying” to “Impairments are imperceptible “
(Grinenko, Glasman, Belozertsev, 2014):

Cl Hckaxenus HezameTHb! (Impairments are imperceptible)
C2  HUckascenus npakmuuecku nezamemnuwl (Impairments are practically imperceptible)

C3 HckaxxeHus HEMHOTO 3aMeTHBI, HO He MemaroT (Impairments are slightly perceptible,
but do not interfere)

C4  Hckaocenus 3amemust, Ho noumu He mewarom (Impairments are perceptible, but al-
most do not interfere)

C5 Hckaxenus cierka mematoT (Impairments are slightly interfere)

C6 HUckanncenus zamemno mewarom (Impairments noticeably interfere)

C7 MHckaxenus MemaloT U pasapaxkart (Impairments interfere and are annoying)
C8 HUckascenusi 00601bHO cunvHo pazopaxcarom (Impairments are quite annoying)
C9 HckaxeHus oueHb CUIIBHO pazapaxaroT (Impairments are very annoying)

C10. Hckasrcenus ucknrouumenvHo cunvho pazopasicaiom (Impairments are exclusively an-
noying)
C11.Uckaxenus npenensHo pa3apaxkaroT (Impairments are extremely annoying)

The experts were offered a special form on which a vertical line was drawn to assess the im-
pairments of the image and sound—a graphical scale. There are 6 marks on the scale at equal
intervals from each other, denoted by the letters A, b, B, I, /I, E (Cyrillic letters). The scale
has two reference points corresponding to the marks with the letters A and E. The upper point
with the letter A corresponds to the assessment of an audiovisual sequence in which there
are no distortions and impairments of the image and sound. It’s called “No Impairments”.
The bottom point with the letter E corresponds to an audio-visual sequence whose level of
impairments is so great that it is extremely annoying to the viewer/listener and in fact makes
the perception of the image and sound absolutely impossible. It is called “Impairments are
absolutely unacceptable”.

Point E of the scale is the zero point of the scale. The interval between points /[ (E) and E de-
termines the scale unit (the point /[ of the scale has the value of one scale unit). The distance
between adjacent marks of the scale is equal to one. Point A of the scale thus has a value of
five scale units. This is the highest rating, because there can be no higher quality than the qual-
ity of the image and sound, which are free from distortions and impairments. Thus, the marks
of the scale correspond to the following numbers of the ratio scale: E=0, JI=1, I'=2, B=3,
b=4, A=5. However, these numbers were not indicated on the form so that the experts would
not have any associations between the numbers on the scale and the numbers of judgments.
Experts should be guided only by the semantic meaning of the judgments used in Russian
and their own idea of where on the scale each judgment should be located. During statistical
processing of the results, marks A-E of the scale are replaced by numbers 5-0 (Grinenko,
Glasman, Belozertsev, 2014).
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The purpose of the experiment is to determine those judgments that will be located by experts
exactly (or almost exactly) on scale marks that are at equal intervals from each other. If such
judgments are found, they will define a quality scale that has the properties of an interval
scale. If among the equal-interval judgments a judgment is found that is located at the zero
point E (F) of the scale, then the selected subset of judgments will determine the quality scale
that has the properties of a ratio scale.

117 students of St. Petersburg University of Film and Television participated as experts in
psychophysical experiments. The task of the experts is to place on the scale all the given judgments
relative to each other and to the reference points (“No Impairments”/“Impairments are absolutely
unacceptable”). For convenience, each category is assigned a number. The number of each judgment
should be put in correspondence with one of the marks on the scale, which, in the opinion of the
expert, best characterizes the position of the judgment on the scale.

The experts were not limited in time, they could make as many corrections as they wanted,
returning to the previous ones and moving on to subsequent judgments. The instructions that
the experts were to follow explained that the number of the judgment was only an identifier,
or the name of the judgment, that the judges should not distribute all the judgments evenly
on the scale. Different judgments can be located at the same mark on the scale. When making
a decision, experts should be guided only by the semantic meaning of the judgments used in
Russian.

The results of the experiment, summarizing the opinions of 117 experts on the position of
judgments on the scale, are shown in Table 1.

Table 1. Distribution of expert opinions on the position of judgments on the scale

Judgments

Marks on C-1 C-2 C-3 C4 C-5 C-6 C-7 C-8 C9 | C-10 | C-11

scale

A |5 109 55 7 0 0 0 0 0 0
b |4 8 61 102 65 18 1 0 0 0 0 0
B 3 0 1 7 47 81 44 11 0 0 0
r |2 0 0 1 17 61 73 39 6 0 0
a1 0 0 0 0 11 31 63 76 34 3
E |0 0 0 0 0 0 2 15 35 83 114

The rows of the table show the number of experts who put judgments C1-C11 on the divi-
sions of the scale A-E, which correspond to the numbers 5-0. Each column thus contains the
distribution of expert opinions on the position of judgments C1-C11 on the scale. For exam-
ple, as can be seen from the table, 65 experts out of 117 placed judgment C4 (the judgment
«ckaxxeHus 3aMeTHBI, HO TouTH He Memmaro™ (Impairments are perceptible, but almost do
not interfere) on mark b=4, 47 experts—on mark B=3 and 5 experts—on mark ['=2.

To achieve the goal of the experiment and determine those judgments that experts place ex-
actly (or almost exactly) on the scale marks, statistical processing is necessary, for example,
interval estimation, aimed at constructing an interval in which the true position of the judg-
ment-category on the scale is with some probability. The use for these purposes of such wide-
ly used statistical methods as, for example, the Student’s criterion, in this case is impossible,
since there is no reason to believe that the original data are distributed according to the normal
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law. It is advisable to use order criteria (12, 15, 37, 39, 42, 67), which are nonparametric and
do not depend on the distribution. The interval estimation of the distribution of expert esti-
mates is performed by calculating the median and deviations from the median point for each
of the 11 judgments. As can be seen from the data in Table 1, some distributions are highly
asymmetric, which is an additional argument in favor of using the median as an average value
(Bentuens, 1969).

When processing the results, that is, after the experts have distributed all the judgments on the
scale, the marks corresponding to the letters from A to E are assigned numbers from 5 to 0.
The median divides the data set into two halves, which means that 50 % of the experts give a
score less than this value, and 50 % is greater (so the median can be called the 50th percentile).
In addition to the median, there are the 25th and 75th percentiles. The 25th percentile is also
called the first quartile of Q1, the median or 50th percentile is also the second quartile of Q2,
the 75th percentile is the third Q3, and the 100th percentile, respectively, is the fourth quartile
of Q4. To describe deviations, that is, to determine the spread for each judgment, quartiles
and the interquartile range are used, which determines the central part of the distribution and
is equal to the difference between the third and first quartiles. Within the interquartile range,
i.e. around the median are concentrated estimates of fifty percent of experts. Table 2 shows
the median values, the maximum and minimum values, the value of the 1st and 3rd quartiles,
as well as the interquartile range for 11 judgment categories.

Table 2. Indicators of the scatter of expert opinions on the position of judgments on the scale

Judgment C1 C2 C3 C4 Cs Cé6 Cc7 C8 (6 C10 | C11
Median 5 4 4 4 3 2 2 1 1 0 0
Ist quartile 5 4 4 3 3 2 1 1 0 0 0
3rd quartile 5 5 4 4 3 3 2 2 1 1 0
Maximum 5 5 5 4 4 4 3 2 2 1 1
Minimum 4 3 2 2 1 1 0 0 0 0 0
Range 0 1 0 1 0 1 1 1 1 1 0

The values obtained give a good description of the center, dispersion and shape of the distri-
bution. The data obtained in the course of experimental studies are presented in Figure 1 in
the form of a box diagram.

Score on

the scale
5

4

[ 28]

1 2 3 4 5 6 7 8 S 10 11
Number of judgment

Figure 1 - Indicators of the scatter of expert opinions on the position of judgments on the scale
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On the box diagram, the distribution of experimental data is represented as a rectangle with
“whiskers”. The projections of the side edges of the rectangle correspond to the width of the
interquartile range, 1.e. the range within which 50 % of all data for each judgment is located,
and the “antennae” correspond to the largest and smallest value. The position of the median
corresponds to the horizontal line. Thus, with the help of a box diagram, the position of the
median, the degree of scatter of values (interquartile range and amplitude of values) and the
asymmetry indicated by the median line, which is not exactly in the center of the rectangle,
are clearly shown.

As can be seen from Table 2 and Figure 1, the interquartile range of distributions of opinions
for some judgments is equal to zero (C1, C3, C5, C11). This indicates a high agreement of
opinions, in which the values of the first, second (median) and third quartiles are equal to the
same value, coinciding with some division of the scale. Zero interquartile ranges are prac-
tically possible only for discrete random variables, which are the results of this experiment.
However, the interquartile range is only half of the responses. Does the zero value of the in-
terquartile range give reason to believe that the true value of the median in this case coincides
with some mark on the scale? This issue is of particular importance for judgments C1 and
C11, for which the distribution of opinions is completely asymmetric.

Consider the distribution of opinions for judgment C1 (“Impairements are imperceptible”).
109 experts placed judgment C1 on mark A of the scale (A=5), 8 —on division b (b=4) (the to-
tal number of experts is 117). The number of experts who placed judgment C1 on mark A can
generally be considered as a random variable equal to the sum of random variables X, (i=1,
2, ..., n), where n=117 is the number of experts, and X. is a random variable, taking values 1
and 0 with probabilities p, and (1-p,) respectively. Here p, is the probability that expert i places
judgment C1 on scale division A, (1-p,) is the probability that expert 1 places judgment C1 on
some other and lower mark of the scale (b-E), which has a smaller value than mark A. If we
assume that the probabilities p, are the same for all experts, then the sum X, is a random vari-
able distributed according to the binomial law (Ban nep Bapnaen, 1960; Benrtuens, OBuapos,
2000; I'pumun, 1975; dxoucon, JInon, 1980).

Let’s check the null hypothesis H, according to which the probability p=1/2 and the true
value of the sum X, (the number of experts who must place the category C1 on the division A
of the scale) is equal to n/2. If the hypothesis H is true, the experts choose whether to place
C1 on mark A or on any mark below, with equal probability. The deviation of the number of
experts who placed category C1 on division A of the scale from n/2 is random.

The alternative hypothesis H, is that the number k, equal to the number of experts who placed
judgment C1 on mark A of the scale, exceeds the value n/2 is not random, the probability
p>1/2. Placing judgment C1 on mark A of the scale is statistically significant.

Hypothesis testing can be performed using a one-sided sign test (Ban nep Bapaen, 1960;
Jlxoncow, Jluon, 1980; Mutuna, 2008). The hypothesis H is rejected if the number k exceeds
the critical value m for a given significance level a (Ban nep Bapnen, 1960). The critical level
m is 69 for the significance level a=0.05 and 73 for the significance level a=0.01 at n=117
(Ban nep Bapuen, 1960; Mutuna, 2008). The number k=109 observed in the experiment ex-
ceeds the critical value at both significance levels. The H hypothesis is rejected in favor of
the alternative H, with a significance level not exceeding 0.01. The statement that judgment
C1 (“Impairment are imperceptible”) is placed by experts on the mark of the A=5 scale does
not contradict the experimental data and is statistically significant.
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Similarly, one can perform a statistical test of the distribution of expert opinions for
judgment C11 (“Impairments are extremely annoying”). 114 experts placed judgment
C11 on the E=0 division of the scale, 3 —on the JI=1 division (the total number of experts
is 117). The number k=114 observed in the experiment exceeds the critical value at the
significance level 0=0.01 (n=117). The statement that judgment C11 (“Impairments are
extremely annoying”) is placed by experts on the mark of the E=0 scale does not con-
tradict the experimental data and is statistically significant with a significance level not
exceeding 0.01.

The sign test can be used to test the hypothesis that the distribution of a random variable
has zero median and is symmetric in this sense. If you need to test the hypothesis that the
median is equal to a given value, then you can introduce a new random variable shifted by a
given value, and then use the sign test (Ban nep Bapnen, 1960). For example, judgment C3
was placed by the experts quite closely relative to mark b of the scale, which was assigned
the value 4. 7 experts placed C3 at mark A (A = 5), 102 experts—at mark b, 7 experts—at
mark C, 1 expert—at mark [I. To test the hypothesis that the median is 4 (mark b), we can
shift the distribution to point 4 and discard zero differences. Of the remaining differenc-
es, 7 are positive and 8 are negative. For 15 experiments, the critical region is limited by
numbers 4 and 11 for a significance level of 0.05 (two-tailed test with a confidence level
of 0.95) and by numbers 3 and 12 for a significance level of 0.01 (Ban nep Bapnen, 1960).
Neither the number of positive differences nor the number of negative ones goes beyond the
boundaries of the critical region, so the distribution of expert opinions can be considered
quite symmetrical and the hypothesis that the median for judgment C3 is 4 (mark B of the
scale) is accepted.

A similar conclusion can be drawn with regard to judgment C5 (81 experts placed C1 at mark
B, 18 experts—at mark b, 17 experts—at mark I, 1 expert—at mark [I). This gives 18 positive
differences and 18 negative ones. The boundaries of the critical region are 12 and 24 at a
significance level of 0.05 and 10 and 26 at a level of 0.01. The hypothesis that the median for
judgment C5 is 3 (mark B on the scale) is accepted.

The distributions of expert opinions for other judgments are not symmetrical. The application
of the sign criterion requires discarding zero differences. The results of this experiment are
discrete values, and the number of zero differences is large, as can be seen from the data in
Table 1. However, they are discarded when applying the sign criterion to test hypotheses. It
1s advisable to use another method of statistical estimation, which involves the construction
of a confidence interval, in which the true value of the estimated parameter is found with a
given probability —interval estimation (Bau nep Bapnen, 1960; I'mypman, 2003; 3akc, 1976;
Ko63aps, 20006).

Two-sided confidence limits for the median in the general case are order statistics with
numbers (n-m) and (m+1), where n is the sample size, m is a parameter corresponding to the
confidence level and setting the boundary of the critical region for the sign criterion (Ban
nep Bapnaen, 1960). With a sample size of n=117 (number of experts), the two-sided confi-
dence limits for the median are the numbers of ordinal statistics 47 and 71 for a significance
level of 0.05 (confidence probability 0.95) and the numbers 44 and 74 for a significance
level of 0.01 (confidence probability 0 .99). Medians and limits of the confidence interval
for the median at a significance level of 0=0.01 for judgments C1, C3, C5, C7, C9, C11 are
shown in Table 3.
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Table 3. Median and limits of the confidence interval for the median at a significance level

of 0=0.01
Judgment C1 C3 C5s Cc7 c9 C11
Order statistics (n-m) 5 4 3 2 1 0
Median 5 4 3 2 1 0
Order statistics (m+1) 5 4 3 2 1 0

From the data in Table 3 it follows that the width of the confidence interval of opinions for
judgments C1, C3, C5, C7, C9, C11 is equal to zero. This indicates a high consistency of ex-
pert opinions, in which the values of the ordinal statistics with the number (n-m), or the lower
limit of the confidence interval, the median and the ordinal statistics with the number (m +
1), or the upper limit of the confidence interval, are equal to the same value, coinciding with
some scale mark. Zero confidence intervals are practically possible only for discrete random
variables, which are the results of this experiment.

Thus, the hypotheses that the judgments C1, C3, C5, C7, C9, C11 are placed by experts exact-
ly on the scale marks A=5, b=4, B=3, I'=2, JI=1, E=1, respectively, are accepted with a confi-
dence level of 0.99. The intervals between judgments C1, C3, C5, C7, C9, C11 are the same,
1.e. the scale has the properties of an interval scale. Previously, the statistical significance of
the hypothesis was confirmed that judgment C11 (“Distortions are extremely annoying”),
according to experts, coincides with division E (“Distortions are absolutely unacceptable”™),
which is the zero point of the scale. Therefore, the impairment scale built on the basis of judg-
ments C1, C3, C5, C7, C9, C11 has the properties of a ratio scale. The equivalents of judg-
ments C1, C3, C5, C7, C9, C11 are the numbers 5, 4, 3, 2, 1, 0, with which all mathematical
operations can be performed.

Successful testing of hypotheses about the properties of the proposed impairment scale
allows assessing the accuracy of the placement of judgments by experts using the usual
statistical procedures (estimation of the mean, root mean square, confidence interval for the
mean) recommended in Recommendation ITU-R BT.500-13 (ITU-R BT.500-13, 2012).
This will also allow us to evaluate the position on the equal-interval scale of those judg-
ments (C2, C4, C6, C8, C10), the distributions of which do not allow us to draw certain
conclusions using the sign criterion and estimating the confidence interval of the median
(Table 4).

Table 4. Statistical indicators of expert opinions on the position of judgments on the scale
(significance level 0=0.05)

Judgement C1 C2 C3 C4 Cs Ceé C7 C8 C9 C10 | C11
Mean value 493 4,46 (3,98 |3,51 (2,99 (2,30 |1,79 |1,21 |0,75 (0,29 |0,03
Root-mean-square 0,25 10,52 10,39 |0,58 0,58 [0,65 [062 0,65 0,54 046 |0,16
value
Lower boundary 437 1391 (341 289 [2,18 |1,68 |1,09 |0,65 |0,21
of the confidence
interval for the mean
Upper boundary 456 4,05 3,62 |3,10 [242 1,91 1,32 /0,85 |0,37
of the confidence
interval for the mean
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From the data in Table 4, it follows that the average values of the position of judgments C1
and C11 are very close to the scale marks 5 and 0, respectively. The standard deviation is a
quarter or less of the interval between adjacent marks, which seems to be a very small value
(178). Confidence intervals for the position of judgments C1 and C11 were not calculated due
to the significant asymmetry of the distributions.

The data in the table confirm the hypotheses that judgments C3 and C5 are located at scale
marks 4 and 3, respectively (confidence intervals of the mean values of the position of judg-
ments C3 and C5 cover points 4 and 3, respectively, with a significance level of 0.05).

The mean values of the position of judgments C7 and C9 are below the scale marks 2 and 1,
respectively, but the deviation does not exceed a quarter of one point, i.e. interval between
adjacent marks.

Judgements C2 and C4 can be used to describe impairment levels intermediate between 5,
4 and 4, 3. The confidence interval for the mean position of judgment C2 covers the middle
of the interval between 5 and 4 (point 4.5). The confidence interval for the mean position of
judgment C4 covers the point 3.5.

Judgements C6, C8 and C10 can be used to describe the level of impairments intermediate
between the marks 3, 2, 1 and 0. The mean values of the position of judgments C6, C8 and
C10 are slightly below the midpoints of the corresponding intervals, but the standard devia-
tions are relatively small.

Thus, experimental studies have shown that the proposed scale of impairments has the prop-
erties of a ratio scale. The accuracy of the correspondence of the position of judgments to
the numbers of the scale is very high in the field of judgments describing relatively small
impairments: C1 (Mckaxenus nezametnol—5,0), C2 (MckakeHus: MpaKTHUECKU HE3aMETHBI —
4.5), C3 (MckaxxeHust HEMHOTO 3aMeTHBI, HO He MemaoT—4,0), C4 (MckakeHns 3aMETHBI, HO
noutu He MemaT—3,5), C5 (Mckaxenus cierka memarT—3,0). Accuracy is not as high in
the area of judgments describing significant impairments: C6 (MckaxxeHust 3aMeTHO MEIIAIOT —
2,5), C7 (Mckaxenuss memaror u pazapaxaror—2,0), C8 (MckaxeHus TOBOJIBHO CUIBHO
pazapaxkator—1,5), C9 (HUckaxenuss odeHb cuibHO pasznpaxaror—1,0), C10 (Hckaxenus
HCKITFOUMTENIbHO CUIBbHO pasapaxkaroT—0,5). However, deviations are equal to values not ex-
ceeding a quarter of a point.

A valuable property of the scale is the exact position of judgment C11 at the zero point of
the scale. This is very important, since it is the presence of the experimentally established
position of zero that turns the scale of intervals into a scale of ratios. The scale can be rec-
ommended for use in studies and assessments of the quality level of television broadcasting
systems.

2.3. Conclusions to section 2

1. A technique that ensures the consistency and reproducibility of the results is of par-
amount importance when conducting a psychophysical experiment. The review of
standard and possible alternative methods, carried out in Section 1, showed that the
existing methods do not meet the objectives of this work, therefore, a new method for
conducting psychophysical experiments should be developed that can be used to study
cross-modal interaction when assessing the quality of experience in digital television
systems with data compression.
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2. A number of standards were taken as prototypes, which contain recommendations for
conducting subjective experiments in television. However, Recommendation ITU-R
BT.500-13, Recommendation ITU-R BS.1284-1 regulate subjective experiments to
evaluate image quality without sound quality or sound quality without image quality.
The techniques described in ITU-T P. 911 are suitable for estimating quality of service
depending on technical parameters, such as link bandwidth, delay, jitter and packet loss,
image resolution, etc., without taking into account changes in the number of semantic
and aesthetic information contained in the audiovisual program.

3. To build a scale of subjective assessments of the integral quality, a new informational
approach was proposed in the work, which takes into account the presence in films
and television programs of both semantic information and aesthetic information. The
degradation of the quality of experience due to impairments is proposed to be assessed
by a decrease in the amount of semantic information and a decrease in the degree of
aesthetic enjoyment (aesthetic information).

4. An important aspect in conducting subjective experiments is the choice of a measure-
ment standard, that is, the choice of a scale and the determination of its properties. There
are 4 types of scales in accordance with the ability to meet the requirements of more di-
verse operations with numbers: nominal scale, ordinal scale, interval scale, ratio scale. In
accordance with the proposed informational approach, the Double-stimulus impairment
assessment (DSIS) methodology was modified to use a new version of the impairment
scale, the prototype of which is described in Recommendation ITU-R BT.500. However,
the scales proposed in the International Telecommunication Union (ITU) Recommenda-
tions, including the impairment scale, are ordinal scales. The numbers on such scales are
ranks that only allow you to sort the measured quality according to external properties
and features that correspond to the goals and objectives of the experiment.

5. Thurstone’s method was used to construct an impairment scale that has the properties of
interval or ratio scales. It has been shown that the impairment scale, built on the basis of
the following set of judgments: C1-Vckaxenus Hezametnsl (Impairments are impercep-
tible), C3-MckaxeHuss HEMHOTO 3aMETHBI, HO He MematoT (Impairments are slightly per-
ceptible, but do not interfere), C5-Mckaxenus cierka memarot (Impairments are slightly
interfere), C7-Mckaxxenust Memaror u paznpaxaror (Impairments interfere and are an-
noying), C9- VckaxxeHnusi oueHb CUIbHO pa3apaxkaroT (Impairments are very annoying),
Cl1-Uckaxenus npenenbHo pazapaxaror (Impairments are extremely annoying), has
the properties of a ratio scale. The equivalents of judgments C1, C3, C5, C7, C9, C11 are
the numbers 5, 4, 3, 2, 1, 0, with which all mathematical operations can be performed.
The scale can be recommended for use in studies of cross-modal interaction in assessing
the quality of experience—integral assessment of the quality of the image and sound.

3. Development of subjective perception mathematical model that allows to predict an
integral quality assessment of compressed multimedia materials

3.1. Statement of the problem

The perception of audiovisual programs is characterized by two modalities: visual and au-
ditory, each of which can complement and modify the perception experience created by the
other one. (Hands, 2004; Jumisko-Pyykko, Hakkinen, Nyman, 2007; Ries, Puglia, Tebaldi,
Nemethova, Rup, 2005; Storms, 2000; Winkler, Faller, 2005). It was noted in Section 1 a
cross-modal interaction exists in producing the quality perception of audiovisual programs. It
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is desirable to have an empirical model of multimodal quality perception to use the features
mentioned above in practice.

The goal of work described in this section is to develop the model of integral quality assess-
ment of compressed television materials taking into account the effect of cross-modal inter-
action of program components.

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 assess-
ment. At the first level, the model describes the relationship between image quality and sound
quality and bit rates of compressed video and audio signals. As it can be seen from the studies
described in Sections 1 and 2 these functions will depend on the genre of audiovisual pro-
gram. The quality measures predicted at the first level of the model can be called monomodal
ones. The model of the first level should correspond to the laws of subjective perception that
describe the influence of the video bit rate on the image quality and the audio bit rate on the
sound quality. At the second level, the model describes the relationship of the integral quality
as a function of the image quality and sound found at the first level. The integral quality pre-
dicted by the model at the second level cam be called multimodal.

3.2. Development of the first-level subjective perceptual model of audio and video quality

3.2.1. Experimental procedure

The model parameters should be found on the basis of experimental data. The first task of the
current investigation was to conduct a study of the main factor affecting quality perception
of video and audio—the bandwidth. There were conducted two series of experiments in the
framework of the first task. The influence of the video and audio bit rate on the picture and
audio quality of video sequences was studied separately. Three test audiovisual sequences
were used in the experimental study:

e news program fragment: is an example of head and shoulder television contents with a
small number of small details and low intensity of motion in the frame; audio accom-
paniment—the speaker’s voice;

e music video clip: a video sequence with medium detail and motion dynamics in the
frame accompanied by a story-related musical audio track;

e sports report (ski-rolling competitions) with high detail and dynamics of the frame,
accompanied by the commentator’s speech and the background noise of sports compe-
titions.

These test sequences were selected according to their audiovisual characteristics. The levels
of spatial details and temporal motions varied in the visual domain. Speech and music varied
in audio domain.

The original materials for the test sequences were sourced from D V-tapes (video: 720x576@501,
4:2:0, 25Mbps, stereo audio: 48kHz, 16 bits) and converted to AVI frames (Adobe Premier
Pro 1.5). AVI frames were used as the input to produce the originals. The original clips were
processed to produce 10—15 second test sequences. Video was encoded with H.264 software
MediaCoder v.0.6.1 (Main Profile, Level 5.1) (MediaCoder). Audio was encoded with AAC
encoder. In mobile television, bitrates are much lower than DV 25Mbps. That is why decoded
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DV sequences were used as the reference ones. The reference sequences compressed using
H.264 and AAC encoders were test sequences used in the experimental study.

The test sequences had different values of video and audio bitrates. But the reference and test
sequences always had the same values of the other factors that varied in the study: spatial res-
olution, dimensions of a picture in height and width, black and white or colour image, contrast
of the picture, loudness.

Sony monitor (PVM-14L2) was used for video playback. Loudspeakers (M-Audio Studio-
phile BX-5) were used for audio playback. All test sequences were played from the memory
of the laboratory installation using an auto selection from the play list.

The experiment on subjective quality assessment was conducted in the research laboratory
of the St. Petersburg State University of Film and Television. The order of sequences pres-
entation, time intervals, and other conditions of the experiment were set according to Recom-
mendation ITU-R BT.500-13 (ITU-R BT.500-13, 2012) and Recommendation ITU-R BS.
1284—1 (Rec. ITU-R BS.1284-1, 2003). Room illumination was controlled; the image view-
ing distance was about 4 image heights (4 H). For 320x240 image resolution the height H on
the monitor screen was 16 cm. The maximum luminance of the screen was set equal to a value
of 80cd/m. The luminance of the surrounds was set equal to 10 % of the maximum luminance
of the screen. 10 students from St.Petersburg University of Film and Television took part in
these experiments as an experts. Each assessor took part in nine series of experiments. Each
experiment was repeated three times.

A double-stimulus impairment scale (DSIS) method was used in the study.

3.2.2. Results of experimental study

A study was conducted to examine the influence of the main factor affecting quality percep-
tion of video and audio—the bandwidth. The investigation was to study the influence of video
and audio bit rates on the perceived quality of image and sound separately. In the first series,
the influence of video bit rate on picture quality of video sequences was studied. Assessors
were presented with a video sequence coded with different compression ratios (different bit
rates) without sound. The experts were asked to evaluate the image quality of 3 programs:
news program (head and shoulder television content static frame), sports competitions (dy-
namic frame) and the video sequence of the music video. Then, the mean opinion score for
the sequence was calculated using the standard double-stimulus impairment scale (DSIS)
method. Such a quality could be called a monomodal one. The relationship between the video
bit rate (VBR) and the mean opinion score of picture quality (Q,) for news, music video and
sport sequences is shown in Figure 2. Experimental data are approximated by exponential
curves. The method for calculating the approximation parameters is given below.

In the second series, the influence of the audio bit rate on the sound quality of video se-
quences was studied. The assessors were presented with the sound accompaniment of video
sequences without pictures. The audio data of the sound accompaniment was compressed/
decompressed with different compression ratios (different bit rates). Then, the mean opinion
score for the sound accompaniment was calculated using the impairment scale method. The
relationship between the audio bit rate (ABR) and the mean opinion score of sound quality
(Q,) for news and music video sequences is shown in Figure 3. This is the quality perception
of the second modality or the monomodal audio quality. Experimental data are approximated
by exponential curves. The method for calculating the approximation parameters is given

73



below.

First of all, it should be noted that monomodal picture quality (Figure 2) is content dependent.
In the high motion sport sequence, the video bit rate required is much more than in the news
sequence at one and the same quality level. The difference between the audio bit rate values
required for different sequence is less (Figure 3). Nevertheless, this difference is significant
especially at low levels of quality.

3.2.3. Definition of parameters of the empirical models of video and audio monomodal quality
perception

Analysis of experiments data allows us to determine the characteristics of the subjective per-
ception of monomodal audio and video quality and find the parameters of the approximation
of the first level models. Based on the type of relationships shown in Figures 2 and 3, it can
be assumed that the experimental data are well approximated by exponential curves (3.1, 3.2).
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Figure 2. Relationship between the video bit rate and the mean opinion score of picture quality (Q,)
for different test sequences.
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Figure 3. Relationship between the audio bit rate and the mean opinion score of sound quality (Q,)
for news and music video.

O*v = kvi + kvaexp(kvi-VBR) (3.1)

O*a = ka1 + kar-exp(kazABR) (3.2)

where:
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VBR—video bitrate, kbps,

ABR—audio bitrate, kbps;,

Q*, Q* ,—predicted monomodal video and audio quality levels;

Ky, ’kvz, Ky, Ky, Ky; Ky;—parameters of the empirical models of video and audio monomodal
quality perception.

