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Abstract: The use of  the fractal paradigm is presented - the main directions for introducing 
textures, fractals, fractional operators, dynamic chaos and methods of  nonlinear 
dynamics for the design and creation of  real technical projects in radio electronics - 
fractal radio systems, taking into account the hereditarity, non-Gaussianity and scaling 
of  physical signals and fields. The substantiation of  the use of  fractal-scaling and 
texture methods for the synthesis of  fundamentally new topological texture-fractal 
methods for detecting signals in the space-time channel of  scattering waves (a new 
type of  radar) is discussed. It is shown that the use of  fractal systems, sensors and 
nodes is a fundamentally new solution that significantly changes the principles of  
constructing intelligent radio engineering systems and devices. It is shown that the 
use of  computational dielectric metasurfaces brings to a new level all the functional 
characteristics of  a multifunctional system of  topological texture-fractal processing of  
signals and fields in solving classical problems of  detection, measurement, recognition 
and classification by intelligent radio engineering systems and devices. The concept 
of  "fractal engineering" is introduced, the methodology of  its use is discussed.
Keywords: fractal, texture, scaling, signature, target detection and recognition, radar, fractal 
aggregation, computational metasurface, nonlinear dynamics, radiophysics, fractal 
engineering
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1. INTRODUCTION
The description of  real processes occurring 
in modern radio-physical and radio-technical 
systems currently involves taking into 
account the hereditarity (memory), non-
Gaussianity and scaling (self-similarity, self-
similarity) of  physical signals and fields. All 
these concepts are included in the definition 
of  fractal sets or fractals, first proposed by 
B. Mandelbrot in 1975 [1,2].

At the Kotelnikov Institute of  
Radioengineering and Electronics of  the 
Russian Academy of  Sciences (IRE RAS) 
from 1979 to the present, research has 
been initiated and is being developed in the 
fundamental scientific direction "Fractal 
radio physics and fractal radio electronics: 
design of  fractal radio systems". The 
obtained results allow us to speak about 
the Russian school of  fractal engineering 
and fractal engineering in the field of  radio 
electronics. The purpose of  this work is to 
review the formation of  this school on the 
examples of  the main results of  the research 
carried out at the IRE RAS.

ALEXANDER A. POTAPOV RADIOELECTRONICS

2. REVIEW OF THE MAIN RESULTS 
OF THE IRE RAS IN THE FIELD OF 
FRACTAL RADIO ELECTRONICS
2.1. primary information radio systems

Primary radiophysical information comes from 
various modern radio systems in the form of  
a one-dimensional signal and/or radar image 
(RLI) - Fig. 1. Here, SAR is a synthetic aperture 
radar; UAV is an unmanned aerial vehicle. 
MIMO (Multiple input-multiple output) spatial 
signal coding technology generally implies that 
each radio device participating in data exchange 
will have several spatially distributed weakly 
correlated receiving and transmitting antennas. 
The main idea of   fractal MIMO radars is the 
use of  fractal antennas and fractal detectors [3-
6,16,17,24-30].

The ability of  fractal antennas to operate 
simultaneously at several frequencies or emit 
a broadband probing signal gives a sharp 
increase in the number of  degrees of  freedom, 
which determines many important advantages 
of  this type of  radar and greatly expands the 
possibilities of  adaptation.

To reflect these features, a new term 
"fractal-frequency MIMO systems (FF 

Fig. 1. Radio systems of  initial primary information (fractal 
radar and fractal MIMO radar included).
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MIMO)" has been introduced, which more 
fully reflects their physical capabilities.
2.2. ensembles of topoloGical texture-
fractal features

All currently existing new dimensional 
and topological (and not energy!) features 
or invariants and methods for detecting 
subtle objects against the background of  
intense reflections from the sea, land and 
meteorological precipitation are compactly 
presented in Fig. 2. Functional relationships 
between various features and methods 
are also noted here. Data Fig. 2 logically 
continue the data of  Fig. one.

Thus, the introduction of  the concepts 
of  "deterministic chaos", "texture", "fractal", 
"fractal dimension D" and "fractal signature 

Fig. 2. Topological features and methods for detecting low-contrast 
(inconspicuous) objects against the background of  intense noise and 

interference.

D(t,f)" into the scientific use of  radar made it 
possible to propose and then apply new non-
energetic (!) signs or invariants (Fig. 2), which 
are combined under the generalized concept of  
"sample topology" ~ "fractal signature". Their 
application is widely and in detail presented 
in articles and monographs [3-17,21-30]. 
Data Fig. 2 are based on long-term full-scale 
experiments that were carried out jointly with 
the Central Design Bureau "Almaz" and other 
leading industrial organizations of  the USSR, 
starting from the now distant 80s. XX century 
[31].
2.3. development of fractal 
technoloGies

On Fig. 3 and Fig. 4 schematically shows 
the main stages of  fundamental research in 
texture and fractal areas. Here, compared with 
the data for 2021 [23], in the diagram below 
Fig. 3, two additional and very important 
sections appeared – "Fractal complexing 

Fig. 3. A sketch of  the development of  breakthrough fractal 
technologies (this includes results related to texture): FNORS 
– fractal non-parametric radar signal detector, FOS – fractal 

signal detector.
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of  radar images" and "Computational 
metasurfaces, photonics", and in Fig. 4 – 
section "Structural-parametric synthesis 
of  systems of  topological texture-fractal 
processing (TTFP)". On the first topic 
(Fig. 3), together with co-authors-students 
from the Air Force Acad. Professor N.E. 
Zhukovsky and Yu.A. Gagarin received a 
patent of  the Russian Federation [32] and 
published a number of  articles [33-37].

On Fig. 4, one additional and very 
significant section appeared – "Structural-
parametric synthesis of  topological 
texture-fractal processing systems (TTFP), 
2021." [35]. The presented scheme of  
structural-parametric synthesis allows us 
to speak about the optimality of  TTFP of  
multidimensional images, since the efficiency 
criterion is the maximum of  one or several 
probabilistic characteristics simultaneously 
– classification (segmentation), detection or 
recognition, depending on the tasks solved 
by the system.
2.4. a new class of topoloGical texture-
multifractal features

For the proposed structural-parametric 
synthesis, we for the first time and specifically 
proposed in [37] a fundamentally new class 
of  topological textural-multifractal features 
that allow us to jointly evaluate various 
fractal texture properties. In this case, all 
issues of  joint estimation of  scaling, singular, 
multifractal and anisotropic properties of  

the texture of  images of  any kind are solved. 
We called this class of  features a directed 
morphological multifractal signature (DMMFS) 
[37].

The calculation of  the DMMFS begins 
with the calculation of  local morphological 
multifractal indices (LMMFI) Lq(ε,r) for the 
required number of  angular directions of  
analysis rmax of  the processed image I(m,n), 
here m = 1, 2, ..., M, n = 1, 2 , ..., N are the 
number of  rows and columns, respectively. 
In this case, an array of  corresponding 
values is formed in the "direction-scale" 
coordinates for each order of  the scaling 
moment q, where –∞ ≤ q ≤ ∞, q ≠ 0.