This assumption can be verified by displaying the same relationship on a logarithmic scale using the
additional function Y(Q) = Ln(Q - k) and the parameter A=Ln(k,). Figure 4 shows the relationship
between the video bit rate and the mean opinion score of picture quality (Q,) for sport sequence on
a logarithmic scale. Similar graphs were obtained for other sequences. It can be seen from the figure
the straight line is a good approximation, that confirms the possibility of using exponential curves
(3.1) and (3.2) as first-level quality assessment models (benosepues, ['punenko, 2009; ['punenko,
2011; [Meperynos, benozepues, ['macman, ['punenko, 2009; 2010).
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Figure 4. Relationship between the video bit rate and the mean opinion score of picture quality (Q,)
for sport sequence on a logarithmic scale

The parameters of the approximation in equations (3.1) and (3.2) represent empirical models of

video and audio monomodal quality perception can be found using the method of least squares.

The parameters k., , k., k.., k, , k, , k, ., are given in Table 5.

V12 TTV2? V32 TTAL TTA2Y A3

Table 5. Parameters of the empirical models of video and audio monomodal quality

perception

News Music Sport
k,, 4,8600 4,7900 4,6860
k,, -6,9414 -9,0359 - 12,6847
k,, - 0,0263 - 0,0265 -0,0390
ky, 4,7800 4,8900 4,6800
ky, -3,1240 -4,1645 -4,3397
ky, -0,0277 -0,0079 -0,0028

3.3. Development of the second-level subjective perceptual model of multimodal quality
3.3.1. Results of experimental study

Parameters of the subjective perception model describing the effect of audio and video bitrate
on the integral (audiovisual) quality of audiovisual programs are based on the experimental
study. Viewers were asked to assess the integral (audiovisual) quality of three audiovisual
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sequence: news program, sports report and music video. These experiments can be called
multimodal, they investigate simultaneously two modalities of audiovisual sequence (video/
audio). Assessment of integral (audiovisual) quality, expressed in expert scores, can be called
multimodal.

A modified double-stimulus impairment scale (DSIS) method was used in the study of multi-
modal quality perception. A new approach was proposed to define the subjective scale of mul-
timodal audiovisual perceptual quality and to explain the assessors how they should express
their judgements. This method is described in details in Section 2.

The relationships between the VBR and the mean opinion score of multimodal quality (Q,,)
for news, music video, and sports sequences are shown in Figure 5. The ABR is the parameter
of the curves. Confidence intervals corresponding to 0.95 are shown.
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Figure 5. Relationship between video bit rate, audio bit rate, and the MOS of multimodal quality
(Q,) for different test sequences (a — news, b — music video; c — sport).
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A large amount of experimental data was obtained, which allows to conclude that the qual-
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ity assessments of the components of an audiovisual program are mutually compensat-
ed, when one of the components (video or audio) complements and modify the subjective
perception created by the other component. Both modalities (video and audio) affect the
multimodal quality judgment of assessors (Figure 5 a, b, ¢). The importance of visual and
audio partial parameters varies according to the content of television materials. For ex-
ample, video quality has relatively more weight than audio in high motion sports content.
The role of audio quality is most important in head-and-shoulder news content. Audio and
video content interact in producing the perception of quality. It is desirable to have an em-
pirical model of multimodal quality perception to use the features mentioned above in prac-
tice ((benozepues, I'punenko, 2009; ['punenko, 2011; Ileperynos, benosepues, [macman,
I'punenko, 2009; 2010).

3.3.2. Definition of parameters of audiovisual multimodal quality perception empirical models

At the first step it was shown that the exponential model describes well the relationship be-
tween video and sound quality indicators (monomodal video and sound quality) as a function
of various signal processing parameters of audiovisual programs. At the second level, the
model of subjective quality perception should describe the relationship between the integral
multimodal quality score Q*, as a function of video and audio quality scores Q*, and Q* ,
obtained during the video and audio estimation experiments made at the first level.

Appropriate type of the empirical model should be selected. One of the main requirements for
a model is the ability to predict the value of dependent variable with the required accuracy.
To approximate data by a curve (in the case of one independent variable) or a surface (in the
case of two independent variables), the existence of a functional relationship of a certain type
is first assumed ([>xoncon, Jlnon, 1980). Then, parameters of the curves are found to give
the best approximation according to some criterion. It cannot be said that the best description
of the functional relationship is obtained in this way, but the best parameter estimates are
obtained according to the given function choice and criterion. It is possible to find out how
good a given relationship is, but it is possible to get a better one by choosing a different func-
tion and a different criterion. In this case, it is possible to sort through combinations and data
transformations to infinity, which is not appropriate. It is also wrong to assume that the model
found will be the best one just because it gives a good approximation, but is totally unrelated
to the actual physical or technical links. A valid functional form should be considered first,
regardless of whether it was obtained by analytic deduction or by some other prior knowledge
of the properties of the variables.

The review of studies carried out in Section 1 showed that still there is no satisfactory under-
standing of the multimodal quality assessment model properties. A summary of the current
studies is made in Appendix C of the Recommendation ITU-R. P. 911 (ITU-R. P. 911, 1998).
One of the most important results of this summary is the description of the first effort to estab-
lish a relationship between video and audio quality indicators determined in separate modality
evaluation experiments and integral audiovisual quality indicators. It has been noted that an
integral audiovisual quality MOS(AV) can be predicted by using assessments of video quality
MOS(V) and sound quality MOS(A), obtained by separate subjective quality assessments of
the two modalities. It was shown that the integral quality score of an audiovisual programme
can be found using a multiplicative model: MOS (AV) = a+ b* MOS(A)*MOS(V), where the
value of parameter a is in the range from 1.1 to 1.5 points, the value of parameter b is in the
range 0.107 to 0.121. A 9-point category scale was used for experts scores. The recommenda-
tion notes that the results presented are preliminary and require further development.
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It can be noted that a purely multiplicative model is not suitable for describing all the proper-
ties of integral perception, for example, it cannot display the different weights of modalities
when evaluating television programs of different genre. However, it must be admitted that the
multiplicative model, which includes multiplication of the video and sound quality indicators,
is indeed a simple and effective way to describe cross-modal interaction.

It is reasonable to start with a graphical representation of the experimental data because the
form of the relationship is unknown, since the issues related to audiovisual quality perception
and its evaluation have not been sufficiently studied. Graphical representation helps to guess
the form of the functional relationship. As a first approximation, it is advisable to use a rela-
tively simple form of the equation, such as polynomial or exponential. The polynomial func-
tion is linear with respect to unknown coefficients, which simplifies the processing of results
(Annep, Mapxkosa, I'panoBckuii, 1976).

The existing mutual relationship and compensation of two components, when one of the
components (video or audio) complements and modifies the subjective perception created by
the other component, can be described mathematically in different ways. The polynomial rep-
resentation contains a multiplicative term, which allows to take into account the cross-modal
interaction.

A trade-off between complexity of a model and correlation with the experimental results can
be found if the polynomial approximation of multimodal audiovisual quality is used (3.3):

O*av = co+ ca1O*a + cvi-O*v + cav-O*A-0*v + car O*a° + cva2- O
+earO*a-0* + caov-O*a2-0*v + caz-O*a° + cv3 0%
Of course, the number of terms in (3.3) should be minimal to have a simple model. The point
is how many terms of the polynomial approximation might be used that the model would have

a good correlation with the experimental data (/[>xorcon, Jluon, 1980). The more non-zero
coefficients are in the model, so it is more complicated for practical use.

(3.3)

To find the minimal number of terms it is reasonable to consider the relationship between
monomodal quality levels (Q*, and Q* ) and the multimodal quality level (Q* ) for differ-
ent numbers of terms and compare these relationships to the experimental data. Let us consid-
er the relationship between monomodal quality (Q*, and Q*,) and multimodal quality (Q*,)
levels, that can be obtained using the model with a different number of nonzero coefficients
(3.3).
The simplest model of multimodal quality perception occurs when only c, c,, u C, are
non-zero coefficients.:

O*av=co+ carrQ*a + cvi-Q*v (3.4)
It is a linear model when the monomodal quality levels Q*, and Q* , are summed with weight-
ing factors c,, and ¢, to get the multimodal quality Q*, . The relationship between Q* , and
Q* ,, 1s shown in Figure 6 (a). The parameter of the lines in Figure 6 (a) is the level of Q*,.

All the lines are straight and parallel. The slope of the lines is determined by ¢, and the point
of crossing with the ordinate axis is determined by the sum ¢, + ¢, -Q*,.

The model when factor ¢, is also non-zero is shown in Figure 6 (b). In this case the model
can be called an incomplete quadratic model (1) or a parametric mode.

O*av=rco+ carrQ*a+ cviQ*v + cav-O*a-0*v (3.5)
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All the lines are straight but non-parallel. The slope of a line with parameter Q*, is deter-
mined by the factor equal to ¢, + ¢, ‘Q*, .. The slope of lines with parameters Q*,  and Q*, |
is determined by the factor equal to ¢, + ¢, -Q*, and ¢, + ¢, -Q*, respectively. The better
the quality Q*,, the more the slope of the line. The point of crossing with the ordinate axis is
determined by the sum ¢+ ¢, -Q* . The non-zero multiplicative factor c,, indicates the effect
of the interactions between the two modalities. If factors ¢, ,, C,, are non-zero the lines will not
be straight, the model will be a polynomic of the second degree (3.6) (Figure6 (c).

O*av = co+ ca1O*a + cvi-O*v + cav-O*a-0*v + car O*a° + cva- OV (3.6)
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Figure 6. Relationship among Q*, Q*,, and Q*,, for different numbers of terms of the polynomial
approximation (3.6) : a — non-zero coefficients are c,, C,, u C,,; b —non-zero coefficients c,, C,, C,, u
C,, C - non-zero coefficients Cor Car Cyp Cay Cazu Cuo
To find the proper number of terms it is needed to compare the relationships between the mono-
modal quality (Q*, and Q* ) and multimodal quality (Q*,,) levels calculated with different

number of non-zero coefficients in the polynomial approximation (3.3) with experimental data.

The relationship between the monomodal quality levels (Q, and Q, ) and the multimodal quality
level (Q,,) that was calculated on the basis of experimental data for the music video sequence is

AV
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illustrated in Figure 7.
O
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Figure 7. Relationship between the monomodal quality levels (Q, and Q, ) and the multimodal
quality level (Q,,) for the music video sequence.

Comparing the relationships shown in Figure 6 and 7, it can be concluded that the form of the
curves is quite similar, therefore, it is reasonable to calculate the parameters of the polynomial
model using regression analysis methods.

The regression analysis was carried out using the method described in (Anmnep, Mapkoga,
I'panoBckuii, 1976; xoucoH, JInon, 1980).

The parameter set {c, C, , C,,} of the approximation of the experimental data Q,, = f(Q,, Q,)
are shown in Figures 5 by the polynomial Q*, =c +c, -Q*, +c  -Q* represent the simplest
model of multimodal quality perception. They are given in Table 6.

Table 6. Parameters of the empirical model of multimodal quality perception

News Music Sport
c, -1,9222 -1,0604 -1,0429
C,, 0,9006 0,6662 0,5128
Cy, 0,4882 0,4562 0,6627

Figure 8 shows the relationships between monomodal video quality Q*V and sound quality
Q*A and multimodal quality Q*AV for nonzero coefficients c0, cAl, cV1 in polynomial
approximation and experimental data for three sequences: news program, music video and
sports report. The root mean square error is shown in the figure by the vertical lines. The
corresponding sound quality values were chosen as the parameter of the curves. A linear
model when the monomodal quality levels Q*A and Q*V are summed with weighting fac-
tors cAl and cV1 to get the multimodal quality Q*AV in general describes the relationships
obtained in the experimental studies for all three sequences. But it can be concluded from
the Figure 8 that the model does not fully correspond to experiment results and does not
take into account the interaction of the two modalities (the lines are parallel for each con-

cluded Q,).
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Figure 8. Relationship among Q*, Q*,, and Q*,, for non-zero coefficients c,, ¢,, u C,, a—news

program; b — music video, ¢ — sport
The cross-modal interaction should be taken into account while choosing an appropriate em-
pirical model. This means that the multiplicative coefficient ¢, corresponding to the inter-
action effect, should be non-zero. In this case, the model will have the form of an incomplete
square model and will describe the interaction of two modalities most simply. The parameter
set {c,, C,,, Cy, C,) of the approximation of the experimental data Q,, = f(Q,, Q,) by the
polynomial Q*, =c + ¢, -Q* +c -Q* +c, Q% -Q* represent the multimodal quality
perception. They are given in Table 7.
Table 7. Parameters of the empirical model of multimodal quality perception

News

Music

Sport

0,4096

0,8575

1,1739




News Music Sport
c,, 0,2459 0,0505 -0,1507
c,, -0,1786 -0,1227 0,0070
v 0,1873 0,1853 0,1963

It can be seen from the table that the values of the factors ¢, , €, , reflecting linear effects, vary
greatly depending on the genre of audiovisual program, while the multiplicative term, reflect-
ing the effects of interaction, practically remain at the same level for the three sequences, indi-
cating their influence. Figure 9 shows the relationships between monomodal video quality Q¥
and sound quality Q*, and multimodal quality Q*  for nonzero coefficients ¢, ¢, ,, ¢, andc,,
in polynomial approximation and experimental data for three sequences: news program, music
video and sports report. The root mean square error is shown in the figure by the vertical lines.

The corresponding sound quality values were chosen as the parameter of the curves.
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All the lines are straight but non-parallel. The slope of a line with parameter Q* . is deter-
mined by the factor equal to ¢, + ¢, -Q*, .. The better the quality Q* , the more the slope of
the line.

The incomplete quadratic model better describes the experimental data, reflecting the prop-
erties of the mutual compensation of the quality of modalities. However, it seems from the
relationships between the levels of monomodal quality (Q, u Q,) and the value of multi-
modal quality Q, , obtained from the experimental data presented in Figure 7, that some
lines are straight and some are not, which means that factors c,, and ¢, must be taken into
account.

If factors ¢, ,, C,, are non-zero the lines will not be straight, the model will be a polynomic
of the second degree. The parameter set {c, C,, C,, C,, C,,, Cy,} of the approximation of the
experimental data Q, , = f(Q,, Q) are given in Table 8.

A2!

Table 8. Parameters of the empirical model of multimodal quality perception

News Music Sport
<, -0,18906 1,0733 0,2786
Cy, -0,3987 -0,8662 -0,2864
Cy, 1,8359 0,4411 0,7666
c,, 0,0944 0,1571 0,0233
Cy, -0,2887 -0,0868 -0,1198
Cy 0,1873 0,1858 0,1963

It can be noted that the multiplicative coefficients, reflecting the inter-modality interaction, have
practically the same value for the three sequences under test. Their values are close to similar ones in
the incomplete square model.

Figure 10 shows the relationships between monomodal video quality Q*, and sound quality
Q*, and multimodal quality Q*,,, for nonzero coefficients ¢ C, ¢, C,, C,, C,, in polyno-
mlal approximation and experlmental data for three sequences news program, mus1c video
and sports report. The root mean square error is shown in the figure by the vertical lines. The
corresponding sound quality values were chosen as the parameter of the curves. The lines are
not straight. In this case, the model has the properties of mutual compensation of modalities
described earlier, when one modality can complement and modify the perceptual experience

created by the other.

A polynomic of the third degree can be used to approximate the experimental data. In this
case, the coefficients Co.Ca1. Cy1. Cav. Caz. Cya Caoy. Cyaa Cas. Cy, are non-zero, wh1eh are .found n
a similar way using the least squares method. The number of non-zero coefficients is almost
doubled compared to the second-order polynomial model. The parameter set {c,C, C,, C,,

Cuz. Cya Caoy, Cyan Cas, Cyst Of the appioxnnatlon* of t}ie experimental data Q, = f(Q N Q ) by
the polynomlal of the thlrd degree Q*, = *(Q*,, Q* ) represent the multimodal quahty per-

ception. They are given in Table 9.
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Figure 10. Relationship among Q*, Q*,, and Q*,, for non-zero coefficients c,,
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Table 9. Parameters of the empirical model of multimodal quality perception
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Figure 11 shows the relationships between monomodal video quality Q*  and sound quality
Q*, and multimodal quality Q*,,, for nonzero coefficients ¢, C,, C,, C,, C,, Cy, C.ry Cysn Cus.
C,; In polynomial approximation and experimental data for three sequences news program,
mus1c video and sports report. The root mean square error is shown in the figure by the verti-
cal lines. The corresponding sound quality values were chosen as the parameter of the curves.
All the lines are not straight. The model has the properties of mutual compensation of modal-

ities described earlier and can be used for approximation of experimental data.
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Figure 11. Relationship among Q*V’ Q*,, and Q*, for non-zero coefficients ¢, c,, €, C,,Cy,

Cys Caoy, Cuan Cag, Cya- @ — news program; b —music video, ¢ — sport

The more non-zero coefficients in the polynomic, the closer the lines will be to the experi-
mental points, and the accuracy of the description will be higher. However, monotonicity can
be broken, which is undesirable for models describing user perception.
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3.4. Assessment of model sufficiency using VQEG group criteria

To analyze the possibility of using the obtained model to predict the assessment of the inte-
gral audiovisual quality of different multimedia content, encoded with different bit rates, it is
necessary to check the relevance of the model using special criteria that take into account the
requirements for subjective perception models. The VQEG (Video Quality Experts Group)
group formulated special criteria: accuracy, monotonicity, and consistency and corresponding
metrics characterizing the ability of the model to predict the perception of audiovisual mate-
rials (ITU-T. Technical paper. Tutorial on Objective perceptual assessment of Video Quality:
Full Reference Television, 2004).

Accuracy is a parameter that characterizes the possibility of the selected model to predict the
multimodal quality assessments obtained experimentally, according to the minimum average
error value criterion. The model makes it possible to obtain the smallest difference between
predicted and experimental values “in general” has the highest prediction accuracy. Accuracy
1s characterized by the mean square error and Pearson’s linear correlation coefficient, which
makes it possible to measure the degree of linearity of the relationship between predicted and
experimental data.

Ideally, the function describing the relationship of the predicted and experimental values
should be monotonic. The increase in the predicted values should correspond to the increase
in the experimental values of the audiovisual quality assessment. Spearman’s rank correlation
coefficient of predicted and experimental values is a measure that describes well the mono-
tonicity of the prediction. Spearman’s rank correlation coefficient refers to non-parametric
indicators of the relationship between variables, which in this case represent the ranks of the
compared values. The nature of random variables distribution does not matter when calculat-
ing Spearman’s rank correlation coefficient.

Consistency is a parameter that characterizes the ability of a model to provide consistently ac-
curate predictions for all points. For example, one model provides a small value of the predic-
tion error at almost all points but has several points with a large value of errors, and outliers.
Another model provides a balanced set of error values, maybe numerically larger than the first
one, but at all predicted points (no outliers). Thus, the model consistency can be characterized
by the number of outliers relative to the total number of prediction points. An outlier is a point
where an error value equal to the difference between the predicted and experimental values is
two times greater than the root mean square error at this point. The value of the doubled root
mean square error is used as a threshold value for determining outlier points. Accordingly, a
smaller value of the outlier factor means that the predicted values are more consistent.

The relationship between the predicted Q*,; level of multimodal quality and experimental
Q,, data is shown in Figure 12 for different number of term of the polynomial approximation.
The data in Figure 12 can be used to specify the accuracy, monotonicity, and consistency of
the model as a tool for predicting the MOS value for sequences of different content coded
with different bit rate values. The root-mean-square error specifying the accuracy of predic-
tion, The Spearman rank-order correlation coefficient relating to the prediction monotonicity,
the outlier ratio specifying the consistency are given in Table 10.
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Figure 12. Relationship between the predicted Q*,, level of multimodal quality and
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second degree

Table 10. Calculated metrics characterizing the ability of the different models to predict the
perception of audiovisual quality

Linear Incomplete Polynomic of the | Polynomic of the
model square model second degree third degree
The root-mean-square error 0,3550 0,2527 0,1568 0,1202
The Pearson correlation
coefficient 0,9466 0,9758 0,9907 0,9955
The Spearman rank-order
correlation coefficient 0,9568 0,9753 0,9883 0,9630
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The first criterion introduced by the VQEG group is accuracy, which is characterized by the
value of the mean square error and the Pearson linear correlation coefficient. As the number
of non-zero coefficients in the polynomic increases, the model line will be more closely to
experimental points, and the accuracy of the model will increase. Therefore, the minimization
of the mean square error can be the first requirement for the model of subjective perception.
It can be seen from the table that the value of the root-mean-square error noticeably decreases
when the multiplicative term reflecting the effect of the modality’s interaction (incomplete
quadratic model) is non-zero. When factors c,, and c,, are non-zero (quadratic model) the
value of the root-mean-square error noticeably decreases too. Further increase in the degree
of the polynomic does not lead to a significant decrease of the mean square error.

The second criterion is monotonicity. As the number of non-zero coefficients in the poly-
nomic increases, the model line will be more closely to experimental points, but at the same
time, it will become a kinked curve. It breaks monotonicity, which is contrary to the principle
of perception. Perception cannot be oscillatory. The monotonicity violation is noticeable in
Figure 11 when the experimental data are approximated by a polynomial of the third degree.
Also, it confirmed by the decrease of the Spearman rank correlation coefficient value for the
polynomial model of the third degree. The outlier ratio for all four cases of the polynomial
model is 0.

The first requirement, an increase in accuracy, is met with an increase in the number of non-ze-
ro coefficients in the polynomic. The second requirement is monotonicity, which is violated
as the degree of the polynomic increases, as the lines become oscillatory. An acceptable com-
promise between accuracy, monotonicity, and model complexity finds by using a polyno-
mial model of the second degree. (benozepues, ['punenko, 2009; Ileperynos, bemnosepiies,
I'macman, ['punenko, 2009; Peregudov, Glasman, Belozertsev, Grinenko, 2010).

3.5. Conclusions to section 3

1. A level decomposition is used in the work to develop a mathematical model of multi-
modal quality perception. At the first step empirical models of video and audio mono-
modal quality perception are presented describing the influence of video and audio
bit rates on the perceived quality of image and sound. At the second step the model of
subjective quality perception should describe the relationship between the integral mul-
timodal quality score Q* , as a function of video and audio quality scores Q*, and Q*,,
obtained during the video and audio estimation experiments made at the first level. The
integral quality predicted by the model on the second level can be called multimodal.

2. On the first step all the experimental data can be approximated by exponential curves:
Q*, =k, + k,,exp(k,,'VBR)
Q*, =k, + k. -exp(k,,-ABR)

These models describe the influence of the video and audio bit rate on the picture and
sound quality of video sequences respectively.

3. On the second step a trade-off between complexity of a model and correlation with the
experimental results polynomial approximation of multimodal audiovisual quality is
used:

_ 2 2 2
Q*AV _*Czo +*CA1'Q*A +*C\3/1'Q*V +*C1%V.Q*A.Q*V + CAz'Q*A + CVZ'Q*V +CAV2'Q*A'Q*V +
Csz'Q A Q V+CA3'Q A +CV3'Q v
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The model describes the relationship between the multimodal quality level Q*,, and
the monomodal quality levels (Q*, and Q*,) that were calculated on the first step.

The non-zero multiplicative term allows to predict the properties of mutual compen-
sation of modalities when one modality can complement and modify the perceptual
experience created by the other ones.

4. To find the minimal number of terms in polynomic it was reasonable to consider the
relationship between monomodal quality levels (Q*, and Q* ) and the multimodal
quality level (Q*,,) for different numbers of terms and compare these relationships to
the experimental data. The simplest model of multimodal quality perception is when
only c,, C,, and ¢, are non-zero coefficients. It is a linear model when the monomodal
quality levels Q*, and Q* , are summed with weighting factors ¢, and ¢, to get the
multimodal quality Q*, in general describes the experimental data, but does not take
into account cross-modalities interaction. The incomplete square model when factor ¢,
is non-zero can be used as a simplest form to describe the effect of the interaction of two
modalities. The polynomial model of the second degree is non-linear, and sufficiently
reflects all the properties of the mutual compensation of modalities when one modality
can complement and modify the perceptual experience created by other one.

5. A numerical check of the relevance of the model was performed to find the optimal
number of non-zero coefficients in the polynomial model. Special criteria that take into
account the requirements for visual perception models, are formulated by the VQEG
(Video Quality Experts Group): accuracy, monotonicity, and consistency. The first re-
quirement, an increase in accuracy, is met with an increase in the number of non-zero
coefficients in the polynomic. The second requirement is monotonicity, which is vi-
olated as the degree of the polynomic increases, as the lines become oscillatory. An
acceptable compromise between accuracy, monotonicity, and model complexity finds
by using a polynomial model of the second degree.

6. The root-mean-square error specifying the accuracy of prediction is 0.1568 units. The
Spearman rank-order correlation coefficient relating to the prediction monotonicity of
the model is 0.9883. The outlier ratio specifying the consistency is 0. It is clear that the
accuracy, monotonicity and consistency of the model are rather high, the polynomial
approximation of the second degree can be used as a multimodal quality model. n this
case, the model predicts the properties of mutual compensation of modalities when one
modality can complement and modify the perceptual experience created by the other.

4. Optimization of compression codec parameters in digital television systems
4.1. Statement of the problem

Section 1 of this work showed the existence of cross-modal interaction in the process of form-
ing the viewer’s integral impression of the viewed audiovisual programs. It has been shown
that cross-modal interaction exists when viewing programs of different content and in a wide
range of bit rates of compressed image and sound data. Both modalities (visual and auditory)
influence the perception of quality, but one of the modalities may take precedence depending
on the content of the program. In section 3, a mathematical model of subjective perception
was developed. With its use, it becomes possible to perform a quantitative description of
the processes of cross-modal interaction between the components of an audiovisual program
during their joint perception, when one of the components complements and changes the sub-
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jective sensation formed by another component.

In television systems with data compression, including mobile television systems that use
communication channels in which the target data rate of compressed data drops to one mega-
bit per second and even lower values, special requirements are placed on the production and
delivery of multimedia products. The main task is to ensure an acceptable level of quality in
the face of severe technical restrictions on the delivery of audiovisual materials. To select the
optimal values for the image and sound encoding parameters, it is important to analyze the
quality requirements based on subjective perception. Considering the audiovisual program as
a whole and taking into account the perception of its integral quality will solve the problem.

The paper proposes to solve two optimization problems important for practice.

1. The first optimization problem can be formulated as follows: to obtain the maximum in-
tegral quality of experience with a fixed bandwidth of the communication channel. The
mathematical model of subjective perception can be applied for dynamic and adaptive
to the content of broadcast materials allocation of the channel bandwidth between video
and audio streams, which allows maximizing the level of integral quality of the expe-
rience of playing multimedia programs (Peregudov, Glasman, Belozertsev, Grinenko,
2009; 2010) under technical restrictions on the delivery of television materials (limited
and fixed bandwidth of the communication channel).

2. The developed mathematical model can be used to solve the problem of minimizing the
required bandwidth of the communication channel, provided that the integral quality of
experience is not lower than the specified level. Thus, the second optimization problem
can be formulated, which is solved within the framework of this work: to find the min-
imum throughput of the communication channel for a given value of the level of the
integral quality of experience.

4.2. Cross-modal interaction of audiovisual program components
4.2.1. Trade-offs between picture and sound quality

In (Storms, 1998), an important question for practice is formulated about the interaction and
mutual influence of video and audio components on each other in the process of forming an
experience of integral quality: is a high/low quality of the sound accompaniment the cause
of an increase/decrease in the perceived level of image quality (in relation to the level mono-
modal image quality played back without sound)? Conversely, does an image played back
with sound cause a change in the perception of monomodal sound quality? The author of
the work carried out experimental studies, the results of which give a qualitative answer to
the question of the interaction of two modalities. Using the developed mathematical model
of subjective perception, it becomes possible to give a quantitative assessment (Peregudov,
Glasman, Belozertsev, Grinenko, 2010).

The graphs in Figure 13 illustrate the dependence of the level of integral quality predicted by
the model and monomodal values of image and sound quality for three experimental scenes.
Sound quality is selected as an option. An analysis of the presented characteristics allows
us to conclude that there are so-called neutrality points. At these points, there is neither a
decrease nor an increase in the level of subjectively perceived integral quality in comparison
with monomodal estimates of image quality values. Consider Figure 18b, which shows the
dependence of the integral quality level predicted by the model and the monomodal image
and sound quality indicators for a music video. For example, if the values of the image and
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sound quality indicators are equal to Q* = 4 and Q*,=4.5, then the level of integral quali-
ty will correspond to the score “4”, i.e. equal image quality. All points of neutrality lie on
the straight line Q*, =Q* , (I'punenxo, 2011; Tleperynos, benosepues, ['macman, I'punenxo,
2010; Peregudov, Glasman, Belozertsev, Grinenko, 2009). For low image quality (i.e., low
video bit rates), the integrated quality perceptual level will always be higher than the percep-
tual image quality level for all three scenes. However, for medium and high values of image
quality, the situation is not so clear and depends on the level of sound quality.

c)
Figure 13. Relationship between monomodal image quality Q*, and integral quality Q*,,
predicted by the model (the value of sound quality Q*, is a parameter) for a) news; b) music
video, c) sports

Figure 14 shows similar dependences of the integral quality level predicted by the model and
monomodal image and sound quality indicators for three scenes. As a parameter for the curves,
the corresponding image quality values are selected. There are also points of neutrality in the
figure. At these points, there is neither a decrease nor an increase in the level of subjectively
perceived integral quality in comparison with monomodal estimates of sound quality indicators.
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B)
Figure 14. Relationship between monomodal sound quality Q*, and integral quality Q*,,
predicted by the model (the value of image quality Q* , is a parameter) for a) news; b) music
video; c) sports

Figure 15 shows the dependence of the difference between the values of the integral quality
estimate predicted by the model and the value of monomodal image quality as a function of
the level of monomodal image quality. As a parameter for the curves, the corresponding val-
ues of the sound quality value are selected. A positive difference value means that the integral
quality score will be higher than the monomodal image quality score. With the same degree of
video compression (video date bitrate), the perception of video materials obtained by measur-
ing the quality of only the image (monomodal quality) turns out to be lower than in the case
when the expert evaluates the quality of the image and sound together (integral quality). The
effect of increasing the level of perception is most noticeable in the region of low values of
the image quality parameter. For a news program with values of image and sound quality in-
dicators Q* =1 and Q* =4.5, the level of perception of the integral quality will be higher by
1.4 points compared to the level of perception of the quality of only an image encoded with
the same bit rate. With the same values of the image and sound quality indicators, the level of
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perception of the integral quality for a music video will be higher by 0.9 points (Peregudov,
Glasman, Belozertsev, Grinenko, 2010).
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Figure 15. Change in the perception of integral quality in relation to monomodal image
quality (Q*,, - Q*) depending on the level of image quality (Q*,) with different values of
sound quality (Q*,) for a) news program; b) music video; c) sports report

A negative difference value means that the integral quality score will be lower than the mono-
modal image quality score. With the same degree of compression (video data bitrate), the
video perception estimates obtained by measuring only the image quality (monomodal quali-
ty) turn out to be higher than in the case when the expert evaluates both the image and sound
quality (integral quality). The effect is most noticeable at high image quality (4.5 points) and
low sound quality (1.5 points). At the same video data bitrate, the level of integral quality
perception is 3 or more points lower than the level of monomodal image quality for a news
program and a music video. Under the same conditions, the level of integral quality for a
sports report is lower than the level of monomodal image quality by 2.5 points.

Figure 16 shows the dependence of the difference between the values of the integral quality
estimate predicted by the model and the monomodal sound quality value as a function of the
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monomodal sound quality value. The level of integral quality of audiovisual materials (with
integral assessment of image and sound quality) may turn out to be higher than the level of
only sound quality (monomodal quality) for the same parameter values. High-quality sound
reproduction enhances the overall integral level of the experience. This effect is most notice-
able in the region of low date bitrates. The characteristics also indicate the existence of the
opposite effect: an image played back with sound can reduce the integral experience of the
quality of the video. At low values of the image quality and high sound quality, the integral
quality score is from 1.5 to 3 points lower than the monomodal sound quality score encoded
at the same audio data bitrate.
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Figure 16. Change in the perception of integral quality in relation to monomodal sound
quality (Q*,, - Q*,) depending on the level of sound quality (Q*,) with different values of
image quality (Q* ) for a) news program, b) music video, c) sports report
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4.2.2. Influence of the genre and content of audiovisual materials on perceived quality

As noted, both components (image and sound) contribute to the integral perception of an
audiovisual program, but one of them may be dominant. The influence of partial parameters
of the video and audio series on the perception of quality as a whole depends on the genre
and content of television materials. To illustrate cross-modal audiovisual interaction, we will
use the experimental data obtained for three programs: news, music, and sports (Peregudov,
Glasman, Belozertsev, Grinenko, 2010).

Figure 17(a) shows the relationship between the difference Q*, ,—Q* , of the values of the in-
tegral experience quality assessment predicted by the model and the values of the monomodal
image quality as a function of the monomodal image quality index Q*,, for news, music and
sports videos. The sound quality is quite high and corresponds to a score of 4.5 points. The
characteristics obtained with a low sound quality, corresponding to a score of 1.5 points, are
shown in Figure 17 (b).
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Figure 17. Relationship between the difference Q*, — O*, of the values of the quality of

experience predicted by the model and the values of the monomodal image quality as a

function of the monomodal image quality value Q*,, for news, music and sports videos: a) -
monomodal sound quality Q*,=4.5 points; b) - monomodal sound quality Q*,=1.5 point

Similar curves illustrating the dependence of the difference Q*, -Q*, of the predicted inte-
gral quality of experience score and the monomodal sound quality score as a function of the
monomodal sound quality indicator Q*  are shown in Figures 18 (a, b). Graphs (Figure 18 a)
correspond to high image quality on level 4.5 points. The characteristics presented in Figure
18 b are obtained with a low image quality value of 1.5 points.

It is easy to see that with a high quality of sound (Figure 17 a), the level of the integral quality
of a news story increases (in relation to the monomodal image quality) to a greater extent than
the level of the integral quality of a sports report or a music video. The excess of the integral
assessment over the monomodal assessment of image quality reaches 1.4 points at low video
data bitrates and, accordingly, low image quality. On the contrary, the integral quality of a
news story is reduced by 3.3 points with low sound quality and high image quality, as shown
in Figure 17 b.

This is quite understandable, since for a news story of the “talking head” type, the sound com-
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ponent has a dominant value (I'macman, benosepnes, [ punenko, 2011; Peregudov, Glasman,
Belozertsev, Grinenko, 2010).

From the graphs in Figure 18 a, it can be seen that in the case of high video data bitrates, the
integral quality score (compared to monomodal audio quality) increases to a greater extent
for a sports report than for a news fragment or a music video. With low sound quality (Figure
17 b), the value of the integral quality of a sports report falls (in relation to the level of mono-
modal image quality) not as quickly as the quality of a news fragment and a music video.
However, with high sound quality and low image quality, the level of integral quality falls
(in relation to the level of image quality) faster for sports reports than for news and music
videos (Figure 18 b). This trend can be explained by the high level of small details and high
intensity of movement in sport reports, as well as the high semantic significance of the video
in the perception of sports stories.
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Figure 18. Relationship between the difference Q*, — O*, of the values of the quality of
experience predicted by the model and the values of the monomodal sounds quality as a
function of the monomodal sound quality value Q*, for news, music and sports videos: a)
- monomodal image quality Q* =4.5 points; b - monomodal image quality Q* =1.5 points.

Video clips with musical sound accompaniment occupy an intermediate position between a
news story and a sports report, as it is characterized by an average levels of small image de-
tails and intensity of movement in the picture.

4.3. Adaptive bit-rate allocation between video and audio streams according to the genre
of the audiovisual program

The first optimization problem, which is solved within the framework of the work, is for-
mulated as follows: to obtain the maximum integral quality with a fixed bandwidth of the
communication channel. The output signal of the developed integral quality perception model
is used as an objective function in solving the optimization problem (Grinenko, Glasman,
Belozertsev, 2014).

Qualitative reasoning shows that this problem has a solution. Both components, image and
sound, contribute to the integral perception of an audiovisual program. If the sound or image
quality is low, the integral quality level will decrease for all three experimental video types.
Under conditions of limited bandwidth of the communication channel at low video data bi-
trates, the integral quality of audiovisual programs decreases due to poor image quality, al-
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though the sound quality is quite high. As the video data bit-rate increases, the image quality
level increases, but the audio data bit-rate decreases, therefore, the sound quality level drops.
The level of integral quality of an audiovisual program is reduced due to poor sound quality.
Therefore, there is an optimal allocation of the total data bitrate between the video and audio
data.

In essence, the task is reduced to calculating the bitrates of audio and video data streams, at
which the maximum value of the integral quality of experience Q, is achieved for a given
total bit rate. The total bit rate of the data stream carrying audio video data, TBR (Total Bit
Rate), is the sum of the audio data bitrate ABR (Audio Bit Rate) and the video data bitrate
VBR (Video Bit Rate).

The mathematical formulation of the problem of finding the optimal solution can be written
as follows (4.1):

F = Q,,(ABR,VBR) — max
ABR + VBR = TBR @.1)
ABR = 0,VBR =0

In the formulation of the optimization problem, three components can be distinguished: the
objective function, constraints, and boundary conditions. In this case, the optimization prob-
lem should be solved with constraints, that is, under the condition of a fixed total bit rate. The
condition according to which the bitrates of the digital audio and video data streams can only
be positive values is obvious, but necessary for the correct solution of the problem.

The objective function is described by an equation that is an integral perception model devel-
oped in Section 3:

Q*AV: Cot CAI'Q*A+ CV1'Q*V+ CAV'Q*A'Q*V+ CAZ.Q*AZ +C,y *VZ’
where

Q*, =k, + k,,exp(k,,'VBR),

Q*,=k,, +k, exp(k, ABR),

ABR = TBR—VBR.

Then

Q*.,=c,tc, *(k, +k,  exp(k, TBR)+Kk,  exp(—k, VBR))+c, . (k, +k  expk,VBR))+c,,
*(k, .k, + K, .k, exp(k,, TBR), exp(~k, - VBR)+ k. K, -exp(k,,'VBR)+ k .k, ,-exp(k,, TBR).
exp(k,,—k,VBR)) + c,,. *(k,, + Kk, exp(k,,TBR) + Kk,  -exp(~k, -VBR))* + c .k, +
k,,-exp(k,,"VBR))?

V2*

The optimization problem is reduced to finding the extremum of the objective function. The
extremum point is the point where the derivative of the objective function is equal to zero.
Therefore, in order to find an analytical solution to the stated optimization problem, it is
necessary to calculate the derivative of the objective function with respect to the video data
bitrate at a fixed total data bitrate and equate it to zero.

The resulting equation does not have an analytical solution; it is possible to find the maxi-
mum of the objective function only by numerical methods. A large number of optimization
methods have been developed, which can be divided into two groups: methods for narrowing
the uncertainty interval and methods using derivatives. For the considered objective function,
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the derivative exists, therefore, to solve the optimization problem, it makes sense to apply
numerical methods using derivatives. One of the methods for solving the problem of such an
optimization is the method of Lagrange multipliers, which was used in (85).

To solve the optimization problem, the data analysis software tools Microsoft Excel 2011.6,
the Solver add-on (bexp u ap, 2005; Munsko, 2004) were used in the work. The parameters
and results of the solution search procedure in the Solver program are displayed using tables
on three report sheets. Below are the parameters and results of the procedure for searching
for the optimal bit rates of the digital audio and video data streams, at which the maximum
value of the integral quality is achieved at a given total bit rate of 500 Kbps for the music
video program. The Answer Report sheet (Figure 19) displays the start and end values of the
target and variable cells, constraint cells, and constraint information. Sheet Sensitivity (Figure
20) contains information about how sensitive the solution is to small changes in the formula
located in the target cell field in the Solver add-in dialog box or restrictions. This report is not
generated for models that have integer constraints. For non-linear objective functions, the re-
port contains the values of the reduced gradient and Lagrange multipliers. On the Limits sheet
(Figure 21)—constraints, upper and lower limits and the target value of the cells of variables
and the target cell, the optimal value of the objective function for the problem being solved
are displayed.

Microsoft Excel 11.6 Answer Report
Worksheet: [Model calc_v5 opt.xls]Music-Opt
Report Created: 4/18/2014 8:56:06 PM

Target Cell (Max)
Cell Name Original Value  Final Value
$0%$29 Qavmax 4,525 4,623
Adjustable Cells
Cell Name Original Value  Final Value
$B$29 VBR 250,0 313,6
$C$29 ABR 250,0 186,4

Constraints

Cell Name Cell Value Formula Status Slack

$C$29 ABR 186,4 $C$29=$Q$25-$B$29 Binding 0

$B$29 VBR 313,6 $B$29>=0 Not 313,6
Binding

$C$29 ABR 186,4 $C$29>=0 Not 186,4
Binding

Figure 19. Parameters and results of the procedure for finding a solution in the Solver program.
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Answer Report Sheet

Microsoft Excel 11.6 Sensitivity Report
Worksheet: [Model calc_v5_opt.xls]Music-Opt
Report Created: 4/18/2014 8:56:11 PM

Adjustable Cells
Final Reduced
Cell Name Value Gradient
$B$29 VBR 313,6 0,0
$C$29 ABR 186,4 0,0
Constraints
Final Lagrange
Cell Name Value Multiplier
$C$29 ABR 186.,4 0,0

Figure 20. Parameters and results of the procedure for finding a solution in the Solver
program. Sensitivity Report Sheet

Microsoft Excel 11.6 Limits Report ‘ ‘
Worksheet: [Model calc v5_opt.xIs]Music-Opt
eport Created: 4/18/2014 8:56:15 PM

Target
Cell Name Value
$0$29 | Qav max 4,623

Adjustable Lower | Target Upper | Target

Cell Name Value Limit | Result Limit | Result
$B$29 | VBR 313.6 313.6 4,6 3136 4,6
$C$29 | ABR 186.4 186.4 4,6 186.4 4,6

Figure 21. Parameters and results of the procedure for finding a solution in the Solver program.
Limits Report Sheet

As the initial values (zero approximation) of the bitrates of the digital audio and video data
streams, values equal to half of the total bandwidth of the communication channel are used.
The available data transfer bitrate in the communication channel is divided in half between
the bitrates of audio and video data, that is, equal shares of the total bandwidth of the com-
munication channel are allocated for the transmission of audio and video information. For
a music video with a ratio of video and audio bitrates of 250:250, the value of the integral
quality that can be obtained is 4.525 points. The maximum integral quality for a music video,
corresponding to Q*, =4.623 points, is achieved at the video data bitrate of 313.6 kbps and
the audio data bitrate of 184.4 kbps. This distribution (313.6:186.4) can be considered opti-
mal, with a limited total bit rate of 500 kBit/s.

The results of solving the optimization problem are shown in Figure 24 for a news story, a
music video, and a sports report (at the total bitrates of 600 Kbps and 200 Kbps). The figure
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clearly illustrates the change in the level of integral quality Q*, , with a change in the share
of the bandwidth of the communication channel occupied for the transmission of information
about the image and sound, at a fixed total bit rate. The figures clearly show the maxima of
the integral quality, which can be obtained under conditions of a fixed bandwidth of the com-
munication channel.

With the total bitrate of TBR=200 kbps (Figure 22b), the maximum integral quality of a sports
report, corresponding to Q* = 2.1 points, is achieved at the video bitrate of 140 kbps and
the audio bitrate of 60 kbps. Such a distribution (140:60) can be considered optimal. For a
music video, the optimal ratio of video and audio bitrates is 90:110, which corresponds to the
maximum integral quality value of 3.1 points. For a news program, the highest quality level
of 4.5 can be achieved with the video/audio bit rate ratio of 70:130 (VBR = 70 kbps and ABR
= 130 kbps).

Qv Q'av
5 5
4 4 Music Video 4 News
3 /Sport ¢ J
L~
/ / -~ Music Video
a2 0 2 _— \
/ Sport \
1
’ Total Bit Rate = ! - Total Bit Rate =
0 = 600 kbps 0 =200 kbps
0 200 400 600 0 50 100 150 200
Video Bit Rate, kbps Video Bit Rate, kbps

Figure 22. Relationships between the video data bit rate VBR and the predicted value of the

integral quality Q* , for a news story, a music video and a sports report: a — total bitrate of
600 Kbps; b — total bitrate of 200 Kbps.

With the total bitrate TBR = 600kbps (Figure 24a), the maximum value of the quality of a
sports report Q* = 3.9 points is achieved at the video bitrate VBR =490 kbps and the audio
bitrate ABR = 110 Kbps. The ratio of 490:110 can be considered as optimal for the trans-
mission of highly dynamic sports reports at the total bit rate of 600 kbps. For a music video,
the optimal ratio of 390:210 results in the quality score of 4.8. For a news report, the highest
quality (5 points) will be provided with a video bitrate selected from the range from 150 kbps
to 400 kbps (4, 81, 219, 220).

Traditionally, in digital television systems, most of the total bandwidth of the communication
channel is allocated for the transmission of image information (for example, 90 %, then only
10 % remains for the transmission of sound information). The graphs in Figure 23 illustrate
the relationship between the total bit rate of the data stream carrying audiovisual data and
the integral quality value for a news story, a music video, and a sports report. The dotted line
corresponds to the relationship showing the maximum value of the integral quality that can
be obtained while maintaining a fixed ratio between the audio and video data bitrates at dif-
ferent values of the total bitrate. The solid line on the graphs corresponds to the relationship
illustrating the maximum value of the integral quality that can be obtained with the optimal
ratio of video and audio bitrates.
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Figure 23. The relationships between TBR available for the service and predicted audiovisual
quality of experience in the cases of fixed (90% for video and 10%for audio) and optimum bit
rate allocation for a) news, b) music video, ¢) sport program

The use of the optimal ratio between the bitrates of the digital stream of audio and video data
when transmitting audiovisual programs can significantly increase the level of integral quality,
especially when a narrow bandwidth of the communication channel is used. For a news story,
provided that the total bit rate is 400 kbps, the integral quality level can be increased from 1.9
points to 5 points, provided that the bitrates are optimally allocated. The optimal ratio in this
case would be 161.9:238.1 (video bit rate 161.9 kbps, audio bit rate 238.1 kbps). For a music
video at the same total bi rate, the integral quality level can be increased from 1.3 points to
4.4 points at the video bitrate of 238.4 Kbps and the audio bitrate of 161.6 kbps. The ratio of
238.4:161.6 can be considered as optimal for music videos. For a sports report, the level of
integral quality at the total stream rate of 400 kbps, with the fixed allocation, will be equal
to 1.9 points. With the optimal ratio, it will be equal to 3.1 points (video bitrate 316.1 kbps,
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audio bitrate 83.9 kbps). If the total bit rate is 400 kbps, the use of the optimal ratio between
the bitrates of the digital stream of audio and video data when transmitting news programs
of the “talking head” type allows you to increase the level of integral quality by 3.1 points,
when transmitting music programs—by 3.1 points, and when transmitting sports reports—by
2.1 points, compared with the transmission of the same programs with a fixed ratio between
the bitrates of the digital stream of audio and video data, when 90 % of the bandwidth of the
communication channel is allocated for the transmission of image information.

With the total bit rate of 1 Mbps, the quality level for a news story can be increased from 4 to
5 points. The optimal ratio in this case is 454.0:546.0 (video bitrate 454.0 kbps, audio bitrate
546.0 kbps). For a music video, the integral quality level can be increased from 3.8 points to
4.9 points at the video bitrate of 696.6 kbps and the audio bitrate of 303.4 kbps. The ratio of
696.6:303.4 can be considered optimal for transmitting music video programs, provided the
total data transfer rate is 1 Mbps. For sports reports, the integral quality level can be increased
from 4.2 to 4.4 points when using the optimal ratio of audio and video bitrates. So, provided
that the total bit rate is 1 Mbps, the use of the optimal ratio between bitrates allows to increase
the level of integral quality, when transmitting news program of the “talking head” type by 1
point, when transmitting a music program—by 1.1 points and when transmitting sports report-
ing—by 0.2 points (Grinenko, Glasman, Belozertsev, 2014).

The increase in the level of integral quality for sports reports is the least significant. This is
explained by the fact that the optimal ratio of audio and video data bitrates for highly dynamic
scenes is closest to that often used in practice, where a large part of the total bandwidth of the
communication channel is allocated for the transmission of image information. For news pro-
grams of the “talking head” type, with a relatively low overall bit rate, the allocation of most
of the channel bandwidth for transmitting information about sound, as a semantically more
important component, can significantly increase the integral quality.

The optimal ratio of audio and video bitrates for materials of different content, at which the
maximum integral quality is achieved, is different for the same total bitrate of the digital data
stream. Therefore, the use of channel bandwidth allocation between video and audio streams
that is adaptive to the content of broadcast materials can be used to maximize the integral
quality when playing multimedia programs under tight technical restrictions on the deliv-
ery of television materials, when there is a limited fixed bandwidth of the communication
channel. Adaptive allocation of the bandwidth of the communication channel between video
and audio data streams in accordance with the genre and content of the audiovisual program
allows you to increase the level of integral quality of audiovisual programs at a given total
bitrate of the transmitted data.

The optimal ratio of audio and video bitrates depends on the total bit rate available for the
transmission of the multimedia program. Figure 24 shows the optimal shares of the channel
bandwidth occupied for the transmission of information about the image and sound, as a func-
tions of the total bandwidth of the communication channel.
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Figure 24. Optimal channel bandwidth allocations for image and sound data transmission as
functions of total channel bandwidth for a) sports; b) news

For sports reports, as the total bi rate of the audiovisual data stream increases, the share of
the bandwidth of the communication channel for the transmission of image information will
increase, while the share of the bandwidth of the communication channel allocated for the
transmission of audio information will proportionally decrease. The optimal ratio of audio
and video bitrates for sports reports with an increase in the total bitrate will tend to a value that
1s often used in practice. The optimal ratio of audio and video streams at the low total bitrate
of 200 kbps is 70:30, while at the total bitrate of 1.5 Mbps, the optimal ratio is 90:10.

For a “talking head” news program with a low bandwidth of the communication channel (about
150 kbps), the ratio of 20:80 can be considered optimal. Most of the total bandwidth of the
communication channel—80 % should be allocated for the transmission of information about
the sound and only 20 % for the transmission of information about the image. This allocation
of audio and video bitrates is not typical for television systems. The results obtained confirm
the provisions formulated within the framework of the informational approach, which takes
into account the presence in films and television programs of both semantic and aesthetic in-
formation. A larger share of the bandwidth of the communication channel should be allocated
to a semantically more significant component of the audiovisual program. As it was shown,
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for a news program of the “talking head” type, the quality of the sound accompaniment is of
the greatest importance, therefore, a large share of the bandwidth of the communication chan-
nel should be allocated for the transmission of information about the sound. In rich and highly
dynamic sports scenes, picture quality has relatively more weight than sound.

4.4. Reducing the required bandwidth of the communication channel in accordance with
the content of the multimedia program

In digital television systems, methods and devices for compressing image and sound data are
used in order to match the bitrate of the digital stream with the bandwidth of the communi-
cation channel used. As shown above, the total bitrate allocated for the transmission of an
audiovisual program includes separate partial streams for the transmission of the image and
sound signal. The analysis of the experimental data presented above suggests that considering
the audiovisual program as a whole and taking into account polysensory perception of audio-
visual information by a person will make it possible to achieve savings in the required com-
munication channel bandwidth. The model can be applied to solve the problem of minimizing
the required bandwidth of a communication channel, provided that the integral quality is at
the level of a given value. Thus, the second optimization problem can be formulated, which
is solved within the framework of this work: to obtain the minimum required bandwidth of
the communication channel TBR (Total Bit Rate) for a fixed value of the integral quality level
Q,,- In fact, the problem is reduced to calculating the bitrates of audio ABR (Audio Bit Rate)
and video VBR (Video Bit Rate) data streams, at which the minimum value of the total bitrate
TBR is achieved at a given level of integral quality Q, .

The mathematical model of the problem of finding the optimal solution can be written as
follows (4.2)

F = TBR = (ABR + VBR) - min
Qav(ABR! VBR} = Qav (42)
ABR > 0,VBR >0

It is a constrained optimization problem. The optimization problem was also solved using the
Lagrange multiplier method using Microsoft Excel 2011.6 data analysis software tools Solver
add-on (bekp u np, 2005; Munbk0,2004).

In known systems with compression, the proportions of partial data stream bitrates are fixed,
which sets the output of the system to a fixed quality separately for the image and separately
for the sound. The graph (Figure 25) shows the dependence of the monomodal image and
sound quality indicators (Q*, and Q* ) predicted by the model given in Section 3.2 on the bi-
trates of the video and audio stream when separately assessing the quality of image and sound
for sports reports. As the initial conditions, that is, the values of the video and audio data
stream bitrates of the zero approximation, the values of the video and audio bitrates are used,
which provide a level of monomodal image and sound quality of 4.5 points. Monomodal im-
age quality will reach the target level of 4.5 points at the digital video stream rate of 1310.3
kbps. Monomodal sound quality will be equal to 4.5 points at the digital audio stream rate of
108.3 kbps. Therefore, a total bit rate of 1418.6 kbps is required to transmit image and sound
with a quality of 4.5 points.
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Figure 25. Relationship between audio ABR and video VBR bitrates and predicted audio and video
quality Q*, and Q*,, for sports

If we consider the audiovisual program as a whole, then the integral quality for a sports report
will reach 4.5 points at the video stream bitrate of 1058.4 Kbps and the audio stream bitrate
of 161.7 Kbps. In this case, the minimum required total bitrate of the data stream carrying
audiovisual data, provided that the integral quality is 4.5 points, will be equal to 1220.1 kbps.
This value is almost 200 kbps less than the minimum total bitrate required to transmit the
same sports report’s image and audio at the monomodal image and audio quality level of 4.5.
Consideration of an audiovisual program as a whole and taking into account the multimodal
polysensory perception of audiovisual information will allow to achieve savings of the re-
quired bandwidth up to 14 % for the most critical to the bandwidth sports.

A significant reduction in the minimum required channel bandwidth can be achieved if one
takes into account the fact that television programs of different genres and content can be
played back with the same level of experience quality at different total program compressed
data rates. Table 11 presents the values of the minimum required bandwidth of the communi-
cation channel for the transmission of programs of various content with a fixed quality level,
obtained as a result of solving the optimization problem.

Table 11. Values of the minimum required bandwidth of the communication channel for the
transmission of programs of various content

Qun News Story Musical Video Sports Report
3.0 87,4 kbps 189,8 kbps 371,8 kbps
3.5 110,2 kbps 241,4 kbps 495,9 kbps
4.0 141,1 kbps 314,1 kbps 693,4 kbps
4.5 192,0 kbps 4433 kbps 1220,1 kbps

For example, the minimum required total bitrate for a digital stream carrying audiovisual
data, provided that the integral quality is 4.5 points, would be 1220.1 Kbps for a sports report
(with a video stream rate of 1058.4 Kbps and an audio stream rate of 161 .7 Kbps). At the
same time, the minimum total bitrate of the digital data stream required to provide an integral
quality level of 4.5 points for a music video and a talking head news story is 443.3 Kbps and
192.0 Kbps, respectively.

As can be seen, the minimum total data rate required to transmit three programs with the same
level of integral quality is different, and the difference is quite significant. Therefore, the total
bitrate of 1220.1 Kbps is redundant for the transmission of a news program and a music video
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while maintaining a given level of integral quality. Adaptive bitrate control of video and audio
data streams in accordance with the genre and content of audiovisual programs will achieve a
reduction in the amount of transmitted data and the average bandwidth of the communication
channel at a given level of integral quality of playback of audiovisual programs.

The proposed method of adaptive control of stream bitrates in accordance with the genre and
content of audiovisual programs outwardly resembles the technology of statistical multiplex-
ing, which is currently used in digital television systems. The applied statistical multiplexing
technologies allow transmitting a certain number of video services within a fixed bandwidth
of a communication channel, allocating a large share of the stream bitrate to channels whose
images are highly detailed and dynamic. If at a certain point in time, programs with low dy-
namics (news like “talking head” or talk shows) are transmitted on all channels included in
the multiplex, then they do not require a high bitrate. However, in any case, the entire avail-
able bit rate will be allocated to the transmission of these programs, and the bitrate allocated
to each of them may be excessive for the transmission of a given program, even at the highest
level of quality. When highly dynamic programs are transmitted simultaneously on all chan-
nels, the opposite situation may occur. The bitrate allocated to each program may not be suf-
ficient, the quality of audiovisual programs will decline, and the viewer will observe defects
and artifacts of compression.

The proposed method is based on taking into account the integral audiovisual quality of expe-
rience and considering an audiovisual program as a whole. It’s not just about allocating more
bit rates to video programs with more complex and dynamic picture and sound. All programs
are transmitted with a fixed level of integral quality, and the minimum total bitrate for each
individual program, necessary to maintain a given level of quality. The minimum data rate re-
quired to provide a given quality level for each program is set taking into account the optimal
bitrate allocation between video and audio streams. The proposed method aims to maintain a
constant quality level for all transmitted programs while transmitting each program with the
minimum bitrate necessary to maintain the established quality level. Therefore, it is aimed at
minimizing the amount of transmitted data, which indicates the economic effect of the imple-
mentation of the method.

Currently, the leading Russian telecom operators have already launched the Mobile TV ser-
vice. Depending on the selected service package, more than 200 TV channels are available to
users of mobile and portable devices. Available channels can be divided into several groups
depending on their specialization: general thematic; news and information; sports; musical
channels; channels specializing in educational programs; channels specializing in children’s
audiences and programs for family viewing; channels specializing in broadcasting movies,
series and entertainment channels. The topics of broadcast audiovisual programs depend on
the specialization of the TV channel.

In the course of the work, an analysis was carried out for a day (weekday—Wednesday) of
the programs of three leading Russian general-thematic channels (“Channel 17, “Russia 17,
“Russia 2”) included in the standard package of services of the Mobile TV service. The chan-
nels are aimed at a large audience, so the TV program covers a wide range with different con-
tent. The programs broadcast on TV channels can be conditionally divided into three groups
according to the degree of compliance with the audiovisual characteristics of the three test
videos used in the work.

The program guide of Channel 1 mainly consists of news releases, all kinds of talk shows and
serial films. Programs that are similar in audiovisual characteristics to the “talking head” test
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story (short news releases, talk shows) occupy almost 48 % of the broadcast time during the
day, which is about 11.5 hours. The broadcasting of programs with medium detail and image
dynamics (entertainment shows, melodramas) accounts for about 45 % of the channel’s total
broadcast time during the day, which is about 11 hours. Thus, the broadcasting of programs
similar in audiovisual characteristics to a highly dynamic test sports video is about 7 %, or
1.5 hours per day. It is possible to transmit programs of various content with a constant bit
rate of 1220 kbps, which is necessary to provide an integral quality level of 4.5 points for the
most critical to the bandwidth of the communication channel, like a highly dynamic sports
video. But to transmit a program of the “talking head” type with an integral quality level of
4.5 points, a minimum total data rate of 192 Kbps is required. Consequently, within 11.5
hours a day, audiovisual programs of this type can be transmitted at a bit rate of 192 kbps
without loss of quality of experience. Similarly, for broadcasting programs with medium dy-
namism and image detail in the image for 11 hours a day, a bit rate of 443 kbps can be used.
With this control of the bitrate of digital data streams, depending on the content of the video,
all audiovisual programs will be transmitted with an integral quality level of 4.5 points, and
the average bitrate per day will be 380 kbps. The obtained value of the digital stream bitrate
is 69 % (3.2 times) less than the stream bitrate required to transmit the most critical to the
bandwidth of the communication channel, a highly dynamic video (1220 kbps). It can be
concluded that by controlling the bitrate of digital data streams, depending on the content of
audiovisual programs, it is possible to achieve significant savings in the required bandwidth
of the communication channel.

Similar data were obtained for the TV channels “Russia 1” and “Russia 2”. On the “Russia 17
TV channel, programs that are similar in audiovisual characteristics to the test “music video”
occupy 54 % of the broadcast time during the day, which is about 13 hours. About 27 % and
19 %, or 6.5 hours and 4.5 hours per day, respectively, fall on the broadcasting of “talking
head” programs and highly dynamic stories. The average digital stream bitrate per day is 525
kbps, which is 57 % less than the bitrate required to transmit the most critical to the bandwidth
of the communication channel, a highly dynamic video with an integral quality level of 4.5
points.

The TV channel “Russia 2” was previously a sports channel “Sport”, but now it has expanded
the subject, including a large number of educational programs, documentaries and series in
the program. Broadcasting of highly dynamic programs and programs with medium detail
and image dynamics is about 40 % and 50 %, or 10.5 hours and 13.5 hours per day, respec-
tively. The average bit rate per day is 780 kbps, which is 36 % less than the speed required to
transmit the most bandwidth-critical highly dynamic video.

If we assume that some subscriber has subscribed to view the analyzed three channels, then
the daily average digital stream bitrate for the three channels will be 561 kbps when using
adaptive control of video and audio data stream bitrates at the integral quality level of 4.5
points. This value is 54 % less than the speed required to transmit the most bandwidth-critical
sports video (1220 Kbps).