The calculation of  the generalized 
statistical sum Z(q,ε,r) for each direction 
of  analysis r (r = 1, 2, ..., rmax) is carried 
out according to the generated set of  
"upper" {Uε,r(m,n)} and "lower" {Xε,r(m,n)} 
of  "coverings" obtained as a result of  
morphological processing (dilation and 
erosion, respectively) of  the array {Br(m,n)}, 
rotated by the required number rmax of  the 
angular positions of  copies of  the original 
image using the set "flat" horizontally 
oriented structural elements {Yε, ε = 1, 2, ..., 
E}, whose length w (w = 2ε + 1) corresponds 
to the analyzed scale. The generalized 
partition function Z(q,ε,r) of  the qth order 
on each analyzed scale ε for each rotated 
image Br(m,n) is determined by the following 
relationship

( )

( )

1

, ,
1 1

( , , ) (2 ) ( , ) ( , )

( , ) ( , ) ,

q

M N q

r r
m n

Z q r V r V r
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= =

= ×

 × − 
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, ,
1 1

( , ) ( ( , ) ( , ))
M N

r r
m n

V r U m n X m nε εε
= =

= −∑∑  (2)

is the "volume" of  the image surface 
Br(m,n) on the scale ε enclosed between the 
corresponding coatings.

RADIOELECTRONICS

Fig. 4. The concept of  fractal radio systems, sensors, devices 
and radio elements.
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The determination of  the multifractal 
signature (MFS) Sq,r is carried out by 
calculating the values of  the LMMFP, 
measured between adjacent analysis scales 
by the expression

1 ( , 1, )( , ) log log ,
1 ( , )q

Z q rL r
Z q

ε εε
ε ε

− + =  + 
 (3)

followed by the formation of  an array
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where 1 2 max( ) ( , r ) ( , r )  ( , r )
T

q q q qL L Lε ε ε ε =  L   
is the column vector of  the LMMFP for rmax, 
the number of  rotations of  the qth order for 
the analysis scale ε and [ ]

T
  is the transposition 

operator. Next, the prevailing orientation 
directions of  the texture elements are 
determined on the corresponding analysis 
scales based on the approximation by ellipses 
of  the set of  LMMFP values {Lq(ε,r)} 
formed for a given index q in the polar 
coordinate system, and the determination 
of  the ellipticity parameters kel(q,ε) and 
the angle ( , )qψ ε ellipse tilt. All further 
mathematical operations and notation are 
given in [37].

The results of  image processing (Fig.  5) 
from an array of  real radar images showed 
that the segmentation accuracy using 
NMMFS turned out to be 24.8–63.5% 
higher compared to the accuracy achieved 
using MMFS.

The use of  the developed class of  
topological features of  DMMFS in 
segmentation problems provides an 
increase in the differentiation accuracy 
when processing anisotropic images up 
to 86.5% and improves the segmentation 
accuracy by 35.6% when processing images 

with multifractal properties. In the case 
when the only differentiating characteristic 
for segmented images is information about 
the angular dependence of  their texture 
elements, the segmentation accuracy 
increases by 78%. The use of  a new class 
of  topological features in RLI segmentation 
problems improves the accuracy of  their 
differentiation up to 63.5%.
2.5. fractal aGGreGation of radar 
imaGes obtained by multiband sar
Despite the current existence of  methods, 
methods and algorithms for texture-fractal 
processing of  two-dimensional images, 
the problem of  efficient integration of  
multidimensional radar images has not yet 
been solved (see Fig. 6a,b and Fig. 7).

Taking into account the results of  a 
statistical analysis of  the brightness values 
and fractal dimension D of  two-dimensional 
radar images in [32-35], we proposed a 
new method for complexing radar images 
obtained by multiband SAR. Multifractal 
aggregation is based, in contrast to the 
known ones, on the simultaneous calculation 
of  local multifractal dimensions by the 
sliding window over all initial radar images 
by the method of  iterative coverage, and 
can significantly increase the information 
content of  images, estimated by entropy. 

FRACTAL APPLICATIONS IN RADIO ELECTRONICS 
AS FRACTAL ENGINEERINGRADIOELECTRONICS

Fig. 5. Results of  fractal segmentation of  rural radar data 
(a), performed by an expert manually (b) and using the 
(Fuzzy C-Means) algorithm using the features of  MMFS (c) 

and NMMFS (d) [37].

                    c                                         d

                    a                                         b



220

No. 3 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

ALEXANDER A. POTAPOV

The use of  this method can significantly 
increase the information content of  radio 
systems, especially in the case of  jamming 
and masking objects in some or all frequency 
ranges.

In general, the scheme of  structural-
parametric synthesis of  systems for 
optimal texture-fractal processing of  
multidimensional images is shown in Fig. 8 
[35]. Here Rpsegm, Rpo, Rpsp are the probabilities 
of  correct segmentation, detection and 
recognition.

The presented scheme of  structural-
parametric synthesis allows us to speak about 
the optimality of  texture-fractal processing of  
multidimensional images, since the efficiency 
criterion is the maximum of  one or several 
probabilistic characteristics simultaneously 
– classification (segmentation), detection or 
recognition, depending on the tasks solved 
by the system.

2.6. selected classical examples of 
fractal processinG

Let us present selected experimental results 
of  TTFI of  multidimensional signals 
from objects of  different physical nature 
(Fig. 9-14).

In particular, in Fig. 14 shows the unique 
multifractal characteristics of  high-altitude 
discharges in the ionosphere. Every day, 4 
million lightning strikes the sky, about 50 every 
second. And above the lead thunderstorm 
fronts, in the upper atmosphere, a light 
show of  "ghost lightning" unfolds: blue jets, 
red-violet sprites, red rings of  elves soaring 
in the sky. These are discharges of  very high 
energy, which strike not into the ground, 
but into the ionosphere!

RADIOELECTRONICS

Fig. 8. Scheme of  structural-parametric synthesis of  the 
system of  texture-fractal processing of  multidimensional 

radar images [35].Fig. 6b. Model of  Radar Data Cube Formation [35].

Fig. 6a. Model for storage and analysis of  multi- and 
hyperspectral data [35].

Fig. 7. Model for the formation of  a multidimensional cube 
of  radar data [35].
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                   a                                        b

             c                         d                       e
Fig. 9. Fractal image processing of  the F117 aircraft image 
– (a): (b) image of  the F117 aircraft in noise at q02 = –3 dB, 
(c) example of  fractal nonparametric filtering (FPF) of  the 
aircraft image at the current value (1) ,D X∝  (d) example 
of  the image FPF of  the image aircraft at the current value 
D(2) > D(1), (e) – an example of  the FTF of  an aircraft 
image at the value D(3) > D(2) > D(1); everywhere on the 

right is the current paretian D.

The history of  their discovery is very 
interesting. Sprites, for example, were 

                   a                                        b
Fig. 11. Delta of  the Selenga River in the PALSAR SAR 
image (left), the result of  fractal processing (right); wavelength 

23 cm, spatial resolution about 7 m.

          a                 b                   c                   d
Fig. 12. UAV images of  the terrain with moving cars (a) 
and mountainous terrain with a tunnel (c) and the results of  

filtering according to estimates D (b, d).