There are TV channels where news or talk shows form the basis of broadcasting, such as the
“RBC business TV” channel. In this case, it can be assumed that the average data bitrate per
day will be comparable to the bitrate required for “talking head” type programs with the in-
tegral quality level of 4.5 points. Similarly, there are sports TV channels, such as “Sport 17,
where broadcasts of sports competitions form the basis of broadcasting. In this case, it is ad-
visable to use the digital stream bitrate of 1220 Kbps for the transmission of audiovisual data,
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which makes it possible to provide the integral quality level of 4.5 points for the most critical
to the bandwidth of the communication channel, a highly dynamic sports report.

Similar calculations were performed for the full package of programs provided by the mobile
television operator SPB TV, one of the most popular TV services in Russia. With its help,
more than 200 popular Russian and foreign TV channels can be viewed both on mobile devic-
es with any software platform and on a computer. The average transmission bitrate per day in
this case is 720 kbit/s, which is 41 % less than the bitrate required to transmit the most critical
to the bandwidth sports reports with an integral quality level of 4.5 points. This result means
a 41 % reduction in the amount of data transmitted per day, which indicates the economic
effect of applying overall data bitrate control in accordance with the genre of the audiovisual
program and adaptive allocation of the bandwidth of the communication channel between
video and audio data streams.

4.5. Conclusions to section 4:

1. Using the developed mathematical model of subjective perception, quantitative an-
swers are given to an important for practice question about the interaction and mutual
influence of video and audio components on each other in the process of forming a
feeling of integral quality, when one of the components complements and changes the
subjective feeling formed by another component.

2. An analysis of the results obtained allows us to conclude that there are so-called neu-
trality points. At these points, there is neither a decrease nor an increase in the level of
subjectively perceived integral quality in comparison with monomodal estimates of
image or sound quality indicators.

3. With the same degree of video compression (video stream bitrate), the video perception
estimates obtained by measuring the quality of only the image (monomodal quality)
turn out to be lower/higher than in the case when the expert evaluates the quality of the
image and sound together (integral quality). The effect of increasing the level of inte-
gral quality (that is, the estimates of the perception of video materials obtained by as-
sessing the quality of only the image are lower) is most noticeable in the region of low
values of the image quality parameter. The effect of reducing the level of perception of
the integral quality is most noticeable at high image quality (4.5 points) and low sound
quality (1.5 points).

4. The influence of partial parameters of video and audio series on the perception of qual-
ity as a whole depends on the genre and content of television materials. The level of the
integral quality of a news story (in relation to the monomodal image quality) increases
with a high quality of the sound to a greater extent than the level of the integral quality
of a sports report or a music video. In the case of high image quality, the integral qual-
ity score increases to a greater extent for a sports report than for a news fragment or a
music video.

5. The developed mathematical model of subjective perception can be applied for dynam-
ic, adaptive to the content of broadcast materials, allocation of the channel bandwidth
between video and audio streams, which allows maximizing the level of integral quality
of playback of multimedia programs under severe technical restrictions on the delivery
of television materials, when there is a limited fixed bandwidth of the communication
channel.
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6. Application of the optimal ratio between the bitrates of the digital stream of audio and
video data when transmitting audiovisual programs can significantly increase the level
of integral quality. Adaptive allocation of the bandwidth of the communication channel
between video and audio data streams in accordance with the genre and content of the
audiovisual program allows you to increase the level of integral quality of playback of
audiovisual programs (by 2—3 points on the five-point scale, depending on the genre of
the program and the stream bitrate) at a given total stream rate transmitted data.

7. The optimal ratio of audio and video bitrates depends on the total bitrate available for
the transmission of a multimedia program, and is different for audiovisual programs of
different content. The optimal ratio of audio and video bitrates at the low total bit rate of
200 kbps for a sports report is 70:30, while at the total bit rate of 1.5 Mbps, the optimal
ratio is 90:10. For a talking head news program with a small bandwidth of 200 kbps, the
ratio of 20:80 can be considered optimal.

8. A large share of the bandwidth of the communication channel should be allocated to
the semantically more significant component of an audiovisual program. For a “talking
head” news program, the quality of the sound accompaniment is of the greatest im-
portance, as a semantically more significant component, therefore, a large share of the
communication channel bandwidth should be allocated for transmitting information
about sound. In richly detailed and highly dynamic sports reports, a large share of the
bandwidth is dedicated to transmitting image information.

9. The developed mathematical model of subjective perception can be used to find the
minimum required bandwidth of the communication channel to ensure the integral
quality at the level of a given value.

10. The minimum total data bitrate required to transmit three videos of different genres
with the same level of integral quality varies significantly. When broadcasting a news
program with a quality level of 4.5 points, the total bit rate of 192 kbps will be required,
for a music video—443 kbps, for a sports report— 1220 kbps.

11. The use of adaptive bitrate control for video and audio data streams in accordance with
the genre and content of audiovisual programs makes it possible to achieve a reduction
in the amount of transmitted data and the required average bandwidth of the communi-
cation channel at a given level of integral quality of playback of audiovisual programs.

5. Limits of Energy and Information processing in human brain

The ideal information technology development increases amount and / or speed of infor-
mation processing with minimizing of the energy cost. Technologies for compressing video
and audio television signals are due to resource limitations, both energy, material and time.
Existing technologies for compressing television signals are consistent with the fundamental
limitations of human sensory perception—to do more and spend less. These limitations, are
the result of evolution evoked by the limited resources to ensure the reception and processing
of information. The biological sensory systems and information technology have to compress
the amount of information transmitted from the sense organs to the brain for processing.

At the first stage of any of the biological sensor systems the restrictions begin at its input.
There are limitations on the perceived frequency band of both video and audio signals. For
the human visual system, the visible frequency range is limited in the short-wave region of the
electromagnetic spectrum, as ultraviolet light is harmful to all living cells, and the long-wave
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limitation region introduces infrared light to suppress thermal radiation in “warm-blooded”
animals,

In further processing of sensory information, the mechanism of selective attention introduces
limitations from one hand, but from the other it permit to distribute resources (Shapiro editor
2002, Tsotsos et all. 2021; Verghese, Pelli, 1992). We must comment that there are two types
of attention, namely general attention, ensuring the body is ready for anxiety, and it mobilize
all human resources and very economical the selective attention carrying out by our goal
selection. Since it 1s selective attention that limits the cognitive capabilities of a person. The
presented in this chapter television signal compression technologies, used consumer’s selec-
tive attention mechanisms.

The mechanism of selective attention ensures the compression of the processed information
saves resources, but its side effect 1s localized, selective inattention blindness. This “blind-
ness” is transient and manifests itself in the fact that we do not notice (see) everything in the
visual field and do not hear everything that sounds around us at a given moment of the time.
But at some other moments and in different environments, we will detect and recognize this
signal. This means that the object observed even with a good signal-to-noise ratio, but in a
different context, can be both visible and invisible, conscious and unconscious. Switching and
focusing attention depends on many factors, the goals facing the individual, his motivations,
and needs of his body. The physiological mechanisms of switching attention when a person
perceives audio and video signals is carried out by switching the supply of blood to different
parts of the brain that perform different functions. while maintaining an almost constant blood
supply to the brain. The temporal processes of information processing clearly demonstrate the
limitations introduced by the operation of the selective attention mechanism (Shapiro editor,
2001).

Now we know that the human brain represents only 2—3 % of total body mass, which used 20 %
of arterial blood. Investigations of cerebrovascular relationships was started long ago from
the investigations Alexander Monro (1783), then he compare the brain and the hand mass and
amount of blood supply. According to hydravlical model there was no active control of cer-
ebral blood flow, as cerebral blood flow passively followed blood pressure. Only F. C. Don-
ders (1868) proposed the active regulation of cerebral blood flow in response to cognitive
activation an evoked even small local hyperemia as result of brain metabolism neurovascular
coupling. Angelo Mosso experimentally demonstrate the regulation of cerebral blood flow in
humans. Mosso recorded pulsations of the brain in a patient with skull defects, and introduced
the human balanced table that tipped downwards in the head side if the weight of the head
was increased during increasing of emotional or intellectual activity. Roy and Sherrington
experiments (1890) develop the metabolic hypothesis.

In the end of XX century and first decades of XXI the new technology permit to measure the
micro circulation of the blood in the brain. Using oxygen microelectrodes, Profiles of pO2
between neighboring arterioles and venules were for the first time measured. The data clearly
evidenced that O2 diffusional shunting took place between cortical arterioles and venules,
provided they were distanced from each other for not over 80—100 microns (Vovenko et
all., 2002). The length of elementary arteriole-venula junction is about the same as neurons
ansambel the cortical column diameter (Hubel, Wiesel, 1977), functional elementary module
of information processing, coding and transmission in the visual cortex (Glezer, 1995).

The synchronization of this modules work during visual cognitive task is possible to see by
using the positron emission tomography—PET, single-photon emission computed tomogra-
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phy- SPECT, functional magnetic resonance imaging—MRI for measurements of blood cir-
culation in the local areas of the brain (Sokoloft 1964; 1985). The large-scale brain networks
work during cognition are investigated by fMRI and diffusion tractography methods (Bress-
ler, Menon 2010).

General blood circulation and supply of the whole brain, remains almost constant for most of
the life of the organism, as shown by both old and new methods of measuring cerebral blood
flow (Fantini, 2016; Claassen et all 2021).

An increase in heart rate and an increase in blood pressure also affect blood flow. However,
these are extreme conditions for the activity of the organism. The delivery of energy to the
brain is the delivery of glucose and oxygen through the blood supply. Intellectual or emotional
stress causes a certain rush of blood to the brain, which can be seen if the subject is placed on
a balance bar (Field, Inman, 2014) Weighing brain activity with the balance: a contemporary
replication of Angelo Mosso’s historical experiment only partly support the Roy—Sherrington
hypothesis for all the brain (Sandor et all., 2002; Field, Inman, 2014), as it change activation
not for all but only in different areas.

The brain, despite the principle of parallel processing of information, cannot solve all prob-
lems at once. In order to maintain an approximate constancy of the overall energy supply, the
activity of cellular metabolism and blood supply to different brain structures is redistributed.
“A neurophysiological nature of BOLD signal in fMRI clearly show that the local increase in
the BOLD contrast directly and monotonically reflects local increase of the neural activity”
(Logothetis et all., 2001) ““. This rise can capture both significant areas of the cortex corre-
sponding with the Brodmann zones, united in large-scale neural networks, and local and local
corresponding with the modules of the visual cortex. (Frostig et all., 1990).

The attention switching mechanism ensures the redistribution of neural activity and blood
flow in accordance with the need to achieve a particular goal. The brain’s self-regulatory
mechanisms ensure that less energy is “feeded” to neurons that respond to information that
is out of our focus when our task becomes more difficult. In the presence of a severe restric-
tion of energy supply, the brain can cope with complex tasks by switching the supply of
oxygen and nutrients (“energy”’) from one structure to another, changing priorities and focus
of attention. A change in the priority of either the auditory or the visual system is clearly
manifested, for example, during informational and/or gravitational overloads. Inattentional
blindness developed as a result of a long evolutionary development and provided effective
problem solving. It does not always solve problems successfully, and then this decision ends
tragically.

When attention is switched, changes in blood microcirculation occur in different parts of the
brain. These small but significant differences in local blood flow in the brain using fMRI and
fNIRS can be recorded indirectly based on changes in the concentration of different forms
of hemoglobin (with or without oxygen) during human activity. But new technologies make
it possible to study activity directly in neurons, and not indirectly through the bloodstream.
Changes in neuronal metabolism were shown using a modified fNIRS technique. The modi-
fied method of broadband spectroscopy in the near infrared region made it possible to meas-
ure the level of oxidation of cytochrome C oxidase, as an intracellular marker of cellular
metabolism (Bruckmaier et all., 2020). The level of cytochrome C-oxidase oxidation in the
areas of the visual cortex that respond to stimuli increases with a high perceptual load and
decreases with a decrease in the load. Broadband spectroscopy in the near infrared region
makes it possible to record the level of oxidation of cytochrome C oxidase in the human
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visual cortex. The level of cytochrome C-oxidase oxidation in stimulus-responsive areas
of the visual cortex was increased with high perceptual load compared with low, with low
skill, while the levels of cytochrome C-oxidase oxidation were reduced with skill acquisi-
tion. The redistribution of attention and activation of various structures decreases with the
development of the skill of performing the task facing the subject. But the overall metabolic
rate of the human brain remains constant. (Bruckmaier et all., 2020). The results of a study
of the characteristics of visual search with skill development also showed a decrease in costs
(Skuratova et all, 2022). Established an increased level of cellular metabolism associated
with the processing of complex tasks, and a decrease in the level with the development of
the skill (Derbyshire, 2018).

The processing of information in the brain is limited, and the increased demands on the body
with a sharp complication of the task in a difficult environment leads to the need for quick and
repeated switching of attention. This condition can lead to fatigue, an increase in the level of
errors. During long-term monotonous work, fatigue may also be due to the fact that, due to the
opponent relationship of various brain structures, a long-term continuous activation of some
brain structures occurs, leading to the “robbing” of others. That is why people intuitively tend
to switch activities. Although it is often difficult to organize, for example, during intensive
work on the conveyor.

The constancy of nutrition of the whole brain is determined by the principle of least action,
since it requires minimization of costs, which leads to a redistribution of functions between
neural networks. Based on the interaction of different neural networks, it determines the prin-
ciple of the opponent organization of physiological processes. Opponential (reciprocal) re-
lationships of cellular activity between neurons of different networks, between neurons and
glia, between different large-scale neural networks, between the processing of information
from different sensory systems are the general principle of organizing the body’s work. Basic,
for brain function, the relationship between neurons and glial cells are opponents even with
constant blood flow (Shelepin, 1970).

On the figure 26 examples of visual attention work is demonstrated.

The guessing at 10 % of counter presented and the correct decision at 20 % counter length
presented In experiments provided by K. Shelepin and Yu. Shelepin (2020) was used comput-
erized version of Gollin test with dynamic presentation of incomplete images. On the figure
28 1s shown only three levels of filling the contour of the image of the test object. The abscise
axis (X) the time of presentation is numerically corresponds, to the counter length presented.
This correspondent, was obtained by using proper speed of counter grout. On the ordinate (Y)
the BOLD signal in relative to the rest amplitude (Z). On the bottom of figure 28 there are
examples of three images with 10, 20 and 40 percent (%) of presented contours. If only less
than 10 % of the contour is presented it is impossible to recognize the object. At this situation
the observer has really free fill choice. For a future experiments it is necessary to mention that
the relation the threshold percent of contour strongly depends on the thickness of the contour
lines in display pixels to the width of the windows in same display pixels in which pieces of
this contour are visible.

Switching the activity of different areas of the brain and the corresponding redistribution of
blood supply to them do not solve all the tasks of brain life support. That is why, when tasks
become more difficult, blood pressure rises, and the pulse quickens. But these extreme states
are beyond the measured work of the operator, which we are discussing.
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A “Auditory” brain cortex areas BOLD signal to Gollin test
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Figure 28. The Z estimation of the BOLD signal simultaneously changes in different “visual™

and “auditory” cortex Brodman areas to the Gollin test presentation during first 45 sec after

start. The abscise axis is a time of dynamic grows of percent length of test image counter

presentation, and the same time numbers on abscissa are the length of the figure presented in

percent. The ordinate axis (Z) the relative to the “rest” intensity of blood flow. (Shelepin &
Shelepin, 2020).
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There are still limitations in the processing of information. They occur at the level of synaps-
es. The information flow is coordinated with energy costs. Therefore, in the visual system, the
flow of information from the retina to the primary visual cortex must be counted not only in
bits per second, but also as the number of bits of information transmitted by a certain amount
of molecules necessary to ensure synaptic transmission. A model of energetically optimal
transmission of information in “serotonin” synapses of thalamic relay neurons has been de-
veloped. The evaluation was based both on the entropy of transmission and on the evaluation
of mutual information. The transfer entropy, as a non-parametric assessment of the amount of
directed transfer of information between two random processes, often turns out to be better
for assessing the work of the brain than the mutual information associated with it. But the au-
thors made an assessment by both methods (Conrad & Jolivet, 2020). Mutual information and
a Bayesian approach. The Bayesian approach can be used to estimate the mutual information
of that distribution. The first work to do this, which also showed how to do Bayesian estima-
tion of many other information-theoretic properties besides mutual information (Wolpert and
Wolf, 1995; Hutter and Zaffalon, 2001). A mathematical model was created for the ability to
process information in the brain area in terms of neuronal activity, input data storage capacity
and afferent information arrival rate based on the Bayesian strategy for optimal decision mak-
ing (Tongtong Li et all., 2022).

6. Conclusions

1. A new method was proposed to conduct subjective assessments of multimodal quality
of audiovisual programs, based on the perception of semantic and aesthetic information
in television broadcasting. The proposed method extends the boundaries of the usage
of standardized methods, applying them to study the effect of cross-modal interaction
between the components of an audiovisual program. It allows to carry out experiments
on multimodal quality evaluation, when audio and video content interact to produce the
perception of quality in digital television systems with data compression.

2. New scale for cross-modal interaction in assessing the quality of experience—integral
assessment of the quality of the image and sound was proposed in the study. The scale
contains an explicit category of evaluation, equivalent to a zero quality value, and it has
the properties of a ratio scale.

3. It was shown that the multimodal quality is content dependent. Quantitative assess-
ments were obtained to describe the influence of genre of audiovisual program on mul-
timodal quality.

4. Tt is proposed to use level decomposition to develop a mathematical model of multi-
modal quality assessment of compressed television materials. At the first level the influ-
ence of the video and audio bit rate on the picture and sound quality of video sequences
respectively was described. At the second level the model describes the influence of the
video and audio bit rates on the multimodal audiovisual perceptual quality.

5. A polynomial function of the second degree of two variables—image and sound qual-
ity indicators, can be used to describe the integral quality assessment of audiovisual
programs at the second level of the mathematical model of subjective perception. The
effect of cross-modal interaction is displayed by including a multiplicative term—the
product of image and sound quality indicators.

6. The effect of cross-modal interaction between the components of an audiovisual pro-
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gram is studied, when one component changes the subjective perception created by
the other component and when the information received within one sensory modality
affects the perception of information received within another sensory modality, for pro-
grams of different genres and different content. Quantitative assessments of exchange
relations between auditory and visual modalities have been obtained and the mecha-
nisms of interdependence of perception of audio and video information, for which only
a qualitative description was known before, have been found.

Practical recommendations are given for adaptive bandwidth allocation between video
and audio data streams according to the genre and content of the audiovisual program,
which allows increasing the level of integral quality of audiovisual program (by 2-3
points on a five-point scale, depending on the program genre and bit rate rate) at a given
total bit rate of the transmission channel.

Practical recommendations are given for adaptive control of video and audio bit rates
according to the genre and content of audiovisual programs, which allows reducing the
amount of transmitted data and the required average bandwidth of the communication
channel at a given level of integral quality of audiovisual programs playback (by 35—
41 % depending on the quality level).

The energy limit for information processing in the brain is the typical problem for all in-
formation technologies. The different neuronal nets need more energy during different
work. The way to supply different group of brain cells is not only to increase speed of
the blood flow but to provide redistribution of the blood flow in the brain by selective
attention.
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Abstract

Genomic studies of human cognition repeatedly demonstrate significant contribution of ge-
nome variability to the development of cognitive functions. Genetic defects are systemati-
cally associated with cognitive deficits in a wide spectrum of brain diseases. However, there
is a type of abnormal genome behavior—genome/chromosome instability,—which requires a
special focus in the cognitive genomics context. Despite data on causative role of chromo-
some and genome instability in non-cancerous brain dysfunction, cognitive genomics rarely
addresses molecular instability causing chaotic genome behavior in the diseased brain. Here,
an overview of the impact of genome and chromosome instability in the brain (neurogenomic
instability) on cognitive functions is provided.

Introduction

The development of the human brain is highly dependent on genomic constitution of neural
cells. Genomic variability affecting neurodevelopmental pathways is the essential source for
brain diseases (Kelley, Pasca, 2022). Thus, it is not surprising that cognitive functions are
affected when genomic pathology alters brain development and functions. Currently, almost
all types of pathological genomic changes (from single-gene mutations to chromosomal ab-
normalities) have been associated with neurological and psychiatric diseases exhibiting cog-
nitive deficits (Nokelainen, Flint, 2002; Corvin et al 2012; de la Fuente et al 2021; Iourov et
al 2022). These findings have allowed to propose an emerging field of biomedicine and neu-
roscience referred to as cognitive genetics or cognitive genomics (Corvin et al 2012; Berto et
al 2020; Fitzgerald et al 2020).

Cognitive genomics systematically brings insights into understanding of relationships be-
tween molecular processes and brain functioning. Discoveries in this field has provided us
with knowledge about ontogenetic (ontogenomic) changes affecting brain functioning (Yurov
et al 2010; Iourov et al 2019b, 2021b; Dai, Guo, 2021), genomic pathways to cognitive defi-
cits (Iourov et al 2019a; Exposito-Alonso, Rico, 2022) and pharmacognomic aspects of treat-
ing the altered cognition (Cacabelos et al 2012). In total, the idea that genomic analyses are
required for uncovering molecular processes shaping the cognition has become dominant
(Konopka, Geschwind, 2010; Fitzgerald et al 2020). Accordingly, cognitive deficits have
been selected as an important target for studies in medical genomics.

Taking into account numerous reviews describing molecular genetics of diseases associated
with cognitive deficits (Nokelainen, Flint, 2002; Konopka, Geschwind, 2010; Corvin et al
2012; Doherty, Owen, 2014; Berto et al 2020; Fitzgerald et al 2020), I have selected genome
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and chromosome instability affecting the brain as a prime focus of the review. The underlying
idea of this communication is based on a series of studies reporting on recent analyses demon-
strating this type of genome behavior as a mechanism for brain dysfunction. Surprisingly, ge-
nome and chromosome instability is rarely addressed in the cognitive genomics context. Thus,
the communication’s focus on genome and chromosome instability seems to be appropriate.

Genome and chromosome instability in the human brain

Genome and chromosome instability is able to be a molecular/cellular mechanism for brain
diseases. This becomes even more significant when brain cells are affected. Tissue-specific
mosaicism is an important source for human morbidity including brain disorders (Iourov et
al 2019b, 2022). Genomic uniqueness of single neuronal cells determines the functional ac-
tivity, homeostasis and cellular fate (Gupta et al 2020). Actually, the overwhelming majority
of genomic studies are performed using blood samples, because these are easily available
comparing with samples acquired from other tissues. Obviously, the human brain represents a
difficult target for direct genomic analysis. However, an appreciable amount of neurogenomic
studies (analysis of neural cell genomes) using post-mortem brain samples have shown that
somatic mosaicism for chromosomal abnormalities, single-gene mutations, copy number var-
iations (CNVs), genome/chromosome instability and other types of genomic and epigenomic
changes are associated with a wide spectrum of non-cancerous brain disorders. Data on so-
matic mosaicism and genome instability in the diseased brain have been recently reviewed in
details (Iourov et al 2022). These data have underlain new fields of medical genetics/genom-
ics and neuroscience, 1.€. neurocytogenetics or neurocytogenomics and somatic brain genet-
ics. The studies in these fields have demonstrated that a wide spectrum of brain diseases ac-
companied by cognitive deficits is associated with brain-specific somatic genomic variations.

Psychiatric disorders associated with cognitive deficits (autism and schizophrenia) have been
systematically reported to demonstrate brain-specific genomic variations manifested as sin-
gle-gene mutations, CNV and chromosomal abnormalities. The commonest type of genomic
changes affecting the brain is aneuploidy (loss or gain of chromosome(s) in a cell) affecting
small but significant cellular populations. Actually, somatic aneuploidy is considered as a
subtype of chromosome instability, which profoundly affects cellular homeostasis and leads
to cell death under certain circumstances (Yurov et al 2009; Tiganov et al 2012; D’Gama,
Walsh 2018; Potter et al 2019; Iourov et al 2019b, 2021a, 2022). The latter is suggested to
be molecular and cellular pathway to neurodegeneration. Indeed, early- and late-onset neu-
rodegenerative diseases demonstrate high rates of chromosomal and genomic instability in
the affected brain. Aneuploidy and other types of genomic and chromosomal instability are
detectable in the brain of individuals suffering from Alzheimer’s disease, Parkinson disease,
Niemann-Pick disease (type C1), ataxia telangiectasia, and frontotemporal lobar degeneration
(Yurov et al 2009, 2019; Iourov et al 2013, 2019b, 2022; Leija-Salazar et al 2018; Zhang,
Vijg, 2018; Potter et al 2019; Vorsanova et al 2020). The impact of chromosome instability on
cellular homeostasis is highly appreciable and has the potential to cause cell death. The model
of chromosome instability involvement in neurodegeneration suggests that cells with abnor-
mal genomes are susceptible to programmed cell death, which is triggered by environmental
or endogenous factors producing, thereby, a kind of a self-protection effect under natural
selection. Unfortunately, the amount of neuronal cells affected by the instability, which are
cleared by this “protection”, is generally high enough to result in a neurodegenerative process
threatening patient’s life (Iourov et al 2013; Yurov et al 2019; Vorsanova et al 2020). The last
but not the least disease group in the list of non-cancerous pathology associated with genomic
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changes in the brain is epilepsy (Ye et al 2019). Unfortunately, specific analysis of chromo-
somal and genomic instability in the epilepsy brain has not been systematically performed.
Hopefully, future studies would fill this gap in our neurogenomic knowledge.

Chromosome and genome instability is a mechanism for abnormal processes in the diseased
brain. Alterations to cell cycle regulation, chromosomal segregation, DNA repair and repli-
cation, programmed cell death and other pathways involved in safeguarding genome stability
are observed in the diseased brain. The mechanism for somatic mosaicism and chromosome/
genome instability implicating the aforementioned processes is the most probable (Iourov et
al 2013, 2020, 2021b, 2022; Alt et al 2018; Yurov et al 2009, 2019). Pathway-based analysis
of abnormal molecular and cellular processes has given insights into the origins of molecular
instability producing chaotic genome behavior in the diseased brain (Iourov et al 2020, 2021a;
Nelson et al 2022). It is highly likely that high rates of chromosome and genome instability
are generated during prenatal development of the central nervous system. Moreover, devel-
opmental chromosome instability is abundant in the developing human brain (for review,
see Yurov et al 2010; Iourov et al 2021a, 2021b, 2022). Alterations to pathways, which are
required for clearance of abnormal cells (programmed cell death, cell cycle regulation) and/or
for DNA repair (DNA replication), should lead to the persistence of cells with chromosomal
and genomic aberrations in the brain after birth. Postnatal brain-specific instability, in its turn,
affects multiple molecular and cellular processes, which shape human cognition.

It is noteworthy that rates of somatic mosaicism and chromosomal/genomic instability in-
crease during ontogeny. Brain aging is associated with slight, but significant increasing of
neural cells affected by chromosomal and/or genomic aberrations (Yurov et al 2009, 2010;
Zhang, Vijg, 2018; Potter et al 2019; Iourov et al 2019b, 2021b). Since human aging is asso-
ciated with brain deterioration associated with cognitive deficits (Elliott et al 2021), the con-
tribution of chromosome and genome instability to the altered cognition has been proposed
(Iourov et al 2021b). These observations clearly indicate that human cognition is dependent
on rates of genome and chromosome instability even in unaffected population through on-
togeny. Ontogenetic aspects of chromosome and genome instability in the human brain are
schematically depicted by figure 1.

Environmental effects are not usually considered when genomic causes of cognitive dysfunc-
tions are described. However, somatic cell genomics of brain dysfunction is unable to leave
aside genetic-environmental interactions. These may affect neuronal homeostasis either by
changing the genomic landscape of single neuronal cells (i.e. causing genomic (chromosom-
al) aberrations) or by changing the functional landscape of single neuronal cells (alterations
to genome organization at chromosomal or chromatin level affecting DNA repair and tran-
scriptional activity of cellular genomes) (Iourov et al 2013; Rajarajan et al 2016; Fernando et
al 2020). The latter type of instability has not been profoundly addressed. Taking into account
the availability of technologies for studying the functional landscape of single neuronal cells,
future studies will certainly reveal the way how such kind of molecular instability affects
human cognitive functions.

According to neurogenomic studies of the human brain in health and disease, one may con-
clude that genome and chromosome instability does affect cognitive functions. Aging-related
changes in cognitive functions seem to be mediated by chromosome/genome instability in
cells of the central nervous system. Once origins and consequences of the molecular instabil-
ity are unveiled, successful therapeutic interventions in devastative neurological and psychi-
atric disorders are available.
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Figure 1. Schematic representation of ontogenetic aspects of chromosome and genome
instability in the human brain. The developing human brain (12—15 weeks’ gestation) exhibit
30-35 % of cells affected by the instability, which are formed during neurogenesis (prenatal
brain development). This process becomes exhausted soon after birth. At later developmental
stage, adult neurogenesis starts, being, however, significantly less productive in terms of
the amount of cells formed. Abnormal clearance of aneuploid cells leads to postnatal brain
diseases, which are featured by GIN and CIN confined to the brain. Some of these diseases are
associated with accelerated aging (i. e. Alzheimer s disease and ataxia-telangiectasia). Normal
brain development leads to decrease of aneuploidy rates. The presence of abnormal cells in
the brain from the early prenatal development to the late ontogeny is hypothesized to give
rise to genome and chromosome instability in the brain of elderly individuals. Mitotic errors
during adult neurogenesis can also produce aneuploid cells throughout aging. (Copyright
© Yurov et al 2009; licensee BioMed Central Ltd. This is an Open Access article distributed
under the terms of the Creative Commons Attribution License, http://creativecommons.org/

licenses/by/2.0)

Molecular instability in the light of mental disability: opening the black box

Chromosome and genome instability is suggested to have a broad spectrum of origins. Path-
way-based analyses (Iourov et al 2019a, 2021a; Nelson et al 2022; Savojardo et al 2022)
have shown that processes regulating cell cycle, chromosomal segregation, DNA repair and
replication, programmed cell death and general pathways safeguarding genome stability are
repeatedly altered in neurological and psychiatric diseases. More specifically, alterations are
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observed in following pathways: mTOR, PI3K-Akt, p53, PTEN, and MAPK (Iourov et al
2021a). These pathways are required to grant genome stability. Therefore, it is highly likely
that susceptibility to neuronal genome instability exists in individuals suffering from dev-
astative brain diseases exhibiting cognitive deficits. It is more likely that such susceptibility
results from gene mutations, CNVs and chromosome abnormalities, which affects genes im-
plicated in the aforementioned pathways.