                                       a

             b                          c                          d

               e                              f                        g
Fig. 14. Dynamic fractal structures in the atmosphere - (a), 
sprite (shooting from a spacecraft - USA, NASA) - (b); 
jet (IR - survey from spacecraft - China) - (f); multifractal 
filtering of  the sprite image: map D = 2.3 – (c); map D = 
2.6 (d); map D = 2.8 (e); fractal filtering of  the jet image: 

map D – (g); KA is a spacecraft.
discovered by accident on the night 
of  July 5-6, 1989 in the United States. 

FRACTAL APPLICATIONS IN RADIO ELECTRONICS 
AS FRACTAL ENGINEERINGRADIOELECTRONICS

Fig. 10. An example of  distinguishing types of  earth surfaces 
by the field of  fractal signatures D (left) and the empirical 
distribution D (right) during segmentation by D of  land cover 

textures on radar imagery.

                   a                                       b

Fig. 13. An example of  solving the problem of  fractal 
clustering of  an X-ray image (a) by the value of  the estimate 
of  the fractal dimension D (b) and fractal contour detection (c).

             a                         b                       c
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High-altitude electric discharges (20-100 
km) are divided into several main types: 
elves, jets, sprites, halos, etc. They clearly 
confirmed the existence of  a global electric 
circuit (GEC) on our planet and provided 
new opportunities for its study. This 
literally shocked specialists in astronomy, 
atmospheric electricity, radiophysics, 
atmospheric acoustics, gas discharge physics 
and aerospace safety. On maps of  fractal 
dimension (Fig. 14), external, basic and 
hyperfine structures are clearly distinguished. 
Dynamic spatiotemporal features and sprite 
morphology can be explained, in particular, 
by the multifractal geometry of  discharges 
and percolation. Here, modeling based on 
fractal labyrinths is also applicable, which 
well reflect the physics and morphology of  
such ionospheric structures. By the way, the 
data in Fig. 14 are the world's first results of  
fractal processing of  such structures, which 
at one time caused a stir at radar conferences 
in the USA and China.

Conclusion: numerous results (SAR, 
UAV(unmanned aerial vehicle), medicine, 
space, mechanical engineering, etc.) show 
that fractal processing methods improve the 
quality and detail of  objects and targets in 
active and passive modes by about several 
times. These methods can be successfully 
used to process information from space, 
aviation systems, low-observable high-
altitude pseudo-satellites (HAPS) or detect 
HAPS and UAV clusters, synthesized space 
antenna clusters, space debris, etc.

2.7. radar equation for a fractal 
tarGet

In [14], questions of  the general theory 
of  multiple scattering of  electromagnetic 
waves in fractal discrete randomly 
inhomogeneous media are considered in 
detail on the basis of  modifications of  the 

classical Foldy-Tverskoy theory. An integral 
equation is obtained for a coherent field and 
the second moment of  the field for a fractal 
scattering medium.

Based on the developed theory, the 
value of  the backscattered signal from the 
fractal medium [4,14] was calculated using 
the classical radar equation. The received 
signal power Ps is determined by the radar 
equation.

Here we end up with two cases:

• for the far zone and a flat fractal target 
(Euclidean dimension E = 2); then

4

1 ,s DP
r −∝  (5)

• for the far zone and volumetric fractal 
target (Euclidean dimension E = 3); then

5

1 .s DP
r −∝  (6)

Here r is the distance to the target. The 
results (5) and (6) show that the reflected 
radar signal can be used to estimate the 
fractal dimension D of  the probed fractal 
medium or fractal target (such as a dynamic 
layer of  snow, rain, etc.).

Similarly, on the basis of  (5) and (6), 
one can obtain a solution for anisotropic 
disordered large fractal systems: cascades 
of  fractals nested into each other, graphs 
from chains of  fractals, percolation systems, 
nanosystems, space debris, clusters of  
UAVs, or small-sized space satellites (SSCs), 
including mini- and microclasses, dynamic 
synthesized space antenna constellations 
(cluster apertures), low-observable high-
altitude pseudo-satellites (HAPS), spatially 
distributed space systems (clusters) from 
small SSCs for solving problems of  
monitoring emergency situations, etc.

RADIOELECTRONICS
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3. COMPUTATIONAL DIELECTRIC 
METASURFACES AND TTFS
Continuous improvement of  topological 
texture-fractal processing (TTFP) of  
signals and fields in modern radio physics 
and radio electronics implies a constant 
improvement in the speed of  information 
processing and the search for new physical 
principles for its implementation. Here, 
undoubtedly, the future belongs to photonic 
and radio-photonic technologies. Below are 
selected results in the field of  photonics, 
radiophotonics, computational meta-optics 
and 2D dielectric metamaterials (MM) or 
computational metasurfaces (MS), which were 
obtained by us with Chinese scientists 
at the Joint Laboratory of  Information 
Technology and Fractal Signal Processing 
of  Jinan University in Guangzhou, China 
for period 2019-2021. The results have been 
published in leading international scientific 
journals [38-45] in the USA and Switzerland. 
It should be noted that China has a special 
state program, and in 2015 China became 
the world leader in terms of  production of  
photonics devices.
3.1. principles

The concept of  computational metamaterials 
was first introduced in 2014: computational 
MMs are metamaterials that can perform 
desired mathematical operations on 
arbitrary wave signals as they propagate 
through them. By designing the geometry 
of  dielectric metasurfaces (MS), optical 
analog computing devices with various 
functions, such as spatial differentiators, 
integrators, equation solvers, etc., can be 
obtained. The most common are MMs, in 
which the structure of  the elements (meta-
atoms a few nanometers in size), the size, 
and the distance between the elements are 
much smaller than the wavelength of  the 
exciting field. In this case, the result of  the 

interaction of  individual elements leads to 
the fact that the properties of  the MM are 
determined not so much by the properties 
of  its constituent elements, but by an 
artificially created periodic structure.

MSs as a typical device prototype consist 
of  artificial subwave structures over flat 
surfaces of  a dielectric material, which 
facilitate flexible control of  the amplitude, 
phase, and polarization of  electromagnetic 
waves. The use of  diffuse and transmissive 
MMs for optical analog computing paves the 
way for the realization of  fully integrated 
spatial filtering devices. It can be said that 
MT is the root of  many fascinating topological 
phenomena in physics and exotic manipulations 
with waves.

Despite the huge interest in MS and the 
presence of  a large number of  English-
language reviews, this issue is practically not 
covered in the Russian-language literature, 
with rare exceptions. Multipole resonances of  
dielectric nanoparticles provide a promising 
way to tune the optical transfer function 
(OTF) of  an MS. Compared to plasmonic 
structures, dielectric nanostructures can 
not only solve the problem of  losses and 
increase the efficiency of  the MS, but also 
facilitate the control of  light scattering 
and propagation. In addition to resonant 
schemes for realizing spatial differentiation 
and image edge detection, non-resonant 
schemes such as spin-orbit interaction in 
Pancharatnam-Berry phase MSs have been 
investigated for image edge detection. The 
use of  dielectric MMs instead of  classical 
plasmonic structures reduces ohmic 
(thermal) losses and makes it possible to 
control not only the electric, but also the 
magnetic component of  the light wave. In 
other words, due to the free penetration of  
the electromagnetic field into dielectrics, 

FRACTAL APPLICATIONS IN RADIO ELECTRONICS 
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such nanostructures have both electric and 
magnetic Mie resonance.
3.2. desiGn

Next, we present the design of  a polarization-
insensitive MS. Our papers present a way to 
implement high-performance optical MSs 
that perform isotropic and polarization-
insensitive edge detection on an arbitrary 
2D image [39,40,43,44].