A recent study has demonstrated that the susceptibility to molecular instability may be pro-
duced by mutational burden causing alterations to safeguarding genome stability via satu-
ration in genomic changes encompassing genes involved in corresponding pathways. The
instability occurred due to these pathway alterations and CNVs or chromosomal imbalances
has progressive and dynamic nature and is associated with a wide spectrum of neurodevel-
opmental diseases and cognitive deficits. In that study, we termed such kind of chromosomal
instability as chromohelkosis (from the Greek words chromosome ulceration) and the model
of the genome instability as the “cytogenomic theory of everything”. Since the model is able
to explain numerous phenomena medical genomics or genomics of cognition, it mimics sim-
ilar theory in physics (Iourov et al 2020). Thus, the model which suggests the existence of
susceptibility to genome instability resulted from inherited or sporadic mutations affecting
specific molecular and cellular pathways may be a valuable theoretical tool for addressing
cellular processes and phenotypical outcomes in morbid conditions associated with genome
and chromosome instability.

The analysis of causes and consequences of genome variability producing cognitive deficits
in brain disorders may be described using the well-known model of black box. The underly-
ing idea of the model is referred to the existence of a black box, in which enigmatic processes
occur. However, we are able to observe data entering the box and processes/phenomena exit-
ing the box. In the medical genomics context, genomic data enters the black box and pheno-
type or clinical outcome are at the exit of the box. Processes, which are required for a genomic
change to produce the specific phenotype, are enigmatic, i.e. hidden in the black box. None-
theless, to uncover the mechanism of brain disorder and cognitive deficits in an individual, we
need to know the whole sequence of pathogenetic events. Once the knowledge is acquired,
new opportunities for treatment and rehabilitation of individuals suffering from brain diseases
are available. The introduction of genome and chromosome instability in the pathogenetic
cascade of brain disorders causing cognitive deficits seems to help in uncovering processes
occurring in the black box. In fact, generation and propagation of molecular instability is one
of the most important processes inside the black box. Originating from mutational burden
causing alterations to corresponding pathways and genetic-environmental interactions, the
instability, which naturally occurs during prenatal neurodevelopment, persists after birth. The
increase of instability rates adversely affects brain functioning by genomic changes involving
genes required for cognition. During ontogeny, the rates of instability may increase leading
to worsening of the condition and cognitive performance. In fact, the black box hides chaotic
genome behavior and chaotic processes occurring in neuronal cells, which produce, in its
turn, chaotic mental behavior or mental disability.

According to the previous observations (Yurov et al 2010, 2019; Iourov et al 2013, 2021a,
2021b, 2022; Potter et al 2019; Vorsanova et al 2020; Ye et al 2020; Dai, Guo, 2021), the se-
quence of events leading to genome and chromosome instability in the brain and producing
cognitive deficits is as follows:

1) Susceptibility of neural genomes to instability and defective changes in programmed
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cell death pathway are either inherited (parents have genomic changes, which are una-
ble to cause this susceptibility, but the combination of parental genomic changes inher-
ited by their infant are able to cause it) or sporadically generated in parental germ cells.

2) Chromosomal and genome instability is naturally generated during early brain develop-
ment affecting up to 30-35 % cells.

3) Cells affected by the instability are not cleared due to defects in programmed cell death
pathway; instability rates increase because of neural genome susceptibility to the insta-
bility.

4) Chromosomal and genomic chaos is observed.

5) Chromosomal and genomic instability in the diseased brain alters genomic loci con-
taining genes implicated in molecular and cellular pathways required for performing
cognitive functions.

6) The persistence of instability and alterations to molecular and cellular pathways re-
quired for proper brain functioning increases the impact of chromosomal and genomic
chaos on the central nervous system.

7) Mental disability (mental chaos) is observed.

Chaotic genome behavior has various adverse effects on cellular populations. It may produce
malignancy or cause progressive cell death, e.g. neurodegeneration, when cells of the central
nervous system are affected (Yurov et al 2019; Ye et al 2020). There are underlying differences
between cancerous and non-cancerous (brain-specific) chromosome (genome) instability. Fig-
ure 2 describes the model for chromosomal instability mediating cancer and neurodegeneration.

As one may see, chaotic genome behavior manifesting as chromosomal instability possesses
various effects. Chromosomal instability in the brain is likely to result in neurodegenera-
tion, when programmed cell death pathways are altered. It is to note that neurodegenerative
diseases demonstrate striking cognitive deficits (Fitzgerald et al 2020). On the other hand,
the instability may affect pathways of neural cell functioning producing cognitive deficits
associated with intellectual disability, autism, epilepsy, schizophrenia. In other words, molec-
ular instability producing chaotic genome behavior results in mental disability manifesting as
cognitive deficits (i.e. mental chaotic behavior). It is important to keep in mind that genome
and chromosome instability is an element of pathogenetic cascade resulting in brain diseases
or altered cognition. Factually, genome and chromosome instability is a missing link between
mutations affecting all the cells of an individual (gene and chromosomal mutations, CNVs),
genetic-environmental interactions and phenotypic manifestations of brain diseases (Ilourov
et al 2013, 2021a, 2022). Therefore, the black box mentioned previously becomes less en-
igmatic due to the application of genome/chromosome instability model to brain disorders
associated with cognitive deficits.

Finally, the overlap between psychiatric disorders, a major problem for medical genomics
and psychiatric genetics (Doherty, Owen, 2014; Romero et al 2022), may be explained by the
chromosome/genome instability in the affected brain. Chromosomal and genomic instability
may have similar (or even identical) causes, but the effect is generally different in each affect-
ed individual inasmuch as the instability is able to alter any molecular or cellular process in a
spontaneous fashion. Thus, molecular instability may alter “autistic pathways” in one case, in
contrast to another case, which demonstrate molecular instability altering “neurodegenerative
pathways”. Certainly, this suggestion requires further comparative studies.
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Figure 2. Theoretical model for chromosomal instability mediating (A) cancer and (B)
neurodegeneration. (A) Genetic defects and genetic-environmental interactions may cause
chromosomal/genomic changes, which produce chromosomal instability, alternatively, cell
populations may adapt to aneuploidy and chromosomal instability evolving to a cell population
with a fitness advantage. Cells affected by chromosomal instability and tolerating deteriorating
effects of chromosomal instability on cellular homeostasis are able to evolve clonally to produce
malignancy. (B) Chromosomal instability and/or somatic mosaicism affecting a significant
proportion of cells interacting with environmental triggers may result into progressive neuronal
cell loss (neurodegeneration) under natural selection pressure and through the programmed
cell death (N, normal neurons, CIN, neuronal cell affected by chromosomal instability). The
model is based on the observations of chromosomal instability in the neurodegenerating brain
and cancers. (Copyright © Yurov et al 2019. This is an Open Access article distributed under
the terms of the Creative Commons Attribution License, CC BY)

Concluding remarks

A variety of views on genomic mechanisms for human cognition are united in acknowledging
the fact that genomic variations shape cognitive functions in health and disease. However,
decades of studying complex brain diseases associated with cognitive deficits have not brought
complemented insights into the mechanisms for genomic origins of brain functioning including
the cognitive functions. Moreover, molecular and cellular diversity which shapes the cognition
at the single-neuron level is incompletely understood. Accordingly, one may suppose that there
are elements (missing links) in molecular and cellular pathways to human cognitive functions,
which we are, as yet, unable to highlight. Chromosome or genome instability is a promising
candidate representing an important part of pathogenic cascades producing mental disability in
the widest sense (Yurov et al., 2010; Tiganov et al 2012; Iourov et al 2021a).

Cognitive deficit is an integrated part of pathogenesis in neurodevelopmental, neuropsychiat-
ric and neurodegenerative diseases caused by genetic defects (genomic variations). Therefore,
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to get further insights into the development of normal and altered cognition, one has to focus
on molecular and cellular processes in brain cells shaped by the genomic variations (Berto
et al 2020; Fitzgerald et al 2020). Numerous studies mentioned here demonstrate significant
contribution of somatic mosaicism, genome and chromosome instability to the etiology of
brain disorders. Thus, there is a need to integrate these data into current understanding of mo-
lecular processes underlying mental disability. In fact, genome and chromosome instability in
the brain or neurogenomic instability represent a key element of the pathogenic cascades of
brain diseases exhibiting cognitive deficits. Originating from heritable or sporadic mutations
in genes implicated in genome safeguarding pathways, neurogenomic instability affects a
wide spectrum of processes in neuronal and glial cells. As a result, each affected cell demon-
strates altered functioning. Affecting large populations of neural cells, this molecular insta-
bility generally leads to mental disability (inability). This sequence of molecular and cellular
events represents a highly likely mechanism for cognitive deficits in brain disorders. Alter-
natively, as shown by genomic analyses of the developing human brain (Iourov et al 2019b;
Costantino et al 2021), the molecular instability may be a mechanism for natural selection in
neural cell populations, when affected cells are cleared by programmed cell death.

To this end, it is noteworthy that studies of neurogenomic instability evidence that chaotic
genome behavior mediates chaotic processes in neuronal cells, which are likely to result in
altered cognition or mental disability (Iourov et al 2020; Ye et al 2020). Consequently, one
may propose that further theoretic studies dedicated to interplay between molecular instabil-
ity and mental inability should apply “cytogenomic theory of everything” (for more details,
see lourov et al 2020) and/or chaos theory to provide a sophisticated view on genomic causes
of cognitive deficits.

This communication is dedicated to professors Yuri B. Yurov and Svetlana G. Vorsanova, two
outstanding researchers in the field of medical genomics, cytogenetics, cytogenomics and
chromosome biology. Neurocytogenetics (neurocytogenomics) and somatic brain genetics
have been emerged largely due to their continuous efforts. Their longstanding research in
the field of brain genetics has been accompanied by numerous discoveries, among which
brain-specific aneuploidy and chromosome instability causing cognitive deficits. Moreover,
their original research provided us with technological basis for studying genome variations in
brain tissues and deciphering the outcome of genomic changes. For more details about these
brilliant and prodigious scientists, one may address the papers describing their walk of life
and original ideas (Iourov, Vorsanova, 2018; lourov, 2022).

Author is supported by the Government Assignment of the Russian Ministry of Science and Higher
Education, Assignment no. AAAA-A19—119040490101—6 and by the Government Assignment of the
Russian Ministry of Health, Assignment no. 121031000238—1.
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Chapter 7. Monitoring of psychophysical reactions of a person in the course of
professional activity

Gorelik S., Khaskelberg E., Leshchinskiy V.
Soft Master Ltd (Netania, Israel), ITMO University (St.Petersburg, Russia)
Abstract

The development of a method for predicting the human condition for the tasks of preventive
medicine and its approbation are the subject of this study. The method is based on a mathe-
matical model of the “human-observer” system. The role of an observer is performed by an
IT system that includes measuring instruments and intelligent processing algorithms with
self-learning. The result of monitoring is an assessment of integral indicators, on the basis of
which forecasts of the state are formed and potential risks to human health are determined.
The criterion by which decisions are made is the dynamics of the information entropy of the
“human observer” system. Testing was carried out in target audiences to assess the psycho-
physical and general functional state of the body (to identify signs of fatigue, stress, diseas-
es). In all cases, the dynamics of the information entropy of the “human-observer” system is
analyzed. In the case of statistically significant deviations of the measurement results from
the predicted value, a recommendation is formed to adjust the modes of human behavior and
/ or the need for more detailed medical research and treatment. The correlation between driv-
ing style and psychophysical reactions of the driver has been experimentally confirmed. This
makes it possible to automatically assess the driver’s condition based on the current assess-
ment of the car’s movement.

1. General considerations

«The doctor of the future will not give medicine, but will draw patient attention to care
of the body, to a diet and to search of the reasons and ways of prevention of a disease»
(Thomas Edison,1908) ».

1.1. This idea of Thomas Edison at the heart of preventive medicine—a direction whose main
goal is to preserve human health by preventing the development of various diseases and
pathologie (Haken G. 1982.]. Modern medicine, has mastered a large number of instrument
methods for constant control of various health parameters (S. Levine, Malone E, Lekiachvi-
li A. Briss P.,2019). In order to effectively and timely identify threats and risks, a wide range
of special sensors are usually used with which a person must be in regular contact. At the
same time, the analysis of measured indicators is mainly reduced to a green-yellow-red as-
sessment and, most often, is carried out independently for each of the areas of medicine based
on existing experience reflecting practice. This approach is very limited, because it does not
allow taking into account the complex nature of health problems and the correlation between
various factors affecting general well-being and does not allow timely prediction of possible
crisis states.

1.2. Control and information theories studying the stability and equilibrium of systems provide
new opportunities for predicting the state of each person in real life by assessing the dynamics
of their integral indicators, which can be relatively easily measured during production and/or
household conditions. A person is a single and integral system capable of self-regulation and
adaptation to multiple changing external and internal factors, while maintaining the effec-
tiveness of the necessary life support mechanisms. obtaining the greatest efficiency with the
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least energy consumption (Bunep H. 1983). All processes in the human body are built on the
principle of ensuring maximum stability (Lawrie, G. and Cobbold, 1. (2004)). This is a very
important statement—the main criterion is not optimization, but stability (Karmran P. Hopton
JIaeun I1., 2003). Since optimal systems are very sensitive in random influences and can
quickly come to a crisis state because of this.

1.3. Adaptation mechanisms have a resource determined by the balance between the supply of
energy and the energy costs of the body. The greatest efficiency is observed in the equilibrium
of the system, then the resource for adaptation is not reduced, however, with the imbalance
of the system, the depletion of stabilizing factors is observed and the adaptation resource is
significantly reduced or disappears. Depletion of adaptive potential inevitably leads to certain
disease states.

2. Biorhythms and functional state of the body

2.1. Biorhythms determine the cyclicity of biological processes in the human body and are
formed under the influence of wave processes in the surrounding space. The human brain op-
erates on electrical signals called brain waves. There is a dominant brain wave frequency that
determines the general state of the brain (an analogue of carrier frequencies in radio commu-
nication) and there are frequencies that occur in different circuits of the body control system.
All signals providing the transmission of control commands feedback signals are created with
a chain of biochemical reactions and electrical interactions.

2.2. The transfer of information inside the body from the brain to the actuator elements and
from sensors to the control center is similar to the corresponding processes in communication
networks. This process occurs at frequencies that are determined by

e Rate of propagation of chemical and electrical interactions
e Time spent processing primary data in sensor systems
e Command execution inertia

e The duration of processes that determine the vital activity of a person (for example,
motor functions, metabolic processes).

2.3. Each control circuit in the body has its own oscillation frequency, and their set determines
a set of frequencies that are synchronized with the body’s biorhythms.

Synchronization of various subsystems takes place in the process
e Human evolution as a biological species,
e Adaptation of the individual to the influence factors changing in the personal maschtab.

For example, the gravitational and light fields generated by cosmic processes create appropri-
ate rhythms into which the human body is drawn to obtain energy. Therefore, such subsystems
of the body as the nervous system, brain, digestive, cardiovascular, respiratory, endocrine and
others are synchronized with annual, seasonal, monthly, daily, hour cycles. They form “natu-
ral” frequencies in each control loop that connect a person to the outside world synchronizes
with their rhythms.

The natural frequencies of the internal control circuits may differ upward compared to the
systems listed above. This is due to influence factors, which are determined by biochemical
and electrical circuits of information transmission within the body. It is at these frequencies

138



that the systems that provide psychophysical behavior and a number of others work (hearing,
speech, vision, touch, smell and some others)

2.4. The most important conclusion that follows from modern ideas about the mechanisms
of control of the body and its individual subsystems is the inefficiency of considering each
system separately from others.

3. Analogy with information systems

3.1. Subsystems of communication, information processing and storage, actuating elements
form a complex system in the human body. Subsystems interact at the level of information
and energy (this is the same, but in different forms of representation) exchange with external
objects.

In other words, the human body is an open (in the mathematical sense) system in which there
is an intensive information interaction between internal subsystems and external objects and
a strong correlation between the observed parameters by which modern medicine is used to
assessing a person’s condition and his ability to perform any actions in the external environ-
ment (for example, professional duties, sports exercises, etc.).

3.2. Most of the data that describe interacting systems are time variables (dynamic) and can-
not be precisely determined at the now. On the other hand, the model of the human body in
the external environment is “incomplete” in the mathematical sense (a typical situation in
the theory of “fuzzy sets”) (dymnuk C. 2004). Therefore, it is not possible, based on one-off
or rare tests or studies, to assess whether a person’s condition is “conditionally healthy” or
corresponds to a disease or, even, threatens their life (mathematically, this means that any
life-critical subsystem or several subsystems lose resistance (I'openuk C. [1at. P® 2209582)

3.3. The stability of the entire system is determined by the corresponding criteria of control
theory and equations of mathematical logic, and it can only be estimated by knowing previous
state estimates (that is, it is necessary to have a “history” of the state that preceded the current
moment). That is why in the practice of modern medicine in such situations, a consultation of
different specialists is created for decision-making and/or a doctor with extensive experience
in functional diagnostics is involved.

3.4. Following the principles of analogy between control systems in the animal kingdom and
machines (Bunep H.1983) and methods of constructing a phenomenological model, the fol-
lowing statements can be programmed:

e The human body is an “open” information system with fuzzy source data and a math-
ematically incomplete description (fuzzy logic). The phenomenological model of the
organism describes the empirical relationship of different subsystems of the organism
with each other in a way that is consistent with the fundamental theory of control and
physiology of the organism, but is not directly derived from the known data, due to their
incompleteness. We will not explain in detail why variables that mathematically de-
scribe the components of a system interact exactly as they do. We will simply describe
the information interactions between the organism and the external environment on the
assumption that the dynamics of the measured parameters of the external environment
can be used to estimate the dynamics of variables that are arguments in some functions
that are not exactly known to us.

e In other words, we linearize the prediction by choosing a relatively short time interval
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to predict. The linear prediction is described by the superposition of the value of deriv-
atives over time of the values of the measured indicator. Weight coefficients determine
degree of influence of one or another parameter of organism on indicator. In some cas-
es, we add nonlinear components to the model, for example, logical operators, which
take into account the nature of the correlation between influence factors. Regression
analysis is used to create a statistical model that takes into account the stochastic nature
of all processes.

Control of the human body is carried out simultaneously using several circuits, each of
which has its own frequencies, which determine the dynamics of psychophysical pro-
cesses (the adoption of intelligent (requiring the connection of a central control system
(brain) and spontaneous decisions (fine and large motor skills, for example), which are
taken at the level of peripheral (sensory) systems.

All control circuits are connected in an information sense to each other, and the param-
eters describing the state of the body are always correlated

A reasonable scientific criterion for predicting the state of the body at this level of tech-
nology is the prediction of the state of the entire system based on the dynamics of the
information entropy of the system of the body of a particular person using the principle
of linearization of the model. Sometimes additional conditions are introduced that take
into account the non-linearity of processes.

Measuring instruments, with the help of which a forecast of the current state of the body
for the next monitoring cycle is formed, should provide a sufficiently high accuracy,
and the parameters should be “measurable” (that is, under the same external conditions,
the measurement should give an error within the specified statistical limits). For this
purpose, in the process of measurements, robust estimation algorithms with a sliding
sample should be used, the number of samples in which (approximately 5-7 cycles of
the natural frequency of the corresponding control loops) makes it possible to exclude
large random emissions and, at the same time, not lead to critical delays in the feedback
circuit.

The monitoring period is related to the proper frequency of the corresponding control
loop and the dynamics of external influence processes. The higher the frequency, the
shorter the interval between samples. If the measurement causes too much delay, then
the system cannot be controlled by means of feedbacks.

To implement this approach, it is necessary to regularly monitor several complex indi-
cators that depend on the state of the body at the frequency of the corresponding natural
frequency of control circuits that ensure the stability and stability of the human body.
In this case, it is understood that the measuring system (observer) has a high enough
accuracy so as not to affect the entropy of the observer-object (human) system. Then
the state forecast for the next measurement cycle will be within the statistical error (de-
termined by the level of fuzziness of the data and incomplete model).

This would mean that the entropy of the observer-human system does not increase
(as an observer, a measuring instrument). But, if errors are repeated over several peri-
ods, then this will be a sign that stability is lost (that is, entropy increases). This may
be due to the violation of internal psychophysiological processes in the body. Such a
situation is assessed as dangerous and is usually associated with disorders of interaction
or damage to individual organs or subsystems of the body.



e One of the most common psychophysical problems is stress (Chiba T, Kanazawa T,
Koizumi A, 2019). Stress affects all vital aspects of human activity. In terms of this
work, stress is a violation of the synchronization of biorhythms of different control
loops. Such a situation can be a consequence of functional disorders, changes in behav-
ior, work, sleep, nutrition, physical activity (for example, when changing the time zone,
harphic of work), etc. Frequent repetitions of the systematization of the change of one
or more factors associated with biorhythms, in which a sufficiently complete adaptation
of the body does not occur, are especially dangerous. The repetition of such situations
leads to the “wear and tear” of body control systems. Each transition process will occur
longer and with large losses leading to a decrease in the performance and deterioration
of the patient’s psychophysical state.

e Internal electromagnetic waves are synchronized during evolution with external fields
of different origin (gravitational, electromagnetic, acoustic). Violations, defects of one
and/or several components of the life cycle are usually persistent. Disorders can poten-
tiate each other, and the failure to communicate the circle of disorders over time leads
to the formation of a pathological conglomerate and gross disease states.

4. Preventive medicine based on regular monitoring on the dynamics of human
information entropy as an information object

4.1. As noted above, it is impossible to create a model of the human body that is sufficiently
complete and accurate for forecasting. It is also impossible to increase the frequency and
number of complex chemical and physical analyzes of individual parameters of each person’s
body. The solution to this problem is to use the procedure of regular monitoring of integral in-
dicators related to the performance of production or household tasks with repeating elements.

4.2. The basic hypothesis is that if the external conditions are constant, then the reactions and
behavior of a person will be predictable quite accurately. If the forecast is not confirmed, then
the person, based on the assessments of experts and/or neural network algorithms trained on
assessments of similar situations earlier, the patient is offered to make small short-term mod-
ifications of behavior or undergo special tests to clarify the factors that caused deviations
of the measured integral indicators from the forecast values. In critical cases, when it is not
possible to stabilize forecasts, the observation materials (history) are transmitted by medical
specialists and they make decisions about treatment. Mathematically, this means that the
entropy of the body control system continues to grow uncontrollably and outside exposure

(treatment) is required (Maptun H., Unarnenn [x. Mamemamuueckas meopus sumponuu.
M.: Mup, 1988.)

4.3. Obviously, the proposed approach can only be used for disorders having a sufficiently
long latent period. Acute diseases are diagnosed and treated by other methods. Therefore,
we position the considered approach only as one of the elements of preventive medicine and
self-education of a person in a healthy lifestyle, which includes an analysis of his own condi-
tion and the factors that determine it.

4.4. Prevention and rehabilitation are the main areas of use of the offered I'T and mathematical
solutions. They are aimed at maintaining and restoring human adaptation potential, in order to
preserve, improve, restore the quality of life (Figure 1).

4.5. Today, life in the metropolis has many risk factors that contribute to the development
of psychophysical diseases, in the absence of effective approaches to psychohygiene. High
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speed and large flow of information, high stress load, sleep disorders, nutritional defects, lack
of time for physical activity —all these factors form the conditions of insufficient recovery and
repeat from day to day asthenize the body, disrupting the adaptation resource.

4.6. Based on the above theoretical prerequisites, IT solutions for predicting and preventing
various deviations from standard processes occurring in the subject’s body were developed
and tested in practice. The basis of the solution is remote regular monitoring of the dy-
namics of human information entropy, with a frequency determined by the corresponding
biorhythms. Based on the results of each monitoring cycle, a probabilistic forecast of the
results of the next measurement cycle is formed. If a trend towards an increase in entropy
is detected, draft corrective decisions are developed, which are recommended to the tested
person directly or through a medical specialist. The adjustment results are controlled by a
similar technique and allow control of the process of recovery of psychophysical behavior
after treatment (Figure 1). Some results and conclusions of the experimental study are given
below.
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Figure 1. Directions of application of technology for prediction and control of
psychophysical disorders

*

4.7. Other areas of use of the results of the present work are correction of eating behavior, bal-
ancing of physical activity, harmonization of metabolism and biorhythms of eating behavior.

4.8. The use of the obtained results is proposed for preclinical prevention of the develop-
ment of neuro-degenerative diseases, increasing the level of adaptation and stress resistance,
maintaining a high level of efficiency and fulfilling professional duties related to long-term
psychophysical loads (for example, drivers, dispatcher, etc.).

4.9. The ideology of the project allows the formation of platforms used to control physiolog-
ical functions in working groups, for example, monitoring the level of fatigue in drivers of
regular buses, monitoring the dynamics of stress levels in employees of large companies, and
much more (Figure 2)
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Figure 2. Monitoring of psychophysical state of drivers of regular buses

4.10. An important feature of the proposed solution is that a mathematical model has been
created that allows you to assess a person’s condition not by general signs, but by individual
ones. These signs are formed on the basis of observation of integral indicators, which make it
possible to notice in the early stages how the body of the observed client goes out of balance
and does not recover in equilibrium over a certain period of time (this period has an individual
value for each organism).

4.11. The transition from one equilibrium state to another can be associated with the influence
of changing external and internal factors. If the body does not come to an equilibrium state
during the above period, then it needs help from outside. Those who studied thermodynamics
and did not forget it will immediately understand that we are talking about Prigozhin’s theory
of equilibrium states and entropy (Ilpucoscun 1., Cmeneepc 1. 2003, Koporaes C. 2016)).
We use the analogy between informational and thermodynamic entropy to predict possible
problems that prevent equilibrium recovery and loss of stability based on its dynamics for the
observed

4.12. The observed indicators are very simple and available for measurement in domestic
or industrial conditions. Numerous sensors and mobile applications are already emerging
that provide periodic information about the human body, which can be processed using
a mathematical model that allows you to make forecasts of the state of the body. The
functional diagram of the algorithm implemented in the considered solution is shown in
Figure 3.
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Figure 3. The functional scheme of the algorithm

4.13. The purpose of the algorithm is to identify a statistically significant trend towards in-
creasing the entropy of the system (S. Gorelik, V. Grudinin, E. Khaskelberg, 2020). It is car-
ried out by comparing the forecast and measured values of integral indicators. To filter random
outliers and ensure the reliability of the estimate on a small sample, robust statistics methods
are used. The key is to identify a situation where the discrepancies between the forecast and
current estimates become statistically significant (the magnitude exceeds the random error of
the estimate) and repeatable. such a situation means the need for corrective actions in order to
return the system to its previous equilibrium state or to a new one (for example, correspond-
ing to changed external factors). The inability to move to one of the equilibrium states is a
sign of “critical wandering of the body’s indicators,” a period of the possibility of undesirable
changes in the functioning of systems.

5. Experimental results

5.1. The tests were carried out in several directions.

e To study the psychophysical behavior of professional passenger bus drivers and to iden-
tify the correlation of psychophysical behavior with the results of professional activities

e To control metabolism and identify the correlation between weight characteristics and
the psychological state of the patient and his eating behavior.

5.2. In both cases, the following key operations were provided:
e Ensure regular collection of indicators without attendance at specialized agencies.

e Automatic analysis of the dynamics of key integral indicators and identification of sta-
tistically significant excesses.

e Provision of medical support for the observed (remote and face-to-face).
e Preparation of a documented history for seeking medical attention.
5.3. We used the following key resources:

e algorithm and software and hardware for data monitoring (online, oft-line), based on
available hardware and mobile solutions (Figure 3).
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e methodology for generating conclusions based on an automated expert system and an
accumulated knowledge base

e healthcare professionals who monitored and consulted patients during the experiments

5.4. The general task of the experimental study was to identify the correlation between the
dynamics of the information entropy of the human-observer system (an observer is a set
of measuring tools that implement the monitoring functionality) and medical indicators that
determine potential threats to health. If the predicted values were confirmed at the next meas-
urement cycle taking into account the error, then the state of the body was assessed as normal
within the framework of the specific task. For example, aimed at preserving psychophysical
reactions, detecting a stress state and its probable cause, disturbance of rhythms associated
with metabolism, etc.

5.5. Experimental verification of the developed algorithm was carried out on the task of moni-
toring the psychophysical state of drivers of passenger transport. The purpose of the control is
to identify signs in the driver’s behavior that affect the quality and safety of driving a vehicle.
Before the start of the next working cycle, medical control of the general condition of the driver
was carried out and on the basis of the conclusion of a medical specialist, the possibility of his
admission to driving was determined. At the same time, using special tests (examples of per-
formed tests displayed on the smartphone screen are presented in Figure 4, individual tests with-
in the testing session were combined into groups). parameters were measured that determine the
driver’s psychophysical response During the work cycle (during regular transportation along the
route), repeated testing of indicators and assessment of current values of the same parameters
were carried out every 4 hours. The results obtained were synchronized and matched with driv-
ing quality scores. Numerical parameters of this model were evaluated during the monitoring
process and used to identify correlations between test results and driving quality measures.
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5.6. The testing process is performed according to the algorithm shown in Figure 5. Accord-
ing to him, the test on the outstretched hand holds the smartphone and with the finger of the
other hand presses the control object: a red circle or a circle with a number that periodically
appears in various cells among the circles of “interference.”

During testing, the following are saved in the test log:

e Data on the time (in milliseconds) spent on the “correct” press for each configuration
after changing it.

e Accuracy of finger contact on the test circle
e Support arm accelerations.

e The test group for each test session is 3 to 5 tests. The duration of each test statistically
takes no more than 20 seconds. The total duration of the test session takes no more than
100 seconds. Practical test results showed an average result of no more than 1 minute
per session. The testing program provided for the rotation of tests during the testing
period to eliminate the addictive factor.

¢ During testing, the following were recorded:

e Data on the time (in milliseconds) spent on the “correct” press for each configuration
after changing it.

e Accuracy of finger contact on the test circle
e Support arm accelerations.

Five different tests were used for each testing session. The duration of each test is on the
order of 20 seconds. The total duration of the test session takes no more than 100 seconds
(in practice, on average 1 minute per session), which fits conveniently into the technology of
the production process. To eliminate the factor of driver’s “habituation” to tests, the testing
program provided for the rotation of tests during the testing period. The number of errors in
the execution of test tasks depends on the current state of the cognitive subsystems. In this
experiment, the fine motor system, the subcortex of the brain system, the visual system, which
affect the number of decision-making errors, were monitored.