The implementation of  the Laplace 
operation as optical analog computing has 
recently attracted attention, and a compact 
device with high spatial resolution has not 
yet been invented. The spatial differentiation 
operation is important in image processing 
and its applications such as sharpening and 
edge-based segmentation. In this case, the 
Laplacian, the simplest operator of  the 
isotropic derivative in two dimensions, is 
of  particular importance. Here we would 
like to emphasize that our device operates 
in transmission mode, while almost all 
previous ones usually worked in reflection 
mode. Transfer mode operation is important 
for image processing because this device 
can be used directly as the first layer of  a 
recognition system and in image processing 
applications.

We have proposed a Laplace metasurface 
that can perform almost perfectly the Laplace 
operation for different configurations of  the 
incident light field – Fig. 15. The proposed 
Laplace MS is based on the excitation of  a bound 
state in a continuum, which has demonstrated 
exotic optical properties. The unit cell 
(metaatom) consists of  a silicon brick (blue) 
with a thickness h = 163 nm and a bottom 
glass substrate (gray). On the right in Fig. 15 
is a top view of  the unit cell. The period is 
a = 331 nm, the width of  the silicon brick 
is d = 251 nm. Four square voids s = 33 nm 
wide are located in the center of  all edges.

The highly symmetric mode profile 
provides an almost isotropic Laplace OTF. 
The proposed Laplace MS can be configured 
to operate at different wavelengths in 
transmit mode, which is advantageous 
for applications in optical computing, 
medical diagnostics, machine vision, and 
more. We emphasize that although we are 
everywhere talking about the scattering of  
electromagnetic waves, the results presented 
can be easily transferred to the case of  
scattering of  waves of  a different nature, 
for example, acoustic waves.
3.3. results

One of  the applications of  the Laplace 
operation is to detect the edges of  
problematic targets, etc. on the image. We 
demonstrate that Laplace's proposed MS 
[44] can be used for traffic sign recognition, 
which is critical for automated driving 
(Fig. 16).

We also used a typical QR-code as an 
input 2D image since QR-codes are now 
important in our daily life and edge detection 
for them plays a critical role in QR-code 
region detection (Fig. 17a). The QR-code 
we have chosen carries information about 
the Chinese hieroglyph meaning "Light". 
Through the processing procedure discussed 

RADIOELECTRONICS

Fig. 15. (a) Dielectric Laplace MS transforming the input 
two-dimensional space function into another function as the 
Laplace operator; (b) Unit cell of  the Laplace dielectric MS; 
(c) Transmission spectra of  the Laplace MS at various angles 

of  incidence along the x direction for the p-wave.
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in this context, we can obtain the results 
from the ideal Laplace operation and from 
the Laplace MS, which are shown in Fig. 17b 
and Fig. 17c.

Due to the limited volume of  this article, 
here we only briefly list other areas of  
photonics, which are also studied in our joint 
papers [38-45] and are presented in detail 
there. These are: control of  light scattering 
by nanoparticles using magnetoelectric 
coupling and zero backscattering (the 
theory of  light scattering by nanoparticles 
and electromagnetic multipoles, numerical 
simulation, verification experiments in 

the frequency range from 4 to 7.5 GHz) 
[38,41,42]; strong optomechanical coupling 
in chain waveguides made of  silicon 
nanoparticles with quasi-bound states in 
a continuum (photon-phonon interaction 
with microstructures) [45], etc.

The use of  computational dielectric MSs as 
a whole brings to a new level all the functional 
characteristics of  the multifunctional system 
of  topological texture-fractal processing (TTFP) 
of  signals and fields proposed by us at the 
end of  the 20th century in solving classical 
problems of  detection, measurement, 
recognition and classification by intelligent 
radio engineering systems and devices. 
So, the continuum of  all the data in Fig. 1-17 
shows our use of  the fractal paradigm 
to create real technical projects in radio 
electronics.

4. FRACTAL ENGINEERING 
AND PHILOSOPHY OF FRACTAL 
ENGINEERING
As you know, the use of  scientific principles 
for the design and creation of  real technical 
objects and structures is a field of  human 
activity called engineering. Currently, on 
the basis of  the results of  modern science, 
technology (technologies) and engineering, 
the world is showing an active interest in 
posing problems of  the philosophy of  

FRACTAL APPLICATIONS IN RADIO ELECTRONICS 
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Fig. 17. (a) Input image consisting of  a QR code; (b) the output image of  the ideal Laplace operation; (c) exit from the Laplace 
MS. All images are a light intensity profile; the pixel sizes are set to 2.88λ.

Fig. 16. (a) Color image of  a road sign; (b) The corresponding 
grayscale image as input; (c) and (d) Output image from the 
ideal Laplace operator and Laplace MP for (b), respectively.
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engineering. In 2002, the Chinese scientist 
Li Bocun published the book "Introduction 
to the Philosophy of  Engineering" [18], 
then in 2003 the American scientist Luis 
Buchiarelli published the book "Philosophy 
of  Engineering" [19]. In [18], the concept 
of  "three principles" (science, technology, 
engineering) was introduced, in which they 
were clearly separated. More than fifty 
categories of  philosophy of  engineering 
(plan, decision-making, goal, drawing up a 
plan, etc.) were considered, and the problems 
of  philosophy of  engineering were analyzed 
[18,20].

This article proposes the concepts of  
"fractal engineering" in the hope of  contributing 
to the problems of  the philosophy 
of  engineering. The triad of  science, 
technology and engineering (of  course, 
using fractals as an example), regardless 
of  the aforementioned Chinese book on 
the philosophy of  engineering [18], was 
presented by the author 10 years ago in 
Issue No. 1 of  the RENSIT journal for 
2012 – all 142 pages of  the issue were given 
to two large articles [46,47] (essentially a 
book; thanks to RENSIT Editor-in-Chief  
for that).

Here it seems appropriate to also present 
the results on fractal antennas obtained 
by us at the end of  the 20th century. In 
1988, the author, together with the Almaz 
Central Design Bureau, carried out the first 
development and design of  such unusual 
(for that time) fractal antenna structures 
(in particular, an operating model of  a 
fractal slotted antenna array was made in 
the millimeter and centimeter wave range 
(MMW and SMW) for a portable solid-
state dual-frequency coherent radar based 
on parametrons with a complex phase-shift 
keyed signal of  an extra-large base (patent 
[54]). This digital radar (the size of  a small 

case) was installed on a helicopter, and 
the author worked with it for a long time 
and received the first radar images of  land 
covers and objects (Fig. 18 [3-5,7,31,49-54]. 
And before that it was also necessary to be 
able to strictly calculate the parameters of  
a unique two-frequency fractal receiving-
transmitting antenna for two bands and then 
to make several almost industrial samples.

It should be noted that it was on this 
radar that the author first studied the 
fractal properties of  code M-sequences 
with a period of  up to 220 – 1 (the base of  a 
complex signal on MMW is up to 1048576). 
The quantization of  the input signal in the 
radar took place in the stochastic number 
system. The signal represented by such a 
code exhibits its fractal properties. Like a 
hologram, any fragment of  which carries 
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Fig. 18. Portable digital solid-state dual-frequency coherent 
radar based on parametrons with a complex phase-shift keyed 
signal of  an extra-large base and with a fractal slit grating in 
the MMW and CMW ranges (a) and some results of  field 
tests of  the radar: (b and c) – the first radar images at a 
wavelength of  8.6 mm; (d) are the characteristic shapes of  the 
envelope of  the signal reflected by the ground cover; (e) – an 
example of  a reference synthesized map of  an inhomogeneous 
terrain in terms of  energy, textural and fractal features; (f) is 
the average effective scattering area as a function of  frequency 
for horizontal (H) and vertical (V) polarizations, 1 and 
2 are the data of  the author, who participated in the field 

experiment as a "located object" [31,49-54].
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information about the complete object, 
any fragment of  a stochastic code contains 
information about the amplitude of  the 
quantized signal [31]. Then, on this module, 
a new radar method based on the Radon 
transform was also implemented for the 
first time [5,7,31,49-52,54].

All this is actually fractal engineering and 
fractal engineering with elements of  the 
philosophy of  engineering. We can say that 
that time, namely, the 80s of  the XX century, 
was the beginning of  the birth of  the 
Russian philosophy of  fractal engineering 
and fractal engineering! And it was a serious 
and advanced project in the great USSR.

5. CONCLUSION
The global fractal method was created 
and demonstrated in many ways in the 
published works of  the author and directly 
in the references to this work. As a result, 
a new semantic space has been formed in 
the scientific world with its properties and 
tasks unusual for classical radiophysics, 
radio engineering and radar. I consider the 
problem of  "sample topology" [3-5] to 
be one of  the most important in all radio 
electronics, and at the same time I am 
convinced that without fractality and scaling, 
the entire classical theory of  detection and 
recognition of  multidimensional signals in 
the future will lose its causal significance 
for the fundamental concepts of  signal and 
noise.

The performed studies are a priority in 
the world and serve as a basis for further 
development and substantiation of  the 
practical application of  topological fractal-
scaling and texture methods in modern 
radiophysics, radar, nanotechnology and 
photonics, as well as in the improvement 
of  fundamentally new and more accurate 
topological texture-fractal optimal methods 

for detecting and measurement of  signal 
parameters in the space-time radar and 
navigation channel of  propagation of  waves 
with scattering [3-17,21-37,46-59].

The use of  fractal systems, sensors and 
nodes is a fundamentally new solution 
that significantly changes the principles 
of  building intelligent radio engineering 
systems and devices. Fractal processing 
methods improve the quality and detail of  
objects and targets by several times.

Computational meta-optics is 
revolutionizing hardware with the 
advantages of  ultra-fast speed, ultra-
low power consumption, and parallel 
information processing in general-purpose, 
including fractal, applications. The recent 
advent of  metasurfaces has made it possible 
to fully manipulate electromagnetic waves 
at subwavelength scales, promising feature-
rich, high-performance, compact, and flat 
optical processors.

The author expresses his sincere gratitude 
to the Chinese scientists with whom they 
jointly completed and published articles on 
photonics and computational metaoptics 
in leading international scientific journals 
[38–45].
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Abstract: The results of  numerical simulation of  low-voltage logic gates based on silicon 
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diameter of  the working area are presented. Changing the geometry of  the working area from 
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Numerical studies of  conical prototypes were carried out using mathematical simulation 
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and p-type nanotransistor models developed by TCAD. The simulation results demonstrate 
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a low leakage current and a slope of  the subthreshold characteristic close to the theoretical 
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1. INTRODUCTION
Modern trends in scaling CMOS 
nanotransistors a priori lead to a decrease in 
the distance between the source and drain, 
reducing the controllability of  the gate and 
violating the classical potential distribution, 
which thereby worsens the carrier transfer in 
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the transistor's working area [1-3]. Despite 
this, further scaling and improvement of  
the design of  CMOS transistors continues 
to improve the performance of  integrated 
circuits [4]. Various technological and 
topological solutions are used to level the 
degradation consequences of  scaling [5-9]. 
For example, heterogeneous alloying or the 
use of  gate materials with different output 
operation. The undoubted success of  these 
solutions is always associated with a great 
complication (a sharp rise in price) of  the 
technological process of  manufacturing 
chips [4]. In this paper, we consider a new 
approach to overcome the effects of  scaling 
associated with changing the geometry of  
the transistor's working area. As a result, 
its performance may increase, as well as 
compensate for scaling limitations, in 
particular due to short-channel effects 
(SCE).

Silicon-on-insulator (SOI) structures have 
been recognized as the basic material for the 
development of  nanoelectronics. In order 
to effectively use the area occupied by the 
SOI transistor, the transistor channel can be 
induced over the entire surface of  the working 
area – a 3D channel [10,11]. In this paper, 
the cylindrical architecture of  the CMOS 
nanotransistors with a surrounding gate and 
with a variable diameter of  the working area in 
the form of  a truncated cone is investigated. 
In this case, from the drain side, the diameter 
of  the working area is smaller than its diameter 
from the source side. This technique achieves 
the screening of  the drain, which reduces 
the influence of  hot media. As a result, the 
transistor current in the open state increases 
[10,12]. In addition to this, this design is 
characterized by significant SCE suppression 
and a low capacitance value.

In this paper, the potential application of  
the proposed architecture of  the SOI CMOS 

nanotransistor for the development of  low-
voltage logic gates are investigated. To solve this 
problem, their electrophysical characteristics 
are optimized using mathematical modeling 
carried out in the TCAD instrument-
technological modeling software environment 
[13] based on the TCAD models of  n- and 
p-types of  nanotransistors developed here, 
and the dynamic characteristics of  logic gates 
with low supply voltage are analyzed.

2. TRANSISTOR PROTOTYPE 
STRUCTURE
On Fig. 1 shows the 3D architecture of  a 
silicon cylindrical CMOS nanotransistor with 
a conical working area and a surrounding 
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Fig. 1. A sketch of  a silicon cylindrical surrounding gate 
SOI CMOS nanotransistor with a working area in the 
form of  a truncated cone. Here 1 is a silicon substrate, 2 
is a silicon oxide film, 3 is a source, 4 is a drain, 5 is a 
working area, 6 is a gate dielectric, Lds is the length of  the 
drain (source), Dmax is the diameter of  the working area. 
areas from the source side, Dmin is the diameter of  the 
working area from the drain side, the z axis is directed 
from the source to the drain, the origin is on the upper face 

of  the source.
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gate. The working area of  the transistor is 
a truncated cone with a height of  Lg. It is 
completely covered by a silicon oxide film (a 
gate dielectric) with a thickness of  tox. The 
working area is limited to the source and drain 
areas. The entire structure is placed on a SOI 
substrate with a thickness of  tsub and a thickness 
of  silicon oxide tSiO2.