5.7. During the experiments, hypotheses important for decision-making were tested:

e Estimates of the level of errors in the performance of the test task and the assessment
of the quality indicators of the vehicle control obtained when processing accelerometer
data installed on the vehicle (between tests) are statistically significantly correlated.
This assumes that the test results can determine during the working day the level of
the value of the “psychophysical fatigue” factor that prevents driving safety and make
appropriate decisions.

e The level of error in performing test tasks is statistically significantly dependent on
the duration of rest, which makes it possible to determine and plan the optimal mode
of operation and rest of the driver. The assessments of the psychophysical state of the
driver obtained during testing have a clear individual character, which can be used in
determining readiness for driving a vehicle. Typical situation of change of control in-
dicators before and after the flight is shown in Figures 6—7. The green rectangle shows
the values of the complex indicator of the driver’s psychophysical state before the start
of the driving, red—after in the end.
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» Regular testing at intervals of 4 hours is sufficient to obtain statistically significant metric
values showing how the performance of passing tests changes as a result of driving a vehicle
by changing the driver’s psychophysical state. This fact allows you to compare with the pos-
sible risks of deterioration of driving quality to a critical level.
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5.8. Based on the results of the testing, important conclusions were drawn for the management
of transportation (Gorelik S, Grudinin V, Khaskelberg E., 2020). In particular, recommenda-
tions have been formulated to select the interval of periodic rest, the duration of inter-trip
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intervals necessary for restoration. Other conclusions from the test results allow you to clarify
some hypotheses about the state of health of the driver. For example, some of the subjects
were found to have a high level of hand tremor and a significant dependence of tremor on the
duration of the load that occurs during the driving process. It is also possible to detect visual
impairment during the day, individual susceptibility of participants to the same type of stress
and the manifestation of signs of stress from long-term driving.

Robust statistics methods were used to filter random outliers and ensure the reliability of the
estimate on a small sample. The key is to identify a situation where the discrepancies between
the forecast and current estimates become statistically significant (the magnitude exceeds the
random error of the estimate) and repeatable. Such a situation means the need for corrective
actions in order to return the system to its previous equilibrium state or to a new one (for ex-
ample, corresponding to changed external factors).

The inability to move to one of the equilibrium states is a sign of “critical wandering of the
body’s indicators,” a period of the possibility of undesirable changes in the functioning of
systems.

5.9. Experiments conducted with drivers of passenger transport confirmed important hypoth-
eses that were necessary for making decisions on the practical use of the method and algo-
rithms in the production process:

Estimates of the level of errors in the performance of the test task and the assessment of the
quality indicators of the vehicle control obtained during the processing of accelerometer data
installed on the vehicle (in the period between tests) are statistically significantly correlated.
This assumes that the test results can determine during the working day the level of the value
of the “psychophysical fatigue” factor that prevents driving safety and make appropriate de-
CISIons.

The level of error in performing test tasks statistically significantly depends on the duration of
rest, which makes it possible to determine and plan the optimal mode of operation and rest of
the driver. The assessments of the psychophysical state of the driver obtained during testing
have a clear individual character, which can be used in determining readiness for driving a
vehicle. A typical situation of change in control indicators before and after the flight showed
that regular testing at intervals of 4 hours gave statistically significant values of metrics show-
ing how the performance of passing tests and the results of measuring the performance of the
vehicle control by changing the psychophysical state of the driver (fatigue) and compare the
data with possible risks of deterioration of driving quality to a critical level.

From the tests carried out, recommendations important for practice were also formulated on
the selection of the interval of periodic rest of drivers and the duration of inter-trip intervals
necessary for restoration. Other test findings confirm the ability to formulate and refine some
predictions about the driver’s health. For example, some of the subjects had a high level of
hand tremor and a significant dependence of the tremor on the duration of the load that occurs
during the driving process, which served as the basis for the decision to change its operating
mode. Also, it is possible to detect visual impairment during the day, individual susceptibility
of participants to the same type of stress and the manifestation of signs of stress from driving.

5.10. Based on the results obtained, the use of the developed method and algorithm in other
similar tasks can also be recommended, where regular monitoring of the psychophysical state
allows timely identification of potential threats to health and/or the technological process in
which the monitoring object is involved. For example, to control and train fine motor skills
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and children, manage the recovery process of stroke patients, identify signs of diseases asso-
ciated with brain activity in adulthood and old age.

Experiments were also conducted to investigate a group of patients with clinically confirmed
signs of stress by monitoring the spectral characteristics obtained from EEG data. The hy-
pothesis of correlating measures based on signal spectrum data in the alpha rhythm range
(usually 10—14 hz) with clinical state assessments was tested. The dynamics of the improve-
ment of the condition during the treatment process by exposure to acoustic waves (a process
known in science as feedback through the effect on the neural network (neurofeedback)) were
also noted (10—12). The experiments analyzed the signals obtained by EEG.

Characteristic signs were identified and biorhythms accompanying stress were assessed. The
results were used to obtain initial data on individual human biorhythms in order to adjust the
appropriate instruments used to generate sound waves that suppress signs of stress based on
methods of non-chemical correction of various medical factors (13—14).

The model of the object tested in the process of monitoring and the algorithm for monitoring
the integral parameters of the human body by the dynamics of the information entropy of the
human-observer system presented in this article make it possible to identify and predict criti-
cal situations in the state of various functional subsystems of the body in everyday life and/or
conditions of professional activity and are aimed at use in preventive and telemedicine.

The developed solutions can be used for the general assessment of a person’s psychophysical
state, as well as for the detection of stresses and other critical conditions, as well as for the
development of individual recommendations for treatment and prevention. Thus, the possibil-
ities of implementing the basic requirement of modern medicine are being realized: the fight
against consequences should be combined as much as possible with the prediction of potential
threats (14).

6. Conclusion

6.1. The current state of mathematical science and information technology makes it possible
to move on to regular health control, prediction of possible crises, development of draft solu-
tions for medical specialists.

6.2. A person is a single and integral system capable of self-regulation and adaptation to
multiple changing external and internal factors, while maintaining the effectiveness of the
necessary life support mechanisms. All processes in the human body are built on the principle
of ensuring maximum stability (Xaxen I"., 2001., Adrian, E., Matthews, B, 1934. Chiba T,
Kanazawa T, Koizumi A, 2019)

6.3. The adaptation mechanisms that exist in the body have a resource determined by the bal-
ance between the supply of energy and the energy costs of the body. The greatest efficiency
is observed in the equilibrium of the system, then the resource for adaptation is not reduced,
however, with the imbalance of the system, the depletion of stabilizing factors is observed and
the adaptation resource is significantly reduced or disappears.

6.4. Depletion of adaptive potential inevitably leads to loss of resistance (i.e., certain disease
states)

6.5. Internal biorhythms are of decisive importance in the formation of a stable system and
are formed under the influence of external fields of different types. The spectrum of external
fields is formed under the influence of low-frequency factors (annual, monthly, daily cycles),
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medium-frequency —with wavelengths commensurate with the dimensions of elements of
sensory systems and internal organs, high-frequency —under the influence of processes occur-
ring at molecular and submolecular levels.

6.6. Violations, defects of one and/or several components of the life cycle are usually persis-
tent. Disorders can potentiate each other and non-communication of the circle of disorders
over time leads to the formation of a pathological conglomerate and gross disease states.

6.7. The results of theoretical and experimental studies published in the present work made
it possible to formulate a modern approach to preventive medicine, in which it is possible to
predict crisis states and their early prevention and maintain adaptation potential.

6.8. The model of the object tested in the process of monitoring and the algorithm for moni-
toring the integral parameters of the human body by the dynamics of the information entropy
of the human-observer system presented in this article make it possible to identify and predict
critical situations in the state of various functional subsystems of the body in everyday life
and/or conditions of professional activity and are aimed at use in preventive and telemedicine.

6.9. The developed solutions can be used for the general assessment of a person’s psycho-
physical state, as well as for the detection of stresses and other critical conditions, as well as
for the development of individual recommendations for treatment and prevention. Thus, the
possibilities of implementing the basic requirement of modern medicine are being realized:
the fight against consequences should be combined as much as possible with the prediction
of potential threats (.

The work was funded by the authors and Soft Master Ltd (Israel)
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Chapter 8. Visual perception of microscopic objects
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Discussion of the mechanisms of visual perception is usually devoted the perception of mac-
roscopic objects. Publications about perceptions of microscopic objects are near absent. But
recognition of such object is not common, but very important task in medicine.

Examples of methods in medicine are:

e C(lassical microscopy (morphology)
o (ytogenetic
e Microsurgery

e Fluorescent microscopy (including FISH and intraoperative 5-ALA microscopy)

The same time (according our opinion) basic mechanisms of perception are typical: recog-
nition of size, form, structure, moving (sometimes) and color. Crowding effect and effect of
previous information may be important.

Our search started from discussing about results of confocal fluorescent microscopy of malig-
nant tumors, performed in Institute of Cytology RAS.

Immunofluorescence staining and confocal microscopy.

To assess the expression levels of the Hsp70 protein in tumors, we used our method of in vivo
staining of tumor samples followed by image recording using laser scanning confocal micros-
copy. The technique makes it possible to study the features of tumor organization at the cellular
and subcellular levels, to analyze cell motility without preliminary enzymatic dissociation, fixa-
tion and permeabilization of the material. Material for microscopy was obtained during surgical
operations; if possible, the material was divided into zones: contrast-accumulating, necrotic, and
perifocal. Samples were dissected into small pieces (2—5 mm in diameter), placed in a cooled
culture medium and transported to the microscopy site within 1-2 hours. Then, samples were
stained without prior fixation and permeabilization for 1 h, to do this, the material was washed
three times with cold PBS and then incubated, gently shaking, with dyes diluted in accordance
with the manufacturer’s recommendations for the immunofluorescent staining method.

Anti-Hsp70 antibodies fused with FITC were used for in vivo detection of membraine-bound
Hsp70, as well as Hoechst 33342 dye to detect DNA of cell nuclei (Bucevicius, J., Lukinavici-
us, G. atal., 2018). To confirm cell viability, the material was stained with TMRM dye (Ther-
mo Fisher Scientific, USA), which reveals the membrane potential of mitochondria (Monte-
ith, A., Marszalec, W. at al., 2013). Some of the material known to have been taken by patients
before surgery with 5-ALA was used to record the fluorescent signal from protoporphyrin IX
(pPIX), which accumulates mainly in mitochondria (Ji, Z., Yang, G. at al., 2006).
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After staining, the material was washed with cold PBS and then examined by confocal laser
scanning microscopy using a Leica TCS SP8 inverted microscope equipped with argon and
helium-neon lasers. Microscopy was performed for 2—4 h: for this, small pieces of material
were placed in Ibidi p-Dish 35 mm (Ibidi, USA), then covered with a cover slip on top to
ensure a better fit to the bottom of the dish. Fluorescence of Hoechst 33342 and pPIX was
excited with a 405 nm laser and recorded in the range of 415-500 nm for Hoechst 33342 and
650-750 nm for pPIX; Hsp70 fluorescence was excited by a 488 nm laser and recorded in the
range of 495-560 nm; TMRM fluorescence was excited by a 561 nm laser and recorded in the
range of 565-650 nm. Separate scanning was carried out in three channels, the width of the
confocal diaphragm was set to 100 um, which approximately corresponds to the optical sec-
tion thickness of 1 pm. Received images at a resolution of 1024 x 1024 pixels with an average
of 7 for each scan line. To obtain three-dimensional models, packs of 35 images (z-stacks)
were obtained at a resolution of 512 x 512 pixels with a step along the z axis of 0.35 um and
averaging 3 for each scan line. We used 20x and 60x oil immersion objectives.

The signal from a tissue sample obtained during a surgical operation to remove an epilep-
sy focus was taken as the norm. Tumor tissue stained with fluorescently labeled secondary
antibodies (Alexa Fluor 488) was used as a negative control without the use of any specific
primary antibodies. The background was subtracted from the resulting images in the ImageJ
program using the Subtract Background function with the Rolling boll radius = 50 px param-
eter. Next, the images were transferred to the Rstudio program, where, using the EBimage
functions package, the average and median values of the pixel intensities in the red (TMRM),
green (Hsp70), and blue (cell nuclei) channels were obtained, and the images from samples
represented by several zones were averaged. Then, statistical analysis was carried out in the
GraphPad Prism program: the mean and median values of green pixel intensities (Hsp70)
were analyzed on intravital confocal images.

Discussion of slides (Fig.1, Fig.2, Appendix) discovered unexpected results. Clinical genet-
ic (informed about mitochondrial diseases) described difference of size and form of mito-
chondria. Cytologists (not informed) send no attention this phenomenon. Heteroplasmy is the
presence of more than one type of organellar genome (mitochondrial DNA) within a cell or
individual. This situation illustrated importance of previous knowledge very well.

Pic. 1. Anaplastic astrocytoma. Confocal mi- Pic. 2. The same field, but with only red —
croscopy. Red—TMRM. Green—Anti-Hsp70 TMRM. Significant heteroplasmia.
Abs. Blue—Hoechst 33342
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Microscopic morphology and pathomorphology of central nervous system

To understand next mechanisms of perception we need to discuss classical microscopy and
FISH.

Central nervous system is well-ordered structure. This discovery of Santiago Ramoén y Cajal
was awarded the Nobel prize in 1906. Now we have combination of very different colouring
with different morphology phenomena.

Histology refers to the study of the morphology of cells within their natural tissue environ-
ment. As a bio-medical discipline, it dates back to the development of first microscopes which
allowed to override the physical visual limitation of the human eye. Since the first observa-
tions, it was understood that cell shape predicts function and, therefore, shape alterations can
identify and explain dysfunction and diseases. The advancements in morphological investiga-
tion techniques have allowed to extend our understanding of the shape-function relationships
close to the molecular level of organization of tissues. (Mazzarini M., Falchi M. at al., 2021;
Hoffmann L., Blumcke I., 2022)

The traditional study of sections of biological tissues in transmitted light under a micro-
scope implies the identification of various features among the overall picture, which is visible
through the eyepiece.

Identification. When stained with hematoxylin and eosin, the main stain for studying tissue
sections, tissue and cellular structures is differentiated. Hematoxylin paints kernels, lime,
microbes, mucus, bones in a blue-purple color. This makes it possible to navigate “on the
ground”, where the cell is, and where the stroma and other formations are. Eosin paints the
cytoplasm of cells, connective tissue fibers in pink. Coloring is needed to perceive the pattern
of the fabric, because without coloring it is colorless, except for natural pigments (hemosid-
erin, lipofuscin, melanin).

Topography. Under the magnifying glass x5, histotopographic pictures of the structure of the
tissue are revealed to us, where it is possible to determine the distribution and mutual appli-
cation of tissues of different structures on a “vast” area.

Ornament, fabric pattern. A small magnification of x10 gives us an idea of the architectonics
of the fabric being studied—the “ornament” built by the fabric elements. We compare the or-
nament-drawing we have seen with the paintings we know, which allows us to find out similar
patterns of norm or pathology.

The shape and size of the cells are estimated at high magnification (x20, x40). In addition,
we analyze the intracellular structure—the state of the cytoplasm of the nucleus—whether or
not there are inclusions, density, color intensity. We evaluate and identify specific changes
for mitosis, viral inclusions, metabolic disorders, apoptosis, necrosis, and other pathological
phenomena.

Colour. The color highlighting of known structures is important for the perception and anal-
ysis of the histological picture. To visualize more differentiated structures, to identify intra-
cellular and extracellular structures, colorings are used to identify more differentiated tissues
with the color of known tissue structures. For example, coloration with toluidine blue by the
Nissl method is detected in the cytoplasm of neurons, the so-called tigroid substance. We can
assess its condition, where it is located in the cytoplasm. The collagen fibers are stained red
with picrofuxin according to Van Gieson. Elective coloring with staining of known biochem-
ical elements, give clarity in the presence or absence of a particular component. For example,
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Shpilmeir staining reveals myelin. The analysis is whether there is (colored black) or there is
no myelin (not colored black) (Taatjes DJ, Roth J., 2015; Pellicciari C., 2018).

Color contrast. I see—I don’t see (yes-no approach). It is more clearly visually possible to de-
termine the presence of specific proteins in the tissue using the immunohistochemical meth-
od. The staining of a known protein is visually determined—the algorithm works—is there
or not, and where (is stained). Quantitative analysis is used (how many cells) and intensity
is estimated (for example, progesterone in the nuclei) (Mori H., Cardiff RD., 2016; Im K.,
Mareninov S. at al., 2019; Antimonova O. 1., Grudinina N.A. et al., 2020).

We may illustrate this using example of focal cortical dysplasia.

In the case of focal cortical dysplasia, I type we may see disordered tissue picture: zones of
neuronal loss, cortical atrophy (phestonic surface of gyrus) and lamination disorder (Fig.3,
Fig. 4, Appendix). In the case of focal cortical dysplasia II type, we may see change of size
(Fig.5, Appendix), form (Fig.6, Appendix) and, using immunohystochemical search, color
heterogeneity (Fig.7, Appendix). In the case of hippocampal sclerosis density of elements is
changed (Fig. 8 a, b, Appendix).
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Pic. 7. Focal cortical dysplasia II type. Immunohystochemical search with GFAP—-big bal-
looned cells

Pic. 8. Hyppocampal sclerosis. Gyrus dentatus, col. H&E, x200. A—norma. B—sclerosis.
Significant atrophic changes—zones of neuronal loss, nuclear emptiness and dispersion of
granular layer of nucleus dentatus.
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Thus, the morphological analysis of microscopic sections involves complex mechanisms of
visual analysis based on our memory of visual images and accumulated experience. This type
of analysis determines the expert level. It takes a long experience in order to see —differentiate
the seen—recognition in the unknown. The use of techniques using color and contrast images
with a known elective value makes it easy to determine the presence or absence of the desired
element, where long-term development of visual analysis skills is not required—detection of
a known color.

Cytogenetics

Cytogenetics is essentially a branch of genetics, but is also a part of cell biology/cytology
(a subdivision of human anatomy), that is concerned with how the chromosomes relate to cell
behaviour, particularly to their behaviour during mitosis and meiosis. It is possible to see the
whole cell genome using classical cytogenetic methods (Iourov IY, Vorsanova SG at al., 2012;
Iourov 1Y, Yurov YB at al., 2020).

Standard cytogenetic method is the microscopy of metaphase spread with using G-band-
ing. Standard resolution >550 bands (Fig. 9A, Appendix), but may be higher (Pic. 9B—->800
bands). First task is identification of chromosomes as the objects and excluding the artifacts.
Next step is grouping of chromosomes according size and morphology. Then couples of chro-
mosomes must be identified and ordered using structure evaluation. Finally, it is necessary to
check number and structure of chromosomes to detect abnormalities (Vorsanova SG, lourov
IY at al., 2021; Iourov IY, Vorsanova SG at al., 2008). Routine karyotyping needs search of
3—-5 metaphase spreads, but diagnostic of the mosaic mutations may use up to 50 spreads.
(Iourov 1Y, Vorsanova SG at al., 2019); It is interest fact, that unlike previous methods, clas-
sical cytogenetic used only monochromic scale.

But multicolor marks are useful in FISH method. Single color point will demonstrate number
of copies of binding site (in norm usually two in one cell). Combination of colors may show
chromosomal rearrangements (Fig. 9c, Appendix) (Iourov 1Y, Liehr T. at al., 2006; Iourov 1Y,
Vorsanova SG at al., 2013).
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Pic. 9. Cytogenetics and molecular cytogenetics microscopy. (A) Metaphase spread with a

resolution >550 bands (right—microscopic image; left—chromosomes assigned or cellular

karyotype). (B) Metaphase spread with a resolution >800 bands (right—microscopic image;

left—chromosomes assigned or cellular karyotype). (C) FISH with DNA probes painting whole

chromosomes 4 (pink) and 14 (green): note the translocation, i. e. interchange of chromosomal
parts between chromosomes 4 and 14.

Intraoperative fluorescent microscopy.

Intraoperative fluorescent microscopy is a variant of intraoperative microscopy with using
the 5-aminolevulinic acid as fluorescent marker of tumor. It is method of differentiation the
normal tissue and the tumor tissue (especially high grade) (Suero Molina E, Wolfer J at al.,
2017). Intraoperative fluorescent microscopy is useful both in gliomas and in meningiomas,
with cranial and spinal localization (Millesi M, Kiesel B at al., 2014; Kiesel B, Mischkulnig
M at al., 2018; Byvaltsev V.A., Stepanov [. A. at al., 2018; Maragkos GA, Schipper AJ at al.,
2021)

This method needs switching the microscope from white light (10a) to violet-blue excitation
light (10 b). This way normal tissue has deep blue color, but tumor nodes have bright colori-
zation from pink to violet (Della Puppa A, Ciccarino P at al., 2014). At least one publication
demonstrated quantitative measurement (Valdes PA, Bekelis K at al., 2014).
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Pic. 10. Intraoperative visualization: tumor resection under white (A) and blue (B) light using
S-Aminolevulinic Acid fluorescence in frontal high grade glioma. Microscope OPMI Pentero
700, Carl Zeiss Meditec AG, Deutschland. x 36.

Conclusion.

Perception of microscopic objects bases on estimation the size, form, color, structure. Previ-
ous experience (including education) is important.

Influence of crowding effect is not clear, and it is not clear whether recognition strategy indi-
vidual or standard. It may be task of the future search.

Finally, pictures of chromosomes may be discussed as visual test stimulus.

Search was supported by the Government Assignment of the Russian Ministry of Health, As-
signment no. 121031000359-3.
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Abstract

Introduction. Color discrimination of human visual system has particular thresholds, which
are usually described by color discrimination ellipses (MacAdam, 1942). Shape of the ellipses
may depend on a number of experimental method parameters. Although the “strict substitu-
tion” method is considered to be the most accurate (Wyszecki, Stiles, 2000), the ellipses are
usually obtained by comparison of two adjacent stimuli.

The goal: To estimate color discrimination thresholds with strict substitution method for five
CIE-recommended color centers and to validate a new device for color threshold assessment.

Methods. After adaptation (1 min), the participant observes a 2° self-luminous stimulus. The
initial color of the stimulus was set in XyY coordinates and corresponded to one of the five
color centers (Robertson, 1978). The reference stimulus was replaced by a test one at a fre-
quency of 0.33 Hz. The subject had to change the chromaticity coordinates of a test stimulus
until the flicker became distinguishable. Test stimulus chromaticity was changed along eight
directions (separated by 45°) on the xy plane. The resulting thresholds were compared with
the predictions of the CIEDE2000 color difference formula.

Results. STRESS metric results are (color center, STRESS value): red, 0.337; yellow, 0.119;
green, 0.170; blue, 0.199; gray, 0.158.

Conclusion. The new device tested allowed us to obtain color vision thresholds by strict sub-
stitution method. The data obtained for all color centers except for the red one agree well with
the CIEDE2000 formula and with other researchers’ data.

Introduction

Human vision has an ability to discriminate colors, and that ability is based on several types of
photoreceptors in our retina. For a long time, it was mainly accepted that color vision is based
on three cone receptors only. Even though there is some evidence that both rods and intrin-
sically photosensitive retinal ganglion cells may contribute to the perceived colors (Graham,
2014; Graham et al., 2007; Zele et al., 2018), nevertheless most research and application for
color vision still work with the three cones paradigm. Three cone based color vision models
are also fully acceptable for central vision, since in the central part of the retina (foveola) hu-
mans do not have neither rods, nor ganglion cells.

Three types of cones usually discussed for color vision research are S-, M- and L-cones, dif-
fering in the position of their spectrum sensitivity peaks. Short wavelength sensitive cones
(S-cones) have peaks at about 420—440 nm, middle wavelength sensitive ones have peaks at
534-545 nm, and long wavelength sensitive cones have peaks at about 564—-580 nm. Example
of sensitivity spectra is presented in Figure 1.
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Figure 1. Cone sensitivity spectra. S, M and L are referring to the S-, M-, and L-cones,

respectively. Image source: https.//en.wikipedia.org/wiki/Spectral sensitivity#/media/File:
Cones SMJ2 E.svg, CC BY3.0

To operate colors in practical needs many attempts were made to create color vision space
and color vision models, and most of them are based on data for central color vision and three
cones types. One of the most popular spaces are CIE1931, CIE1964, CIELUYV, CIE Lab, and
many others. An example of the entire range of possible chromaticities in CIE1931 color
space is presented in Figure 2 by a horseshoe shaped outer curve.

091 520 Corresponding wavelengths
are shown along a

0.81
340 'horseshoe-shaped curve

0.71
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5001
0.51
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0.44
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0.24
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Figure 2. Entire range of possible chromaticities in CIE1931 xy chromaticity diagram and

MacAdam ellipses of indistinguishable colors. The ellipses are ten times their actual size,

as depicted in MacAdam’s paper. Along a horseshoe-shaped outline of all possible colors,
referring wavelengths are marked.
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Intuitively easy to understand, that human color vision has some color resolution thresholds.
If a person with normal trichromatic color vision looks at two colors, for example, yellow
and violet, he/she could easily see the difference. If different colors are chosen, for example,
violet and slightly more purplish violet, the difference between colors is not so obvious. At
some point, such colors may be chosen, that even though they have different coordinates in
color space, human participants are unable to see the difference.

In 1942 it was shown that in the CIE1931 xy chromaticity diagram the areas of indistinguisha-
ble colors have the form of ellipses of different size, axes angles and ratios (see Figure 2). The
work was conducted by David MacAdam (MacAdam, 1942), and the color threshold ellipses
are often called after him as MacAdam ellipses. For people with normal (trichromatic) color
vision those differences in ellipse forms do not reflect any properties of human color vision.
The ellipse’s different shapes only reflect that the color space is not perfect, or rather it is not
uniform in color contrast.

Since the famous MacAdam paper in 1942, a lot of work has been devoted to assessment of
color thresholds and perceived color differences. There are several most famous papers on
threshold assessment (Silberstein, MacAdam, 1945; Brown, Macadam, 1949; Brown, 1957;
Wyszecki, Fielder, 1971; etc.), a concise and nicely written summary of which could be found
in (Wyszecki, Stiles, 2000, ch. 5). Another type of research is devoted to assessment of supra-
threshold differences: in that case a participant could clearly see the difference between two
colors and have to assess the amplitude of such difference. One of the most common experi-
mental designs for such assessments includes comparison with gray scale (see Figure 3 for an
example). Some recent examples of suprathreshold studies may be found in (Xu et al., 2021;
Zhao et al., 2020; Mirjalili et al., 2019; Xu et al., 2019). Both types of those studies, threshold
and suprathreshold, are essential for further progress of color science.

Task: Choose most similar gray pair

6 steps, perceptually linear scale

Presentalion screen

Gray pair from the scale: ||l
Compared colors: [

i - test color
B8 - reference color

Figure 3. An example of experimental design for small color differences assessment
(suprathreshold differences). A pair of colored samples are presented (test color and reference
color) on a presentation screen or a presentation surface. A set of gray pairs are presented
as a scale. Each pair may be chosen and positioned near the colored samples. A participant’s
task is to choose a gray pair that is the most similar in difference to the colored pair.

After CIE1931, many attempts were made to develop uniform color space. In such a uniform
space all MacAdam ellipses should look like circles of equal sizes. In Figure 4, MacAdam
ellipses are presented in CIELUV 1976 chromaticity space. It is obvious that ellipses in Fig-
ure 4 are more similar to each other than in Figure 2 that presents them in CIE xyY1931.
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Nevertheless, even in CIELUYV there are some strong disparities in size, angle and axis ratios
of ellipses.

CIEV

CIEu

Figure 4. MacAdam ellipses plotted in CIELUV 1976 chromaticity space. Comparing those

ellipses to the ones in CIE xyY1931 (Figure 2) one could easily see that in CIELUV ellipses

are much more similar to each other. Nevertheless, there are still some strong disparities in
size, angle and axis ratios of ellipses, meaning the space is not purely uniform.

Understanding color differences have quite clear significance for industry and practice: to
operate with colors (which is essential in polygraphy, textile industry, design, in image pro-
cessing, etc.) one has to understand what colors and their combinations would be perceived
by a real human observer. That is why a field of uniform color spaces is still blossoming with
new color models, new color spaces and new color difference formulas.

Verification of results of all these scientific developments requires a big amount of data ob-
tained in real human participants. There are some datasets available, for example (Luo, Rigg,
1986; Alman et al., 1989; Berns et al., 1991; Witt, 1995; Witt, 1999; etc.). Most of the existing
datasets have limited coverage in color space. Nowadays, with industry progress and with the
emergence of a new generation of displays, new datasets are required. New experiments have
to cover a wide color gamut and a high dynamic range of luminance.

In this paper, we present pilot experimental results of color threshold assessment by a new
developed device with a wide color gamut. The device itself is described in another chapter
of this book.

The aims of the research:

- To estimate color discrimination thresholds with strict substitution method for five
CIE-recommended color centers.

- To validate the developed device.

- To validate the experimental protocol.

Materials and Methods
The device

The device is developed in IITP RAS and is fully described in another chapter of this book by
Alexander V. Belokopytov.
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The device consists of a control box and a stimulus box (Figure 5, a). The control box has an
auxiliary screen to display color coordinates of presented colors and rotating knobs (encod-
ers) to change the stimuli. The stimulus box has a display and adjustable apertures to regulate
the size of the stimulus. For this study, we used an aperture that provided 2° stimulus from 60
cm viewing distance.

The stimuli presentation was made according to a strict substitution method (Wyszecki, Stiles,
2000, pp. 278-293). In strict substitution procedure, test and reference colors are positioned
in the same location (in contrast to bipartite procedures) and interchange in time (Figure 5, b).
In our experiment, the colors change with 0.33 Hz frequency. The strict substitution method
is sometimes considered as the best method for color comparison, since in such a procedure
the same retinal area is stimulated by both stimuli.

Stimulus box

_Control box

_ Control Box

test

reference color reference
color  (adjustable)  color

B S @
0 1.5 3.0 4.5

The reference stimulus was replaced
by a test one at a frequency of 0.33 Hz.