It is well known that when scaling 
cylindrical transistor structures, only a 
decrease in the diameter of  the working 
area (D) leads to a decrease in the transistor 
current [14]. At the same time, in order to 
suppress SCE in a cylindrical architecture, the 
connecting geometric parameters must be 
met: 8.6g oxL Dt≤  [11,15].  At the same time, 
the diameter of  the working area is scaled 
more easily than the thickness tox, which 
determines both the breakdown voltage at 
the gate and the level of  the tunnel current of  
the gate [11]. The competitiveness of  these 
factors was determined by the development 
of  the design of  the working area of  a 
cylindrical SOI CMOS nanotransistor with 
a working area in the form of  a truncated 
cone, with the help of  which the restriction 
on parameter D is removed. In this case, 
from the source side for a large diameter 
(or Dmax), the condition for suppressing the 
SCE is not fulfilled, and from the drain side 
for a small diameter (Dmin), it is fulfilled. 
At the same time min( )

g

DD z D z
L
∆

= −  и ∆D < Lg, 
where ∆D = Dmax – Dmin. This task is solved 
for the minimum possible Lg, Dmax, Dmin 
and low-alloy workspace. The requirement 
for the doping level is important, because 
a low level ensures approximately uniform 
distribution of  carriers over the entire cross-
section of  the working area. As the channel 
doping increases, the carrier potential on its 
surface will be greater than in the center of  
the working area. This will pull the electrons 
to the surface and lead to a deterioration in 

the flow of  current in the narrowing part of  
the working area at the drain.

3. PROTOTYPE MODEL
Computer simulation of  the electrophysical 
characteristics of  transistor structures was 
carried out using the DESSIS program of  
the ISE TCAD package [13]. A TCAD model 
has been developed for a silicon cylindrical 
surrounding gate SOI CMOS nanotransistor 
with a working area in the form of  a truncated 
cone. The "vertical" was considered (see 
Fig. 1) a design variant taking into account 
the surface recombination of  charge carriers 
by the Shockley-Reed-Hall mechanism, high 
degradation of  field mobility and without 
taking into account quantum effects [16,17]. 
In our calculations, the diameter D varied, the 
gate length Lg is fixed. The floating base effect 
is compensated by the choice of  the D range. 
It should be borne in mind that with a decrease 
in diameter, the capacitance of  the drain-source 
junction decreases, the threshold voltage (Uth) 
increases accordingly and, consequently, the 
response time of  the transistor [8]. The level 
of  doping of  the source and drain is limited 
by an exponential increase in the direct tunnel 
current between the source and drain and a 
decrease in the breakdown voltage [16,18]. 
The boundaries of  the working area and the 
source/drain are sharp. There is no overlap 
between the gate and the source and drain 
areas. The thickness of  tox is set in such a way 
as to exclude the influence of  the constant 
tunnel current of  the gate

In the course of  numerical experiments, 
prototypes with different Dmax/Dmin ratios 
were analyzed. The main model parameters of  
the prototypes are given in Table 1.

The following designations are accepted 
in Table 1. Here Nds is the source and drain 
doping concentration, tg is the thickness 
of  the polysilicon gate, vSRH is the rate of  
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surface recombination by the Shockley-
Reed-Hall mechanism, tSRH is the lifetime of  
non-basic charge carriers by the Shockley-
Reed-Hall mechanism.

4. TRANSISTOR PROTOTYPES 
SIMULATION
Simulation of  the electrophysical characteristics 
of  prototypes of  SOI CMOS nanotransistors 
with cylindrical geometry, a surrounding gate 
and a conical working area was carried out in 
the range of  control voltages from 0 to 0.6 V.

On Fig. 2 shows the longitudinal profiles of  
the surface potential of  prototypes of  conical 
CMOS transistors with different diameter 
ratios. They are compared with the potential 
of  classical cylindrical geometry at Dmin/Dmax 
= 1. It is clearly seen that the profiles of  the 
surface potential of  conical prototypes on 
the drain side are shifted upwards (has a large 
curvature) due to the narrowing of  the silicon 

working area. Then, a kind of  drain shielding is 
implemented, which reduces the electric field 
strength in this area [5,8].

It also follows from the simulation results 
that for all conical prototypes, the peak of  
the electric field is less than for cylindrical 
geometry. The magnitude of  the electric field 
peak is minimal for Dmin/Dmax = 0.65 and 
maximal for Dmin/Dmax = 1. Such a decrease 
in the electric field has a positive effect on the 
functioning of  the transistor due to a decrease 
in the number of  hot carriers.

Various key transistor characteristics 
were analyzed depending on the magnitude 
of  the Dmin/Dmax ratio at maximum control 
voltages. The obtained results show a strong 
dependence of  the transistor characteristics on 
the Dmin/Dmax ratio. For the studied prototypes, 
the dependence of  the threshold voltage (Uth) 
on Dmin/Dmax becomes less convex, different 
from the classical roll-off  [19].

On Fig. 3 shows the results of  calculations 
of  the maximum current of  the transistor 
at different values of  Dmin/Dmax in the range 
0.65–1.

Fig. 3 shows that a conical design in a certain 
range of  the Dmin/Dmax ratio provides a larger 
drain current compared to a conventional 
cylindrical working area. This increase in 
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Fig. 2. Longitudinal distributions of  the surface potential 
at Uds = 0.1 V in the working area of  prototypes with 
different Dmin/Dmax ratios from 1 (the lowest curve) to 

0.7 (the uppermost curve) in increments of  0.1.
Fig. 3. Dependence of  the maximum current (Ids_max) of  
prototypes at Uds = Ugs = 0.6 V on the ratio Dmin/Dmax.

Table 1
Main parameters of prototypes

Parameter Value Parameter Value

Lg, nm 25 NA,сm-3 1.5х1015

D, nm 6.5-10 Lds, nm 50

tox, nm 1.2 Nds,сm-3 5x1019

tSiO2, nm 50 vSRH, сm/sеc 3x105

tsub, μm 0.6 tSRH, μs 10

tg, nm 8 Т, К 300
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the drain current is due to a more uniform 
distribution of  carriers in the cross section 
of  the working area, which occurs due to the 
narrowing of  the channel at the drain. In this 
case, the most favorable conditions for the 
transport of  carriers are created: the absence 
of  hot carriers and a high accelerating potential, 
which determines the most effective transfer 
of  carriers to the drain [1,7,20]. In experiments, 
the maximum current is 11.8 µA at Dmin/Dmax 
= 0.81. Compared to the cylindrical working 
area (Dmin/Dmax = 1), the maximum current is 
1.5 µA lower, or 12% less. Reducing the Dmin/
Dmax parameter reduces the silicon thickness, 
which negatively affects the mobility and 
conductivity of  the prototype. At large values 
of  Dmin/Dmax, the current decreases due to an 
increase in hot carriers due to deterioration of  
the drain shielding.

The Ioff  current plays an important role in 
the functioning of  the nanotransistor. This 
current reduces the switching current and 
affects the performance of  the transistor and 
the chip, ensures its noise immunity [4,5]. 
The leakage current must be kept very low to 
reduce static power dissipation. From Fig. 4, 
where the results of  analytical modeling are 
presented, it can be concluded that conical 
prototypes provide a lower leakage current in 
the off  state compared to a cylindrical design.