Time, s

Figure 5. The apparatus used and its description.

a) The device was developed in IITP by Alexander V. Belokopytov. The device consists of two
main parts: control box and stimulus box. Control box has a screen to output the color
coordinates (in CIE1931 xyY color coordinate system) and rotating knobs to change the
color. Additionally, a separate part with rotating knobs may be added for better participant
experience. Stimulus box consists of a LED matrix, cooling fan, temperature sensor and a
changeable aperture.

b) The scheme of a stimulus presentation in a strict substitution method. The test and reference
stimuli are interchangeable in time, the change frequency is 0.33 Hz. After 1.5 s of reference
stimulus, the test stimulus is presented for 1.5 sec, and so on.
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The main benefit of the device is its wide color gamut, providing opportunity to collect the
data in a wide color range. Figure 6 presents several datasets and distribution of the samples
in color range, standard SRGB gamut (dashed gray line), and color gamut of the device used
in this study (solid black line) in a CIE1931 chromaticity diagram. All color datasets present-
ed do not cover the full range of possible colors. New device covers much larger area in the
whole color range and could provide an opportunity to extend our data significantly, especial-
ly in the area of green-cyan (upper left part of the CIE diagram) and red-purple colors (lower
right part of the CIE diagram, bordered by the straight line).

1.0
The device developed e Bfd-P (D65)
by A. Belokopytov « RIT-DuPont

Witt
Leeds
0.I8 1.0

Figure 6. The diagram presents the CIE xy chromaticity range with constant bright-

ness and color ranges for devices and datasets. The color gamut of the new device (solid

line), the standard sRGB gamut (dashed line), and the range of samples in various color

difference datasets (the datasets presented are: Bfd-P (D65), RIT-DuPont, Witt, Leeds).

The developed device provides great opportunities for color threshold assessment in green-cy-

an (upper left part of the CIE diagram) and red-purple areas (lower right part of the CIE di-
agram, bordered by the straight line).
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The procedure

The whole procedure tested was as follows:

1.

Participant’s color vision was tested by CAD test (City Occupational Ltd, Great Britain).
Only participants with normal (trichromatic without abnormalities) color vision may
participate in such studies. We use full binocular medical protocol (approximately 20
min).

Adaptation to the dark surround (at least 1 min) . The experiment was conducted in the
dark surround. According to (Fairchild, 1993), the adaptation of 1 min is enough for
such conditions.

. The initial color of the stimulus was set in xyY coordinates and corresponded to one of

the five color centers (Robertson, 1978), see Table 1.

The participant changed the chromaticity coordinates of a test stimulus (rotat-
ing the knob) until the flicker of test and reference stimuli became distinguishable.
The knob rotation changes color in one of eight directions around the initial color center,
see Figure 7. Each direction is separated by 45° in the xy diagram. Measuring directions
were randomized inside 5 blocks (blocks corresponded to the color centers).

On this stage of research, only one participant was tested.

The whole procedure duration was about 2 hours (breaks are excluded). The sessions were
separated into 30-min intervals to lower participant’s fatigue and stress.

Table 1. The coordinates of five CIE recommended color centers used in the study to assess

threshold values (Robertson, 1978).

Color center Y X y
Yellow 69.3 0.338 0.4228
Green 24.0 0.248 0.362
Blue 8.8 0.219 0.216
Gray 30 0.314 0.331
Red 14.1 0.484 0.342
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Figure 7. Directions for threshold assessments (around each color center).

Test stimulus chromaticity was changed along eight directions (separated by 45°) on the xy

plane.
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Results

Results: comparison with CIEDE2000 by STRESS metric

The resulting thresholds were compared with the predictions of the CIEDE2000 color differ-
ence formula (Luo et al., 2001). For an assessment of the proximity of perceived and com-
puted color differences, the Standardized Residual Sum of Squares (STRESS) metric is often
used (Garcia et al., 2007), see equation 1.

R k+g—h /Z?= (kxgi—h;)? =T
STRESS (§,fy =19l _ {71 jr =2k

”RHZ B Z?zlhiz 4 ng ’ (1)

where g, h — vectors of color differences to be compared.

STRESS metric can be computed for two vectors of color differences obtained by arbitrary
means. The metric values are always between 0 and 1, where 0 indicates the best agreement,
and STRESS < 0.3 may be considered as a good agreement.

The results of STRESS metric for all five color centers are presented in Table 2. We obtained
good agreement of our threshold results and CIEDE2000 formula for four color centers out of
five (yellow, gray, green, and blue), and marginal agreement for red color center.

Table 2. The comparison of the obtained thresholds with the CIEDE2000 by STRESS
metric for five color centers.

Color center STRESS value
Yellow 0.119
Gray 0.158
Green 0.170
Blue 0.199
Red 0.337

Results: graphical comparison with other researchers’ data

Another way to compare obtained results is to plot them against the results of other research-
ers. To do so, we took summary data from (Berns et al., 1991) and from (Mirjalili et al. 2019).
Both studies summarize several other researchers.

Figure 8 presents graphical comparison of results by different researchers for four color
centers. The summary results from Berns and coauthors (Berns et al., 1991) are presented as
black ellipses. The authors joined various experimental data obtained around particular color
centers, and the data contains both threshold and suprathreshold measurements. Obviously,
the sizes of ellipses should be different for different procedures, that is why authors normal-
ized all ellipses to equal area. Our data are presented as 8 dots for each color center joined
with a dashed line to assess the whole form of the obtained figure. Since the sizes of black
ellipses are normalized, there is no sense in size comparison. The whole form and the tilt of
the figure is to be compared.

Berns and coauthors noted that some ellipses were significantly different in comparison with
other results. These are MacAdam data (for all four color centers) and Wyszecki and Fielder
data (for green center).
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Figure 8. Comparison of the obtained threshold results with those of oth-
er researchers (Berns et al, 1991), plotted in CIE1931 xyY coordinates.
Our results are presented as dots (8 dots for each color center), joined by dashed lines for
approximation of the whole form of the figure obtained. The results of previous researchers
are presented by ellipses (the figures are taken from (Berns et al., 1991)).

In the plot, different threshold and suprathreshold measurements were joined, that is why the size of
the figures is not to be compared: all black ellipses are normalized to equal areas, so the scales are
relative and have no numbers. The whole form of figures and the tilt direction are to be compared.

Berns and coauthors marked the ellipses that were different from all other authors, that are MacAdam
results for all four color centers (MacAdam, 1942) and Wyszecki and Fielder results for the green
color center (Wyszecki, Fielder, 1971).

Figure 9 presents graphical comparison of the results obtained by different researchers for
five color centers. The summarized results from the work of Mirjalili and coauthors are pre-
sented as gray ellipses (Mirjalili et al., 2019). As in the previous plot, the authors joined
various experimental data obtained around particular color centers, and the data contains
both threshold and suprathreshold measurements. Our data are presented as 8 dots for each
color center joined with a dashed line to assess the whole form of the obtained figure. Since
the ellipses from (Mirjalili et al., 2019) paper summarize both threshold and suprathreshold
results, the size of the shapes should not be compared, only the form and the tilt of the figure
is under consideration. For better visibility, our data were enlarged 5 times and presented by
dots joined with black dotted lines.
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Figure 9. Comparison of the obtained threshold results with those of other researchers (Mir-
jalili et al., 2019) plotted in Lab coordinates. Our results (transferred to Lab through D65)
are presented as dots, joined by black dashed lines for approximation of the whole form of
the figure obtained. For illustration, the same results were enlarged 5 times and were plotted
by dotted lines. The results of previous researchers are presented by gray ellipses (the figures
are taken from (Mirjalili et al., 2019)). In this plot, different threshold and suprathreshold
measurements were joined, that is why the size of the figure is not to be compared. The whole
form and the tilt direction are to be compared.

Discussion
Results of the pilot color thresholds assessment

In this paper we present pilot results of color threshold assessment by a new device developed
at the IITP RAS by Alexander V. Belokopytov. The device provides a wide color gamut and
is designed for a strict substitution comparison method, in which both stimuli (test and ref-
erence) stimulate the same retinal area. This paper provides first experimental results by this
new promising device.

The results of STRESS metric for comparison of CIEDE2000 formulas shows reasonable re-
sults for all color centers. While for red color center results are slightly over the notional good
quality margin, it is not much worse than for other centers (while STRESS < 0.3 is considered
as good quality, we obtained 0.337 for red color center). These results show that the new de-
vice could give reasonable color threshold assessments.

The results of graphical comparison with the data summarized by Berns and colleagues (Berns
et al., 1991) show that even with a scarce amount of pilot data the whole form of threshold
ellipses is similar to the ones of previous researchers. It is noteworthy that our threshold
figures seem to tend to the ones obtained by MacAdam, especially for red and green color
centers. MacAdam used bipartite field (in which one half of the field is filled with test color,
and the other half is filled with reference color) and had big white surround of half brightness
of the stimulus (the surround was of 40° of visual field and had brightness of 24 cd/m? while
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brightness of stimuli was 48 cd/m?). In that sense, neither our stimulus structure, nor our dark
surround were similar. Nevertheless, in comparison to many other researchers (Alman et al.,
1989; Berns et al., 1991; Witt, 1995; Witt, 1999; Mirjalili et al., 2019), both in our work and
in the work of MacAdam the test field had 2° size. Since the inhomogeneity of retina is well-
known, and may affect the color assessment results significantly, it is possible that the stimu-
lus size was the crucial parameter for threshold ellipses form.

The results of graphical comparison with summary made by Mirjalili and colleagues (Mirjali-
lietal., 2019) show a similar tendency. The whole form and the tilt of the threshold figures is
quite similar for our data and for data of other researchers. The less similarity could be seen
for the red color center, that is in agreement with our STRESS metric results, where the red
color center also showed less quality. One of the possible explanations has already been dis-
cussed above: it is possible that for red stimuli the size of a test field is of critical importance.

Limitations of the study

In this study we conducted only pilot experiments with the main goal in mind to be a vali-
dation of the new device. Obviously, the data of one participant is far from being enough to
assess reliable color thresholds by strict substitution method.

In this study we assessed thresholds only in direction from equal stimuli to the point where
the difference is seen (see Figure 7 and the subsection “The procedure” of “Materials and
Methods” section). The thresholds may be slightly different if measured in the other direction
(from obviously different stimuli to the point of indistinguishable difference). Even though
we are aware of the possible discrepancy of various results, the procedure was chosen since it
was much easier to conduct, much simpler for participants to understand, and invoked much
less stress and fatigue in participants.

Another limitation of the study concerns the transformation of our results to the Lab coordi-
nates. Since we conducted our studies in a darkened room, there is an uncertainty about the
light source that should be used for transformation from CIE1931 xyY to Lab. We used D65
for this purpose, though the choice is not supported by our physical conditions. The trans-
formation to Lab coordinates was used for CIEDE2000 results calculation (see subsection
“Results: comparison with CIEDE2000 by STRESS metric”) and for Figure 9. Even though
those results may be different if another light source were used, we strongly believe that the
difference would not change the main conclusions of our study.

Further work

The goal of the study was to estimate color discrimination thresholds with strict substitu-
tion method for five CIE-recommended color centers and to validate a new device for color
threshold assessment. To validate the new device, we conducted threshold assessment around
five CIE recommended color centers (Robertson, 1978) since in these areas there are enough
data available for comparison. In further research, areas over sSRGB gamut would be of most
interest.

To improve the experimental conditions in future, we developed an adaptation cabin (Figure
10). The main benefit of the cabin is standardized adaptation conditions for all participants.
The cabin has size of about 80*80*80 cm. In the front side, there i1s a chinrest for better fix-
ation of the participant’s head and for stable viewing distance (see Figure 10, b). On the op-
posite side, there is an aperture providing 2° of visual stimuli. To eliminate any incident light
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to be reflected by the stimulus display, the display is positioned at some distance from the
aperture (see Figure 10, a). The cabin provides a white surrounding field and a homogenous
lighting condition by D50 light sources with regulated brightness. The cabin is placed in a
dark room with no windows, so the only light source is D50 lamps. In our further research,
we are planning to conduct all our experiments on threshold assessment with this adaptation
cabin.

White surround
{for color adaptation)

Aparture 2°
(Ihe davice screen is seen
through the aperture)

Stimulus
device

7

Figure 10. A scheme (a) and a photo (b) of an adaptation cabin developed. To better control
adaptation conditions, the adaptation cabin is installed in a dark room (with no windows).
Five sides of the cabin are covered with white paper, at the other side there is a chinrest and
a forehead support for better fixation of a viewing distance. The opposite side has an aperture
of 2° to see the device display. The device display is positioned at some distance from the
backside of a cabin to ensure that no incident light is reflected by the stimulus screen.

To improve the procedure, we are planning to conduct measurements of threshold points
in both directions: from indistinguishable difference to distinguishable flickering, and vice
versa. This change may be more tiresome for participants, so additional studies are needed to
validate the procedure change.

To improve the data obtained and conclusions drawn from it, the main goal is to increase the
data set by recruiting more participants to the study.

Conclusions

e The device developed allowed us to obtain color vision threshold assessments by strict
substitution method for five CIE recommended color centers.

e The data obtained is in good agreement with CIEDE2000 (by STRESS metric) and with
the data from other researchers (by graphical comparison).

e However, agreement for the CIE Red color center was marginal.

e CIE Red color center in our data shows more similarity to the MacAdam 1942 results,
than to further investigators.

e The device and experimental procedure with described improvements seems promising
for collecting dataset on human color vision threshold in a wide range of colors.
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Chapter 10. Non-visual eye movements during memorization, long-term and
short-term memory retrieval on the blank display: a pilot study

Lekhnitskaya P.

Kazan Federal University, Russia

People’s eyes are constantly moving, whether for visual processing (Henderson, J., 2003; Da-
miano, C., 2019) or for thinking (Liversedge, S. P. et al., 2000; Rayner, K., 1998, Rayner, K.,
2009; Theeuwes, J. et al., 2009, Yarbus, A. L. 1967; Damiano, C., 2019). If eye movements
during scene perception may be explained by the need to understand the world around us,
then thinking is a rather complicated process. To the best of our knowledge, thinking encom-
passes a wide range of components, including imagining, task solving, memory, and so on; all
of them are in a strong bound.

The pioneer work in eye movements during thinking emerged in the 1960s and 1970s, it was
revealed that while people were answering questions, they typically shifted their gaze away
from the questioner (Ehrlichman, H. et al., 2012). Ehrlichman, H., & Micic, D. named such
eye movements “non-visual.” These eye movements are independent of visual processing
(Ehrlichman, H. et al., 2012). Non-visual eye movements can be explored in the “blank screen
paradigm” (Altmann, G. T., 2004), in which we show a participant the task, after that he
solves this mentally by looking at the blank screen. In this way, the role of spatial-numerical
associations in number categorization tasks in mental arithmetic has been established (Hart-
mann, M. et al., 2015), the difference between convergent thinking and divergent thinking
has been shown (Maheshwari, S et al., 2021), it has been revealed that eye movements are
used to coordinate elements of a mental model with elements of the visual field (Spivey, M. J
et al., 2001), a novel approach to understanding the potentially causal role of visual imagery
on music-induced emotion has been represented (Hashim S et al., 2020). Mental imagery is
the phenomenon in which someone imagines an object or a visual scene in his or her “mind’s
eye” in order to retrieve information from that mental image or to transform it so as to gener-
ate needed information (Yoon, D., 2004; Shepard, R.N. et al., 1986). Laeng and Teodorescu
research proved that eye movements are stored as a spatial index that is used to arrange the
component parts correctly when mental images are generated (Mast, F., 2002; Laeng, B. t al.,
2002). Therefore, the blank screen paradigm contributes to research on mental imagery for
which the role of memory is of high importance.

Based on the idea that eye movements are somehow connected with memory retrieval, Hebb
explored mental imagery: “If the image is a reinstatement of the perceptual process, it should
include the eye movements.” Here oculomotor system connects perception and imagery
(Hebb, D. 0O.,1986; Sheehan, P.W. et al., 1969), this principle was formalized by Noton and
Stark’s (Noton, D. et al., 1971; Noton, D. et al., 1971) as scanpath theory (Wynn, J. S., 2019),
recognition occurs when the same scanning pattern enacted during initial viewings is reca-
pitulated during subsequent viewing and recognition of a stimulus (Hannula, D. E., 2010).
Scanpath theory’s legacy lies in its proposal that eye movements play a functional role in
retrieval, an idea that has been critical in shaping current models of memory and visual at-
tention (Wynn, J. S., 2019). In conjunction with this theory, research of Johansson R. et al.
suggests that distinct scanpath properties differentially contribute depending on the nature of
the goal-relevant memory (Johansson R et al., 2022). Recent articles also indicate the positive
correlation between spontaneous eye movements and episodic recollections (Johansson R et
al., 2022; Brandt, S. A. et al. 1997; Laeng, B. et al, 2002; Gbadamosi, J. et al, 2001; Johans-
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son, R. et al, 2006; Johansson, R. et al., 2012, Richardson, D. C. et al, 2000; Ryan, J. D. et al,
2000). Eye movements may be stored in memory along with the images that were encoded at
each fixation (Mast, F., 2002; Kosslyn, S.M., 1994). It has been proven that such eye move-
ments with selective attention serve to facilitate processing in memory encoding and retrieval
(Hannula, D. E., 2010; Henderson, J. M. et al, 2005; Noton, D. et al, 1971; Damiano, C. et al,
2019), oculomotor movements may serve as self-generated cues, pointing to stored memories
(Johansson R. et al, 2022).

Another sustained interest in interrelation between eye movements and memory emerged in
1976, when Yarbus (1976) showed that eye movements with memory are strongly correlated
(Hannula, D. E., 2010). Thus, a sufficient base of research on the relationship between mem-
ory and eye movements was accumulated. We can assess memory by using eye movements
under circumstances in which behavioral reports may not be reliably obtained. Hannula, D.
E. made a review in which came to the conclusion that memory for different aspects of ex-
perience (e.g., individual items, spatial and non-spatial relationships, temporal order) guide
eye movement behavior (Hannula, D. E., 2010). Eye movement during past and future think-
ing (E1 Haj, M et al., 2018), the role of eye movements in retrieval (Wynn, J. S., 2019), eye
movements during long-term pictorial recall (Martarelli, C. S. et al., 2012) were investigated.
Eye Movement Desensitization and Reprocessing was created in which the patient is urged
to retrieve memories of the traumatic event while laterally moving the eyes (Hout, M. et
al., 2001, Shapiro, F., 1995), French participants were asked to mentally visualize a map of
France while their vocal response times and eye movements were recorded (Bourlon, C.,
2011). Thus, taken together, findings from behavioral research converge on a key role for eye
movements in memory.

However, research has yet not reached consensus on whether and how eye movements are
connected with long-term and short-term memory retrieval of non-pictorial information and
its memorization. Similar research was conducted by Ehrlichman, H., & Micic, D.. Their hy-
pothesis was that searching for information in long-term memory generates saccadic activity,
whereas maintenance of information in working memory inhibits saccadic activity (Ehrlich-
man, H. et al, 2012). But they used facial expressions as visual stimulus; we interested in how
people move their eyes during retrieval of the poems.

Method

The accumulated experience formed the basis of the forthcoming study and hypotheses:

HI1: There are differences in eye movements when retrieving information from short-term
memory, long-term memory, during memorization. Eye movements can be automatically di-
vided according to their nature: short-term memory, long-term memory, memorization.

H2: Those eye movements during memorization and reproduction that do not differ are inter-
connected.

H3: It is possible to automatically identify groups according to eye movements during mem-
orization in memorization, short-term and long-term memory.

In our study, we considered memory as long-term and short-term. Two possible ways in which
a difference between short- and long-term memory stores may differ are in duration, and in
capacity (Cowan, N., 2008). Atkinson and Shiffrin (1968) assessed short term memory like
the faculties of the human mind that can hold a limited amount of information in a very acces-
sible state temporarily (Cowan, N., 2008; Atkinson, R.C. et al, 1968). In contrary, long-term
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memory is a vast store of knowledge and a record of prior events, and it exists according to
all theoretical views; it would be difficult to deny that each normal person has a rich set of
long-term memories (Cowan, N., 2008).

2.1. Participant

A total of 35 participants were recruited from university students. Data from one participant
had to be discarded due to technical problems with eye-tracking. Therefore, the eye-tracking
results are based on data collected from 34 subjects (29 female) with normal or correct-
ed-to-normal vision. All of the participants are students at the Kazan (Volga Region) Federal
University, pedagogical (with major in languages), philological areas of training (mean age
= 20 years, SD = 2,4). Participants were given the following instructions: In this experiment
you will be asked to try to retell, looking at the screen, the first 7 lines of *“ On seashore far a
green oak towers...”. Next, a small poem will be given, try to learn it and retell it, also looking
at the screen.

2.2. Procedures

The experiment consisted of three stages: reproduction of the first 7 lines of the poem “On
seashore far a green oak towers...” by A.S. Pushkin, memorization of the poem “A wave-
kissed land is known to me...” by A.S. Pushkin (the version with 7 lines from the website
“Kynerypa.pd’) and reproduction of the second poem.

The choice of the poem “On seashore far a green oak towers...” was due to the fact that it
1s usually studied in elementary school and most people remember it, i.e. its retrieval occurs
from long-term memory. “A wave-kissed land is known to me...” is usually not recited by
heart in schools, the participants did not know this poem and taught it during the experiment,
i.e. the retrieval of this poem occurred from short-term memory. This study was carried out
basing on blank screen paradigm. A white background was displayed on the screen for re-
telling the poem, which is why there were no eye fixations caused by the presence of any
extraneous image. This allowed tracking eye movements that were directly related to the
reproduction of information.

2.3. Materials and methods

Eye tracking (SR Research EyeLink 1000 Plus, sampling frequency 1000 Hz) was chosen as
a research method. The resolution of the monitor screen is 1920x1080, a chin rest was used
to fix the position of the head. Calibration was carried out at the beginning of the experiment.
Nine points were involved in the calibration process, calibration was accepted if the average
error was <0.30° of the viewing angle, and the maximum error was <0.60°. Before proceeding
to the next stage, the drift was checked, the entire course of the experiment was controlled by
the participant. During the experiment, only the subject and the researcher were present in the
laboratory.

2.3.1 Preprocessing

Before conducting statistical analysis, we processed the eye-tracking data as follows: sac-
cades and fixations associated with the reading of the poem were removed. Thus, those eye
movements that were associated with the mental reproduction of the poem, looking at the
free part of the monitor, were preserved. We also took a look at Gaze Plots in memorization
and divided all movements into conditional three groups. Eye movements were considered
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grouped if the concentration of fixations in a certain part of the screen was visually traced.
For scattered eye movements we will consider a chaotic eye movement that is not concen-
trated in any particular part of the monitor. Without derivation from the main stimulus, we
will consider such eye movements that are not concentrated in a certain part of the monitor,
which fixation go beyond the monitor, and are not scattered over it (tab.1). Thus, groups were
selected based on the method of memorization, the groups dataset included data on short-term
and long-term memory.

Table 1. Classification of eye movements based on memorization group

Scattered EM Grouped EM Without derivation

i

x

To avoid overfitting, we applied feature standardization using StandardScaler! to achieve
equal scaling among input features. The standardization was performed separately for the
training and testing dataset within each fold. All real numbers were reduced to integers for
training model, in cases where there was a null value, we put 0. We also set a fixed random
state to make the result reproducible?.

2.3.2 Statistical Analysis

Fixations and saccades were segmented in the DataViewer with the standard EyeLink algo-
rithm using velocity and acceleration thresholds. The obtained data were analyzed in the “Sta-
tistica” program. In order to assess differences in eye movements when retrieving information
from short-term memory, long-term memory, during memorization the data was collected and
an analysis of variance (ANOVA) with repeated measures was conducted. This was followed
by post-hoc pairwise comparisons using Mann-Whitney U Test. We also calculated correla-
tion between eye movements in short-term memory and retrieval using Spearman Rank Order
Correlations.

In machine learning classification we used following features: current fixation duration, cur-
rent fixation end, current fixation index, current fixation pupil,current fixation x, current fix-
ation y, current saccade amplitude, current saccade angle, current saccade average velocity,
current saccade blink duration, current saccade duration, current saccade peak velocity, cur-
rent saccade peak velocity time. In statistical analysis—average blink duration, average fix-

' https://scikit-learn.org/stable/modules/generated/sklearn.preprocessing.StandardScaler.html

2 https://scikit-learn.org/stable/modules/generated/sklearn.model selection.train_test split.
html
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ation duration, average saccade amplitude, average x resolution average y resolution, blink
count, duration, fixation count fixation duration max fixation duration maximum time, fixa-
tion duration minimum, fixation duration minimum time, median fixation duration, median
saccade amplitude, pupil size maximum, pupil size maximum time, pupil size mean, pupil
size minimum, saccade count, standard deviation, fixation duration, standard deviation, sac-
cade amplitude.

2.3.3 Classification Approach

We used many different algorithms of machine learning such as DecisionTreeClassifier, Ran-
domForestClassifier, GaussianNB, LogisticRegression, KNeighborsClassifier, MLPClassifi-
er, GradientBoostingClassifier. Classifier performance was evaluated in terms of precision,
recall, fl1-score, accuracy.

Results

HI: There are differences in eye movements when retrieving information from short-term
memory, long-term memory, during memorization. Eye movements can be automatically
divided according to their nature: short-term memory, long-term memory, memorization.

The EyeLink software has a built-in algorithm which show averages eye movements pa-
rameters. First, we analyzed this averaged eye movements parameters. For statistical anal-
yses, we chose repeated measures ANOVA for comparisons across types of memory and
memorization, pos-hoc comparisons were performed through Mann-Whitney U test. First,
the results of the multivariate tests showed that average fixation duration, average saccade
amplitude, fixation count, fixation duration max, fixation duration max time, fixation dura-
tion min, fixation duration min time, median fixation duration, median saccade amplitude,
pupil size max, pupil size max time, pupil size mean, pupil size min, saccade count had
all a significant impact on the type of memory and memorization (Wilks lambda=0,124,
F(42,158)=6,913, p=0,00).

Second, post-hoc comparisons showed that the differences between short-term memory and
long-term memory, between short-term memory and memorization were significant in aver-
age fixation duration, average saccade amplitude, average x resolution, average y resolution,
blink count, duration, fixation duration max, fixation duration min, median fixation duration,
median saccade amplitude (p=0,00).

Next, we analyzed the direction of every single saccade. Since the sample is not the same
(n(STL)=1520, n(LTM)=1102, n(MEM)=2144), we divided the number of eye movements
down, up, right, left and absence of eye movements by the total number of observations of
a particular type of memory or memorization. We compared memorization with short-term
memory retrieval (fig.1) and long-term memory with short-term memory retrieval (fig.2).
Since the number of eye movements is different when memorizing and reproducing informa-
tion, we divided the number of eye directions in a certain direction by the total number of eye
movements when memorizing or the type of memory.

When memorizing, a tendency was expressed to look down or to one point in comparison
with the reproduction of a poem from short-term memory. When retelling a poem from long-
term memory, study participants also looked more focused at one point, or tended to look to
the right, compared to short-term memory.
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Figure 1. Saccade direction of memorization and short-term memory retrieval
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Figure 2. Saccade direction of long-term memory and short-term memory retrieval

We also tried to automatically divide short-term memory (STM) and long-term memory
(LTM) eye movements basing on the raw data. Dataset consists of the characteristics of every
single saccade and fixation, results are represented in table 2 and table 3. For saccades in LTM
n=1102, in STM n=1520, for fixations in LTM n=1162, in STM n=1527.

Table 2. Evaluation of the classification of eye movements (saccades) based on the type of

memory
Classifier Type of memory/ Precision | Recall = % Accuracy
memorization score
DecisionTreeClassifier LT™M 0.66 0.64 0.65 0.72
STM 0.76 0.77 0.77
RandomForestClassifier LTM 0.71 0.72 0.72 0.77
STM 0.81 0.80 0.81
GaussianNB LT™M 0.48 0.80 0.60 0.57
STM 0.75 0.41 0.53
LogisticRegression LT™M 0.56 0.55 0.56 0.64
STM 0.60 0.70 0.70
KNeighborsClassifier LTM 0.57 0.75 0.71 0.75
ST™M 0.81 0.75 0.78
MLPClassifier LT™M 0.66 0.64 0.65 0.72
ST™M 0.76 0.77 0.77
GradientBoostingClassifier LT™M 0.65 0.69 0.66 0.72
STM 0.78 0.74 0.76

The data was best classified on short-term and long-term memory by RandomForestClassifier
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(accuracy=0,76), KNeighborsClassifier (accuracy=0.75) in saccades and RandomForestClas-
sifier (accuracy=0,77), KNeighborsClassifier (accuracy=0.75) in fixations. GaussianNB (ac-
curacy=0.57) and LogisticRegression (accuracy=0.64) coped with this task worse

H?2: Those eye movements during memorization and reproduction that do not differ are inter-
connected.

Since the distribution is not normal, we studied correlation between eye movements in short-
term memory and retrieval using Spearman Rank Order Correlations. Significant correlations
were found in fixation duration min time (r=1,00, p<0,05), pupil size max (r=0,49, p<0,05),
pupil size max time (r=1,00, p<0,05), pupil size mean (r=0,81, p<0,05), pupil size min (r=0,51,
p<0,05). Fixation count (r=0,17, p>0,05) and saccade count (r=0,17, p>0,05).

H3: It is possible to automatically identify groups according to eye movements during mem-
orization in memorization, short-term and long-term memory.

According to our classification we tried to use machine learning algorithms in identifying eye
movements group. For saccades in Grouped EM n=1079, in Scattered EM n=2596, Without
derivation n=1028 (tab.4). For fixations in Grouped EM n=1079, in Scattered EM n=2596,
Without derivation n=1028 (tab.5).

Table 4. Evaluation of the classification of eye movements (saccades) based on the type of
memory/memorization

Classifier Type of mem.ory/ Precision | Recall FL- Accuracy
memorization score

DecisionTreeClassifier Grouped EM 0.64 0.61 0.62 0.72

Scattered EM 0.80 0.80 0.80

Without derivation 0.55 0.58 0.57
RandomForestClassifier Grouped EM 0.81 0.70 0.75 0.82

Scattered EM 0.84 0.93 0.88

Without derivation 0.75 0.63 0.78
GaussianNB Grouped EM 0.48 0.15 0.23 0,51

Scattered EM 0.74 0.56 0.64

Without derivation 0.29 0.82 0.43
LogisticRegression Grouped EM 0.40 0.07 0.12 0.57

Scattered EM 0.59 0.93 0.72

Without derivation 0.38 0.08 0.13
KNeighborsClassifier Grouped EM 0.70 0.67 0.69 0.76

Scattered EM 0.81 0.88 0.85

Without derivation 0.63 0.49 0.55
MLPClassifier Grouped EM 0.64 0.61 0.62 0.72

Scattered EM 0.80 0.80 0.80

Without derivation 0.55 0.58 0.57
GradientBoostingClassifier Grouped EM 0.69 0.60 0.64 0.74

Scattered EM 0.78 0.87 0.82

Without derivation 0.62 0.50 0.56

RandomForestClassifier (accuracy=0,82) and KNeighborsClassifier (accuracy=0,76) best
identified groups, GaussianNB (accuracy=0,51) and LogisticRegression (accuracy=0,57)
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worst identified groups in both saccades and fixations measurements.