The subthreshold slope (SS) is an 
important parameter for providing static and 
dynamic characteristics of  short-channel 
nanotransistors. In particular, in order to 
obtain a high Ion/Ioff  ratio, the subthreshold 
slope must be low, close to the theoretical aisle. 
On Fig. 5 shows the extracted values of  the SS 
parameter.

From the results shown in Fig. 5, it can be 
seen that the SS characteristic improves as the 
Dmin/Dmax ratio decreases. At the same time, the 
steepness becomes more sensitive to changes in 
Dmin/Dmax at its small values due to the complex 
behavior of  Uth with a decrease in Dmin/Dmax. 
Fig. 5 shows that the conical structure has a 
smaller subthreshold slope compared to the 
cylindrical one. For an optimized transistor 
structure, SS = 63.0 mV/dec. With an increase 
in the Dmin/Dmax parameter, a steady increase 
in SS is observed. After the value Dmin/Dmax= 
0.86, it becomes critical. This indicates an 
increase in the influence of  SCE and limits the 
range of  possible values of  the Dmin/Dmaxratio.

For further discussion, we chose transistor 
prototypes with n- and p-conductivities, 
the technological parameters of  which 
correspond to the case of  Dmin/Dmax = 0.81. 
Among all the prototypes studied, they have 
the maximum Ion current value at control 
voltages of  0.6 V, the SS value, which is 
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Fig. 4. Dependence of  the Ioff  (Dmin/Dmax) at Uds = 
0.6 V.

Fig. 5. Subthreshold slope (SS) from the Dmin/Dmax 
ratio.
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comparable to other prototypes, and close 
to ideal. The results of  the simulation of  
Ids(Uds) and Ids(Ugs) I-V data prototypes in 
the control voltage range from 0 to 0.6 V 
are shown in Fig. 6 and Table 2.

For the design and development of  
electronic devices, it is important to take 
into account the Ion/Ioff  current ratio [11,21]. 
For an optimized transistor structure, the 
current ratio is six orders of  magnitude. It 
should be noted that the Ion/Ioff  ratio for 
transistors with different conductivities 
practically do not differ from each other 
and with a change in the supply voltage, 
they synchronously follow this change.

5. INVERTER SYNTHESIS
With the help of  the TCAD program, using 
the models of  the studied transistor structures 
of  n- and p-types of  conductivity developed 
in this work, the propagation of  a high-
frequency logic signal through an inverter on 
the prototypes selected above is simulated. A 
sketch of  the placement of  transistors included 
in the inverter is shown in Fig. 7.
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Fig. 6. I-V data prototypes, where: a) n is the type of  I-V data Ids(Uds) for different Ugs: 1-0.6 V, 2-0.4 V, 3-0.2; 
b) p-type of  I-V data Ids(Uds) at different Ugs:1- -0.6 V, 2- -0.4 V, 3- -0.2 V; c) n-type of  I-V data Ids(Ugs) at 

different Uds: 1-0.05 V, 2-0.6 V; d) p-type of  I-V data Ids(Ugs) at different Uds:1- -0.05 V, 2- -0.6 V.

Fig. 7. Sketch of  the inverter.

Table 2
Parameters of the transistor prototype (values for n- 

and p-types of conductivities are indicated via "/")
Parameter Value

Uth,  mV 108/-118

Ion,  μА 11.8/-5.6

Ioff, pА 13.9/-6.8



239

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 3

The results of  simulating the inverter 
switching at control voltages Udd = Uin = 0.6 V 
and a clock frequency of  25 GHz are shown 
in Fig. 8.

It should be noted that delays τin and τout, 
where τin and τout – the time delay of  the rise 
and fall of  the signal, respectively, differ from 
each other. The extracted values of  delay and 
power (active and static) are given in Table 3.

It should be noted that due to the I-V data 
saturation effect, the Ids(Uds) dependencies 
are nonlinear. Therefore, the dependence 
of  Uout(Uin) will also be nonlinear. The 
steepness of  this characteristic is a measure 
of  how well a given circuit can perform 
digital operations [22].

On Fig. 9 shows, the dependence of  the 
total delay (τin + τout) at voltage Udd obtained 
from the calculation results.

In this case, in the range from 0.6 to 0.52 
V, the delay increases linearly (with a slope 
of  1.625 ps/V) with a decrease in Udd. With a 
fixed supply voltage Udd, the delay change can 
be represented as follows:

0 1 ln10 ,in thU U
SS

τ τ λ −  = −  
  

 (1)

where λ = 2 – Cox(1/(1 + Cs/Cox)), it is associated 
with the capacitive interaction of  adjacent 
working areas, the capacity of  which is CS, and 
the subgate oxide, the capacity of  which is Cox 
[23,24]. Expression (1) allows us to estimate 
the influence of  topological and electrical 
parameters on the delay of  the inverter. The 
growth leads to a decrease in the steepness of  
the linear section of  the dependence τ(Udd). An 
increase in the value of  SS leads to an increase 
in the steepness and a reduction in the linear 
section.

According to the established methodology, 
the assessment of  the operability of  logic 
circuits is formed based on the analysis of  the 
propagation of  a logic signal in a chain of  a 
large odd number of  identical inverters [5,15]. 
With the help of  TCAD, the propagation of  a 
logical signal through 11 similar inverters, the 
model of  which is discussed above, is modeled. 
Fig. 10 shows the dependence τ(n) obtained 
from the calculation results, n is the number of  
the inverter.

Note the linear increase in the delay from 
the number of  valves. The same nature of  the 
dependence is preserved for control voltages 
of  0.52 V. The active power consumed by this 
circuit is 2.34 μW at U = 0.6 V and 1.9 μW 
at 0.52 V. Static power are 48.5 and 42 pW, 
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Fig. 8. Dynamic characteristic of  the inverter, where 1 is 
the clock (input) signal, 2 is the response of  the inverter.

Table 3
Characteristics of the inverter

Parameters

 / , psс Р,  μW Рstat, pWт

1.5/0.72 0.21 4.4

Fig. 9.  Dependence τ(Udd).
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respectively. The combination of  these factors 
determines the stable performance of  deco 
nanoscale logic gates [25,26].

The totality of  the results obtained allows us 
to consider the analyzed transistor architecture 
for creating low-power nanoscale electronic 
devices [4,5]. Thus, a conical architecture with 
an optimized diameter ratio can become a full 
member of  the GAA (gate-all-around) family, 
which is a priority for the modern technological 
development of  nanoelectronics.

6. CONCLUSION
The paper analyzes one of  the possible 
approaches to the development of  low-
power electronics based on low-voltage logic 
gates made on SOI CMOS nanotransistors 
with cylindrical geometry, a surrounding 
gate and a variable diameter of  the working 
area in the form of  a truncated cone.

TCAD models of  n- and p-types 
of  conductivity of  the nanotransistors 
under consideration have been developed. 
According to the results of  mathematical 
modeling, it was revealed that conical 
prototypes demonstrate improved 
electrostatic characteristics compared 
to cylindrical ones. The electrophysical 
characteristics of  the conical structure in 

the range of  control voltages from 0 to 
0.6 V are characterized by a higher transistor 
current, a maximum Ion/Ioff  current ratio, 
a low leakage current and a slope of  the 
subthreshold characteristic close to the 
theoretical chapel. Prototypes of  transistors 
with optimal parameters with a working 
area length of  25 nm and a working area 
diameter ratio of  8.1/10 nm were selected 
for the synthesis of  logic gates with a low 
supply voltage of  0.6 V.