Table 5. Evaluation of the classification of eye movements (fixations) based on the type of
memory/memorization

Classifier Type of fT‘e"?OW’ Precision | Recall Fl- Accuracy
memorization score

DecisionTreeClassifier Grouped EM 0.67 0.64 0.66 0.73

Scattered EM 0.80 0.81 0.81

Without derivation 0.55 0.57 0.56
RandomForestClassifier Grouped EM 0.82 0.71 0.76 0.82

Scattered EM 0.83 0.93 0.88

Without derivation 0.73 0.60 0.66
GaussianNB Grouped EM 0.48 0.15 0.23 0.51

Scattered EM 0.74 0.56 0.64

Without derivation 0.29 0.82 0.43
LogisticRegression Grouped EM 0.40 0.07 0.12 0.57

Scattered EM 0.59 0.93 0.72

Without derivation 0.38 0.08 0.13
KNeighborsClassifier Grouped EM 0.70 0.67 0.69 0.76

Scattered EM 0.81 0.88 0.85

Without derivation 0.63 0.49 0.55
MLPClassifier Grouped EM 0.67 0.64 0.66 0.73

Scattered EM 0.80 0.81 0.81

Without derivation 0.55 0.57 0.56
GradientBoostingClassifier Grouped EM 0.70 0.60 0.65 0.74

Scattered EM 0.78 0.87 0.82

Without derivation 0.62 0.50 0.55
Discussion

Based on the reproduction of information, interesting conclusions have already been obtained
in the field of variation in eye movements. So, variations in visual imagery during autobio-
graphical retrieval seem to be related physiologically with variations in the number of fixa-
tions and saccades (El Haj, M. et al, 2018). In this pilot study, we found that in the retrieval of
poems from different types of memory, there may be variations in that average blink duration,
average fixation duration, average saccade amplitude, fixation count, fixation duration max,
fixation duration max time, fixation duration min, fixation duration min time, median fixation
duration, median saccade amplitude, pupil size max, pupil size max time, pupil size mean,
pupil size min, saccade count had all a significant impact on the type of memory and memori-
zation. Based on the random forest algorithm, it is possible to determine with relatively high
accuracy what type of memory the information is reproduced from.

Our study confirmed the empirical research suggesting that looking at a “now-empty” loca-
tion facilitates retrieval of information that was previously exposed in that location (El Haj,
M. et al, 2018; Althoff, R. R. et al, 1999; Henderson, J. M. et al, 1999; Hollingworth, A.,
2006; Loftus, G. R. et al, 1978; Ryan, J. D. et al, 2000). All participants averted their gaze and
as the histogram showed, the participants more often tended to look to the left when retelling
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the poem from short-term memory, which can be explained by the position of the poem at the
stage of its memorization. There were also objects that grouped the view into an empty part
of the screen, perhaps this is related to the spatial properties of absent stimuli which can influ-
ence eye movements when those stimuli are imagined (Altmann, G. T. et al, 2004; Brandt, S.
A. etal, 1997; Laeng, B. et al, 2002; Richardson, D. C. et al, 2000; Spivey, M. J. et al, 2001;
Spivey, M. J. et al, 2004). Histogram results complete the finding that people make multiple
eye movements when they “scan” for information in long-term memory and very few eye
movements when they “focus” on information in the working-memory “buffer” (Ehrlichman,
H. et al, 2012). When retelling from short-term memory, participants were more likely to look
up and down, whereas when retelling from long-term memory, the direction of gaze was often
absent.

Such results can form the basis for the differentiation of cognitive styles according to the
strategy for memorization and the reproduction of information.

Limitations and future work

This work proposes the first steps towards classifying memory during non-visual eye move-
ments on the blank screen paradigm. Despite this promising result, our work has several
limitations that we plan to address in future work. First, we have a rather limited sample, for
serious conclusions it is necessary to expand it. Second, it is needed to evaluate the quality of
the retelling the poems, how the rhyme, the words of the poem are preserved, the meaning is
conveyed, whether the person told the poem with expression or not. Based on this assessment,
we will be able to judge the relationship of eye movements with more complex aspects.

Conclusion

Despite the identified limitations, a pilot study showed that it is possible to quite successfully
distinguish between eye movements during some cognitive processes, such as memoriza-
tion, retrieval of information from short-term and long-term memory. Also, the results of the
differentiation of eye movements according to the memorization strategy, their relationship
when memorizing and reproducing a poem from short-term memory can be used to explain
the cognitive style.
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Chapter 11. Least action classifiers
Malashin R., Boiko A.

Pavlov Institute of Physiology RAS, State University of Aerospace Instrumentation,
Saint-Petersburg, Russia

Introduction

Least Action principle is a fundamental law in physics. According to this principle real object
follow trajectories that satisfy stationary points of a functional called Action: maximum po-
tential and minimum kinetic energy.

Shelepin et al. (Shelepin et al., 2003) draw analogy between least action principle and human
thinking. Indeed, opportunities for optimal decision-making are limited—two opposing fac-
tors arise:

— the desire to analyze the situation and get the maximum information so that the decision
is the most accurate (by analogy, it can be compared with the maximum potential energy
in physics);

— the desire to reduce the time and resources that are needed to obtain additional
information (analogous to the minimum kinetic energy).

At a certain level of abstraction, the process of information processing becomes sequential,
and the decision to continue the calculations is made based on the understanding of the cur-
rent quality of the solution already achieved. In this case, the system is dynamically configur-
able because it handles different data differently.

The principle of least action can be used in the development of advanced artificial intelligence
systems. In this interpretation the principle of least action says that if it is possible to obtain
a reliable solution in a simpler way, then this should be done. More concretely, we want our
dynamically configurable system conditioned on the data instance to unfold computational
graph in the way that satisfies maximum expected accuracy and at the same minimum compu-
tational resources that we need to spend to get an answer. Such systems can save resources on
easy examples, while keep spending enough computations on hard examples to achieve desir-
able accuracies. Note, that these not only assume termination of computation adaptively, but
also adaptive selection of the next computational module, given the current state of solution.

Dynamic systems of image analysis based on this interpretation of least action principle was
proposed in (Malashin, 2019). It was shown that building such a system can be reduced to
training an agent to perceive images through the set of pretrained classifiers with the objective
to minimize number of classifiers used for every image. In (Malashin, 2021) concrete archi-
tecture called Least action classifier was proposed. In (Malashin, 2022) and (Malashin, Boiko,
2022) the idea was further developed. In this chapter we summarize main achievements, cur-
rent problems and further development directions in this area.

Dynamic networks

Dynamically configurable systems attract a lot of research interest. For example, Viola and
Jones (Viola, Jones, 2004) used cascades of classifiers for face detection: the image is pro-
cessed sequentially by classifiers and if any of the classifier responses negatively then the
recognition process stops and negative response is produced by the whole cascade. Dynami-
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cally configurable systems based on neural networks are also known as dynamic networks. In
(Bolukbasi et al, 2017), an approach to the sequential application of networks of various well-
known architectures to the classification problem is described. The paper describes, among
other things, a cascade model using an early exit from the network. In (Aria et al,2019) the
authors consider options for early exit from computations by training a fully connected clas-
sifier on top of the features of each of the network levels.

Scaling up neural networks (provided with enough data) boosts performance qualitatively,
and this is especially true when using transformers (Vaswani et al, 2017) in the problem of
language modeling. Large transformers tend to use a static calculation structure—different
data instances cause firing of the same neurons (Delvin et al, 2018), (Brown et al 2020). Same
is true for big convolutional neural networks (CNNs) and most of recurrent networks that
perform a complete chain of all transformations in any case, whether the input is very trivial
or very complex. Dynamically configurable computing systems are those in which different
data is processed differently (dynamic network is another term frequently used when talking
about deep learning).

Sparse models (or switch transformers) (Zoph, 2022), (Fedus et al 2021) complement the ar-
chitecture of the transformer with additional modules—controllers whose task is to select fully
connected blocks, where to send data. As a result, different expert blocks process different
examples of data. This approach (called a mixture-of-experts or switch transformers) was first
used back in 2017 for convolutional neural networks (Shazeer et al, 2017), where it proved to
be efficient for very large networks. Today sparse models allow further increase of number of
free parameters, the number which already reaches trillions (Fedus et al, 2021).

Noteworthy the mixture-of-experts uses only a part of the capabilities of the dynamic config-
uration systems:

e the number of operations is always fixed for both hard and easy examples;
e there is no possibility of obtaining intermediate result;

e dynamic configuration is carried out at the level of experts of the same size, while an
expert who is responsible for solving a more complex problem should have more free
parameters.

Another important aspect that is not touched upon in the giant sparse transformers is a matter
of reusing experts in solving other problems. This can be extremely useful when creating
retrainable systems. Although some experiments show, for example, that using information
about which expert processed the data does not improve the result of the entire model.

The authors of (Gururangan et al, 2022) build a modular dynamically configurable system
based on the fact that there are different domains for a language with different corpora (tech-
nical literature, scientific, medical, etc.), and for each domain, a separate expert model is
trained. As authors show this approach outperforms baseline. During the inference, each ex-
pert processes queries of its own domain; metadata provides information for routing. An im-
portant feature of such approach is that you can add experts to it, as well as retrain already
existing. The disadvantages include that the approach requires significant human intervention
in setting up and adapting the system to new tasks.

Researchers applied a lot of efforts to extend different neural network architectures with the
ability to dynamically adapt computations for different image examples. McGill and Perona
(McGill, Perona, 2017) proposed usage of “stop” and “go” signals in neural networks that allows
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adaptive termination of computations. (Zhou et al, 2021) considers the problem of constructing
ensembles from experts, where each expert specializes in its domain. The authors experiment
with different image domains (sketch, photography, etc.) though different domains are treated
differently only during training, so this approach cannot be called truly dynamic.

Graves (Graves, 2016) proposed recurrent neural network with adaptive computational time
(ACT). Figurnov et al. applied ACT in residual blocks of convolutional neural networks.

Models that use hard visual attention (Mnih et al, 2014; Li et al, 2017; Wang et al, 2020) can
be considered as partially dynamically configurable: they adaptively select regions of images,
though every time the same neurons fire.

Good systematization of dynamically configurable systems can be seen from the perspective
of different variants of algorithm configuration (Adriaensen et al 2022). Term algorithm con-
figuration (AC) refers to the process of determining a policy for setting algorithm parameters;
the goal is to maximize performance across entire population. Adriaensen et al specify three
variants of AC: per-distribution, per-instance and dynamic. Per-distribution AC specifies pol-
icy that gives parameter settings for entire distribution, per-instance AC policy sets parame-
ters individually to every example in the dataset, while dynamic AC (DAC) exploits iterative
nature of Al task: parameters are adjusted after every iteration. InstaNAS (Cheng e al, 2019)
can be thought as example of per-instance AC. In this case for every image an individual
network is constructed. Least action classifier (LAC) (Malashin, 2021) discussed in the next
chapters directly exploits iterative nature of image recognition task and is a special case of
Dynamic Algorithm Configuration.

General approach

Malashin (Malashin, 2019; Malashin 2021) proposed to train the algorithm for automatic
image analysis according to the problem of dynamic algorithm configuration (Biedencamp,
2020). In this case after each step of the analysis, it is required to select the next branch of
calculations in accordance with the information already received about the analyzed image
(context). Such strategies are called context-sensitive (unique for each particular image).

In practice the agent is taught to perceive images through the set of pre-trained classifiers and
the goal of the agent is to unfold the computational graph with the trajectory that refers to the
minimal number of operations and maximal expected accuracy (Figure 1)

Selected classifier f

Figure 1. General scheme of agent-image interactions in Least Action Classifier (LAC)
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The proposed computation structure includes three key elements (Malashin, 2019): a set of
classifiers A, a function for choosing the next classifier ® , and a function for updating the
state based on the results of the classifier ®,.

The question of how to combine the results of the classifiers, first of all, is how to obtain effec-
tive functions @, ® , which should minimize the computational resources and maximize the
expected accuracy of the solution. The selection function @ (s, x)—4a maps the current state s,
and the data x (image under consideration) to the space of “keys” of classifiers A—{a}u{s}
where ¢ is a symbol meaning that the calculation needs to be stopped.

The term “key” in this case is used to emphasize that ®  does not generate the algorithm a,
but only selects it from the list, which in python corresponds to accessing the dictionary D by
the “key” a=DJ[4]. The classifier a € A takes data x as input and returns a decision vector y':
a(x)—Yy" For convenience, we can assume that the “key” a also contains information about
the “complexity” of the algorithm a. The state update function D (s, &, Y)—s,,, Y, Mmaps
the current state and the result of the selected classifier to the state s, and a new generalized
solution y** _ , taking into account the previous answers of the classifiers.

It should be noted that the considered decision process in the most general case is not a Mark-
ov decision process (MDP), since the optimal ® and @®, must take into account all previous
key-decision pairs, i.e.s={a,y",...,4_, Y, }. If the data x does not change in time (which is
not necessary in the general case when observing the environment in real time), then the order
in which the classifiers are called is not important. If the data changes, then for the optimal
decision-making algorithm s={x, 4, ¥" x, ..., &_, ¥" X}, which leads to an excessively
large state space S. In addmon it can be noted that, w1thout imposing restrictions, the optimal
selection function @ , which receives data x as input, must a) solve the classification prob-
lem inside itself, b) encapsulate the entire set of classifiers A, c¢) and then choose the order
of classifiers that will give the correct solution by manipulating classifiers, without using the
knowledge embedded in them. Obviously, this is not a solution that could be useful in practice
when implementing the principle of least action, since in this case the burden of all calcula-
tions simply lies on the @, function.

In order to avoid such behavior and partially reduce the size of the state space, we will con-
sider the indirect interaction of ® with data only through classifiers, in this case the function
®, takes the form @ (s)— a. Additional complexity is caused by the “dependence” of the
required functions @ (s, x)— @ and @(s, 4, y')—s,, , Y, -

In fact, this is the same transition function @ (Figure 2a), which provides the transition from
the state s, to s, but it is more convenient for us to divide it into two due to the presence of
an external set of fixed classifiers A (Figure 2b).

(@) (b)

Figure 2. The state diagram of the MDP for the problem of sequential classification of image
x. General case of sequential classification using function @ (a), the case of using a pool A of
external classifiers (b) (Malashin, 2019)
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First, let’s consider an approximation of the selection and update functions for solving a sim-
plified problem in the form of an MDP based on a naive Bayes classifier and minimizing the
expected entropy (Malashin, 2019).

Naive Bayes classifier and expected entropy minimization

For simplicity, let’s assume:
— the entire image is fed to the input of the classifiers;

— the classifiers’ answers are conditionally independent of each other;

— responses of classifiers are deterministic and discrete (for example, they issue a label of a
recognized class);

— the “cost” (computational/time costs) of running all classifiers is the same.

The use of these assumptions allows us to use the current probability distribution of the image
belonging to one of the given classes as a state, the naive Bayes classifier as the update func-
tion @, and the expected entropy of distributions as a criterion for the selection function ®@,.

Let {P "}, y.€[1, N] be the probabilities that image x belongs to class y. after running K clas-
sifiers, where N is the number of recognizable image classes. The classifier A € A takes the
data x and returns the label c: A (x)=C, where c.€[1, N]. For simplicity, the simplified notation
A=c. will be used below, which by default implies that the data was submitted to the input of
the classifier.

We will use the vector P,_as the current intermediate solution: y** =P , and as the state S_we
will also store the “keys” of all called classifiers in order to prevent the same algorithm from
being called several times: S_{y*, {4, i€[1, K]} }. At the beginning of the calculations, the
probability vector of the image belonging to each of the classes P can be selected from a uni-
form (or other a priori) probability distribution.

Let k classifiers {A}, i€[1, K] be launched and corresponding responses {c.}, i€[1, K] were
received from them. Since the classifiers are conditionally independent of each other, then:

P(yi| Ai=c1, Ax=c2, ..., Ai=ck) = P(yi|Ai=c1): P(yi|Ax=c2) -...-P(yi| 4i= c), (D)

where P(y, | A c) is the probability that the image belongs to class y,, provided that the j-th
classifier recogmzed the image as belonging to class C.

Using the Bayes formula, we get an iterative classification procedure, when after running
each classifier, the probability distribution is refined. For example, if the classifier A is select-
ed at step k and the label C, is obtained:

_ _ P(Aj=cjlyi) Pr-1(¥i)
Pe(ildj = 6) = —=a =) 2
P(AJ.ZCj 1y, P(A=c) can be calculated at the training stage. For example, P(A=C, | y)—is the
response frequency C,on the images of class y, in the training set. The classification algorithm
using the assumption of conditional feature independence when observing a class label is
called a naive Bayesian classifier (Murphy, 2012). Thus, we have determined @,.

According to the principle of least action, the system is required not only to get the correct
answer by running all available classifiers but to use only a small subset of them, while also
obtaining a high-quality solution. In this regard, a very important function is the @, function,
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which intelligently selects the sequence of launching classifiers, as well as the criterion for
stopping the solution refinement procedure. From the point of view of information theory and
without taking into account the complexity of the algorithm, we want to choose at each itera-
tion such a classifier A* that provides a minimum of the expected entropy of the distribution
of classes H(P|JA*=c"), where ¢’ is any of the possible “answers” of the classifier A". In other
words, the expected entropy in this case is the entropy expectation after the classifier has been
launched, taking into account all possible classifier responses:

Ly (x%,3) = Lyep (x,3) = kD(x) (3)

where N is number of classes, P(Aj=Cj| y,) is a ratio of answers C, for the classifier to the sum
of all possible answers of A, (on the training set).

Selection function @, calculates the set of expected posterior distributions after calling each
classifier, and uses them to calculate the expected entropy after calling each classifier. k-th
classifier, which corresponds to the minimal expected entropy, is selected for execution:

k=argminiH(P|Ax). 4)

The stopping criterion in this case can be a decrease in entropy below a predetermined thresh-
old or an excess of the number of called classifiers. Thus, we have defined the second desired
function @ .

In this case, sequential classification resembles the game “guess the animal” (in some coun-
tries a similar game is called twenty questions”). In this game, one player thinks of an animal
(for example, an elephant or a turtle), and the task of the second player is to ask questions, the
answers to which are either “yes” or “no” (for example, does this animal live in water? Is it
domestic?).

By the rules of the game, the number of questions that can be asked is limited, so very spe-
cific questions (such as “Does this animal eat bamboo?”’) are best asked after more general
ones (“Does this animal walk on four legs?”’). Questions are an analogue of classifiers, the
player asking questions, in fact, implements the functions ®@, and ®@,. The role of the player
who answers the questions is played by the environment. If we imagine that the classifiers
recognize only two classes without mistakes, and all the classes are equally likely, then the
decision-making process is described by a decision tree, and in the most optimal case, the
average number of runs should be 2log N.

In the general case, however, the above four assumptions are not satisfied: solution of a more
complex problem with “entangled” parameters is required, for which the proposed functions
®, and @, are poorly suited. Modern image classifiers do not output a label, but a probability
distribution, and different classifiers have different complexity. The most “problematic” is the
assumption of the conditional independence of classifiers, which is not feasible in the case
of the same response space of two classifiers, because otherwise, one should expect that the
responses of the classifiers are not related to the image at all and do not carry any information
about the object in principle.

The conditional dependence of classifiers greatly complicates the decision rule, but poten-
tially allows you to make the right decisions when the probability table P(Ajzcj|x=j) is very
sparse (the expected case when the classifier’s answer is not a label, but a larger discrete or
real vector). One example of the successful application of a neural network to overcome the
curse of dimensionality that occurs in tabular graph models is neural autoregressive networks
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(Larochell, Murray, 2011).
Least action classifier

Neural networks seem to be reasonable choice to approximate optimal functions @ and @,
(Malashin, 2019). In (Malashin, 2021) least action classifier (LAC) architecture was proposed
(Figure 3).

----- non-differentiable
differentiable

" a
Action re1 emeeeost W | L----
E = classifier “key™” at time #
generator hidden state at time ¢
[ I respanse
1
Response-action 5 {:’las.s.
» encoder Probability
network
i
State L

5, PR — §,,; —* Decision maker

reiresner

Figure 3. Least action classifier architecture (Malashin, 2021)

LAC consists of the following five main components (Malashin, 2021):

1. Environment response generator, a non-differentiable element that takes an image and the
index of the requested classifier, and returns response of the classifier.

2. State refresher that implements @, function; at step t it inputs hidden state vector and
encodes classifier response; returns new hidden state vector.

3. Action generator that implements @, function; it inputs hidden state vector and returns the
“key” of the classifier.

4. Decision maker that inputs hidden state vector and outputs current solution.

5. Response-action encoder that encodes action and classifier response in the format that is
appropriate for state refresher.

Classifiers in the pool are learned on different subsets of classes (Malashin, 2021).

Let the dataset D consist of N images X, with appropriate labels y.:
D ={(x;,y),i€[1,N],xeEX,y€eY} (5)

Subset of classes Y<C Y split D into overlapping datasets D, :

Dy = {(x1, yx) € D,y €Y} (6)
Classifiers in the pool are learned on different D, .

In (Malashin, 2021) response-action encoder works as follows:
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— Classifier response and classifier index are linearly transformed by fully connected layer;
— Then two obtained codes are summed,;

— Final code is obtained by applying Relu activation function (Fig.4)

<:oxer
(@) Relu
e é\
| € | | fe |
A A
resp'onset Index a;
RNN LSTM
H, H, H; H, H, H,
4 4 4 4 4 4
RNN RNN -| RNN - e |4 Lt ‘
4 4 * 4
code, code, code, code, code, code,

(b) (c)
Figure 4. Response-action encoder (a) and state-refresher in the form of RNN (b) or LSTM (c)

State-refresher can be represented by RNN or LSTM (Figure 4b and Figure 4c), but it ap-
peared that more robust dynamically configured computations are learned with state refresher

with a short memory.

Figure 5 shows its hidden state structure and diagram of the update algorithm.

Hidden state
responce, mask
o 0 Index a, ::>
(a) responce, mask; (b) |:> S;+ 7 = concat(responses, masks)
response; :>
responce, mask,

Figure 5. State refresher with short memory. Hidden state structure (a) and the diagram of
its update algorithm (b) (Malashin, 2021)

Instead of encoding the state with hidden units, responses of every classifier are stored in a ta-
ble (short memory). The state representation is extended with a masks that are set to ones when
saving the corresponding classifier response into the response table. The masks provide a clear
marker of what classifiers had been already called; they help to avoid duplicate actions. The
size of a state-vector N x C x 2, where N is a number of responses to memorize and C is the
size of the response vector. At the beginning of an “episode”, both tables are filled with zeros.

In (Malashin, 2021) LAC is learned by the hybrid function (Malashin, 2021):
Loss = yLossg; + Losss, (7

where is reinforcement loss, and is standard cross-entropy loss with ground truth label, vy is
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hyperparameter. Reinforcement loss is a sum of action loss L__. and entropy-bonus L ;:

action

) Lossg, = Laction + Ly, )]
where o is another hyperparameter and L . has the following form (Malashin, 2021):
Laction = Zlk{ ZZ Ak,tlog [T[(ak,t |sk,t—1; ea)] , )

where K is the number of images in the batch, T is the number of actions taken in each
“episode”,  is action policy, 6, is vector of action generator’s weights, s, is hidden state
vector, A, = R ,—b(s, ,,) is advantage: an extra reward R over prediction of the baseline
network b agnostic to the action taken.

Formula (9) refer to A2C loss.
Entropy bonus has the following form (Malashin, 2021):

Ly = Yiz1e=210g[P(a;¢)|P(ase) + B Xk=1,i=1,e=1 Log[P(ax¢)|P(a,;) (10)
where f is hyperparameter, P(a, ,) is probability of selecting classifier i on step t averaged
across all K images in a batch. First term of (10) forces the agent to use different classifiers on
different steps in course of every episode, except the first step, because first step is context-
free and it’s ok to always start from the same action. Second term softens predicted action
distribution avoiding non-alternative decisions during training.

The reward for every episode r equals 1 if the image is classified correctly and 0, otherwise.
In the experiments (Malashin, 2021) number of allowed actions is less than a number of all
classifiers in the pool and, therefore, direct penalty for resource consumption is not necessary.

Malashin and Boiko (Malashin, Boiko, 2022) apply DQN for the sparse ensemble problem.
The problem has a straightforward formulation in terms of DQN. Single Q-network is respon-
sible for predicting values of actions two types:

— Index of the classifier to launch next;

— Index of predicted class image.

When Q-network selects action of the second type the recognition process stops. It appeared
that without applying additional heuristics DQN approach very inefficient, therefore authors
proposed hybrid DQN. The resulting modification of least action classifier is called QLAC.

For this, two modules are distinguished—a classifier selection module (Q-network) and a
decision maker, which are taught independently to solve individual problems. The decision
maker is responsible for predicting the label of the image given the state s, and the classifier
selection module is responsible for selecting classifiers from the pool to update the state. This
is very similar to the scheme depicted in Figure 3, but selection module is learned with bell-
man update instead of actor-critic loss.

To train the decision maker, which directly allows you to extract information about the class
label, the cross-entropy loss function is used. Prediction is formed from states formed by ran-
dom selection policy; these states can potentially occur with more advanced agent’s policy.
Random policy consists of choosing a random set of L responses to an image. The value L is
also chosen either randomly in the range from 1 to C, where C is the number of classifiers in
the pool. The module is trained to produce true image label from the states obtained from the
above algorithm. Figure 6 illustrates process of training hybrid DQN.
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Figure 6. Hybrid DQN scheme (QLAC) (Malashin, Boiko, 2022)

LAC u QLAC were tested on CIFAR-10 dataset. Pool of classifiers was obtained by randomly
sampling subsets of class indexes for training six individual classifiers according to formula

(6). Table 1 depicts information about trained classifiers.
Table 1. Classifiers in the pool (Malashin, 2021)

index | Classes of images that were | Test set accuracy (10
used for training classes),%
0 0,1,8,4 356
1 1,2,3,5,6,7,9 571
2 3,2,4 24.6
3 7.2 18.3
4 0,1,6,7,8,9 51.0
5 0,2,3,5 205

Results of training LAC and QLAC in the pool are depicted in table 2.
Table 2. LAC and QLAC performance (Malashin, 2021)

Number of steps | LAC (Malashin, 2021) | QLAC (Malashin, Boiko, 2022)
1 67.8 67
2 75.81 76.15
3 77.81 77.74
4 78.62 78.01
5 79.1 77.71
6 79.29 77.17

Table shows that the agent can incorporate information from multiple classifiers. We can also
see that LAC outperforms QLAC. Better performance of LAC comes at the cost of heavily
designed loss function which is much more complex and has more free parameters. QLAC
performance starts to drop when number of steps exceeds 3. This can be caused by overfitting:
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larger state space makes the model larger as a consequence.

To further analyze LAC results let’s consider the following setup:
— use smaller pool of 4 classifiers (for details refer to (Malashin, 2021));

— restrict number of actions available for the agent to 3.

In this case, LAC outperforms neural network trained on responses of any 3 of 4 classifiers
in the pool (by 2 %). That shows ability of LAC to exploit dynamic structure of computation.
Figure 7 shows visualization of the computational graphs of LAC trained with different pa-
rameters and respective accuracies on the test set.

Duplicate call of Index of classiﬁerq
classifier #3

Thickness of edge is proportional to probability

69.5 % accuracy 71.6 % accuracy 71.9 % accuracy

Figure 7. Computational graphs of trained Least Action Classifier. (a) LAC is trained with
inappropriate training parameters, (b) LAC is trained with proper hyperparameters, (c) LAC
with maximum accuracy on validation set

The computational graphs were constructed as follows:
— nodes are indexes of classifiers (actions);
— thickness of edge is proportional to the probability of the taken action.
As can be seen from the figure if the hyperparameters are chosen in such a way that final com-

putational graph is unfolded dynamically than it leads to accuracy boost. Maximal accuracy
corresponds to the dynamic computations without any duplicate actions.

Figure 8 demonstrates change in the policy during the course of training.
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Figure 8. Classifiers’ call frequency on test set during course of LAC training (2 actions)
(Malasin, 2021)
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Agent finds the best combination of classifiers easily but it takes a lot of epochs to reveal
good context-dependent dynamic configuration. On Figure 8 classifier 2 is ignored until the
twentieth epoch.

The ability to find dynamic context-dependent policies depends on the loss function and en-
tropy bonus (10) in particular. Figure 9 visualizes probability distribution of actions on each
of three steps.

Frp@ncy call
= /N
Step 1 —— T C)

Classifier index (action)

Step 2 (b)

(€)

Figure 9. Distribution of actions for each of three steps of LAC

First part of entropy bonus (10) ignores first step, and distribution stabilizes around classifier
#4 (Figure 9a). It looks reasonable to do so because agent knows nothing about the image and
in this case wants to use the most informative classifier all the time. This helps good initiali-
zation. In the begging of training action distribution on 2" and 3" step stabilizes around the
same classifier (Figure 9b and Figure 9c¢). This is related to the fact that decision maker is also
learned during training and at first epochs better accuracy can be obtained if the hidden state
1s more stable. Then entropy bonus forces agent to use different classifiers than classifier #4
and exploration of better policies continues. Later action distributions on step 2 and step 3
changes so that at the end of the training the agent totally ignores classifier #4.

Dynamic stop

There are two aspects to the dynamic configuration. The first aspect is the choice of suitable
modules for a particular example, and the second is the ability to stop further calculations
when a solution with acceptable quality is found (Bidencamp, 2020).

The second aspect can be especially useful for complex systems operating at a high level of
abstraction, with multi-modal data, operating in real time. LAC and QLAC work with a fixed
number of actions, so the following modification was proposed in (Malashin, 2022).

An additional module stop network was added to the architecture of least action. The stop net-
work takes a hidden state vector as input, and at its output there are two neurons, one of which
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generates a stop signal, and the second—a signal to continue calculations. Based on which
signal value is greater, a decision is made either to continue calculations or to stop them and
use the decision generated by the decision module in the current step. Architecture of LAC
with stop network is depicted in Figure 10.
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Figure 10. Least action classifier with stop network

The action selection network and the st