The dynamic characteristics of  the 
developed physical models of  the inverter 
and the inverter chain are numerically 
investigated. At control voltages of  0.6 V 
and a frequency of  25 GHz, the inverter 
model predicts a maximum switching delay 
of  1.5 ps, the limit level of  active power of  
0.21 μW, static 4.4 pW. The active power 
consumed by the circuit consisting of  11 
identical inverters connected in series is 
2.34 μW at control voltages of  0.6 V.
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1. INTRODUCTION
The intensive development of  the 
ultrahigh frequency (UHF) range and the 
widespread adoption of  nanotechnologies 
in microelectronics made the investigation 
of  the resilience of  electronic components 
to electromagnetic fields (EMF) particularly 
relevant. Numerous experimental studies 
conducted by different groups of  scientists in 
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various countries [1,2] show that out of  the 
range of  such film microstructural components 
as active devices, dielectric and conductive 
elements that form the basis of  integrated 
circuits, sensors, microcircuits, electronic 
modules, etc., the most vulnerable ones are 
conductive films, primarily the contact sites 
[1,2].
Studies of  the properties of  nanometer 
conducting films are mainly devoted to the 
research of  their electrodynamic (diffraction) 
properties. In this paper we present the results 
of  the dynamics of  electrothermal processes 
in nanometer conductive films considered in 
previous works [3–9].

The study of  physical phenomena in 
conductive structures of  microelectronic 
products exposed to EMF is extremely difficult, 
so studies were conducted on macroobjects 
with metal-dielectric structures (MDS) of  
finite dimensions in the waveguide pathway. 
Conversion of  microwave energy into heat 
energy during exposure of  MDS is determined 
by the thickness and material of  the conductive 
film, the generator power and the amount of  
absorbed energy (exposure time). All studies 
were conducted with a natural heat transfer, 
i.e., without forced dissipation of  heat. The 
work uses the data of  linear diffraction on 
MDS in the waveguide (unchanged values of  
the standing wave ratio VSWR and attenuation 
T), theoretical and experimental data on the 
dynamics of  thermal processes in MDS. 
In experimental studies the effects of  film 
thickness, generator power and exposure 
time (absorbed energy) on both the heating 
dynamics and the breakdown (burn-through) 
of  MDS films were determined.

The current trend in electronics is to reduce 
the geometric dimensions of  microstructural 
elements, which is related to the thicknesses of  
the films used in them. In conductive nano-
scale films, depending on the thickness the 

transition from dielectric (no film) to mirror 
(reflective) structure takes place. In this regard, 
this work focuses on physical phenomena in 
conductive films with a thickness of  1-10 nm 
exposed to high-power microwave radiation.

The aim of  this paper is to experimentally 
investigate the processes of  conversion of  
microwave field energy into thermal energy 
during exposure of  metal-dielectric structures 
with nanometer-thick films.

2. EXPERIMENTAL METHODS
The solid dielectric substrates used were 
18×18×0.15 mm cover glasses and sitalloy 
substrates. Before sputtering, the substrates 
were plasma polished and had a roughness 
of  no more than 10 nm. In addition, as film 
substrates, we used polymeric PET (lavsan) 
and PTFE (fluoroplastic) sheets, the surfaces 
of  which are quite different from those of  
glass and sitallbased substrates [10,11].

The diffraction characteristics were 
investigated in the waveguide on a panoramic 
VSWR and attenuation T meter (R2-56, f = 2.9-
4.1 GHz). In the microwave range, the ratios 
between the incident, reflected, transmitted, 
and absorbed waves do not depend on 
frequency, since the structural inhomogeneities 
are much smaller than the wavelength; they 
also do not change with the scale conservation 
of  the cross-sectional dimension ratios of  the 
MDS and waveguide [10,11].

Schematic diagram of  the installation for 
direct exposure of  MDS to monochromatic 
EMF is shown in Fig. 1.

The M105-1 magnetron operating at a 
frequency of  2450 MHz with an output power 
of  up to 700 W was used as a microwave 
radiation generator. The waveguide path had 
dimensions of  34×72 mm. In all waveguide 
studies, the condition SMDS << Swg was met, 
where SMDS and Swg are the cross sections of  
MDS and waveguide. It should be noted that 
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the VSWR and attenuation T values are the 
same whether the MDS is located normal or 
parallel to the vector of  the electric component 
of  the H10 wave field. We chose an orientation 
of  the MDS relative to the waveguide axis, that 
was convenient for conducting measurements.

During electrothermal exposure, the 
studied sample was placed in the measuring 
section of  the waveguide path, and after dosed 
exposure to microwave radiation (multiple 
of  1 s), the temperature of  the sample was 
measured with a MEGEON 16350 pyrometer 
through a special aperture in the waveguide. 
Then, the sample was allowed to cool down 
to ambient temperature and the process was 
repeated with a different generator power. Since 
significant errors are possible in temperature 
measurements, we conducted five cycles of  
experiments with subsequent averaging of  the 
obtained values.

3. ELECTRODYNAMIC AND 
THERMAL EXPERIMENTAL 
STUDIES
In panoramic measurements of  diffraction 
characteristics on objects in a waveguide, the 
VSWR characterizes the reflected wave by 
field, and the transmittance (attenuation) by 
power. Most often relative powers of  reflected 
(R), transmitted (T) and absorbed (A) waves 
are used as diffraction characteristics – optical 
coefficients. Condition R + T + A = 1 
follows from power balance, where R, T and 
A are normalized to input power diffraction 
characteristics; R is calculated through VSW, 
T is power transmittance (attenuation), 
absorption A is from power balance [10,11].

The most interesting is the behavior of  R, 
T, and A in the thickness range from 1 to 10 
nm. At such thicknesses the maximum possible 
conversion of  EMF energy to thermal energy 
occurs. When using budget substrates and film 
deposition methods, the notion of  thickness up 
to 7...10 nm is rather conventional. This is due to 
the roughness of  the surface, on the one hand, 
and spatial and ohmic inhomogeneity of  the 
film, on the other. At such thicknesses the film 
is inhomogeneous and has an island structure 
(a set of  scattering centers, nanoparticles, etc. 
[12]). Usually, for such film thicknesses, the 
sputtering time correlation is used.

Temperature dependences of  MDS on 
the thickness of  deposited aluminum film at 
the same exposure time t = 1 s for microwave 
radiation power of  15, 30 and 60 W are shown 
in Fig. 2.

It follows from Fig. 2 that up to film 
thicknesses d = 2 nm MDS is more of  a 
dielectric. At higher values of  film thickness 
ohmic losses begin to appear. More detailed 
dynamics of  EMF energy conversion to heat 
at 1.5 < d < 3 nm are presented in the inset of  
Fig. 2. Up to thicknesses of  d = 2 nm the film 
temperature is equal to ambient temperature, 
at d > 2 nm the film temperature increases due 
to ohmic losses, reaching maximum values at 
d ≈ 5 nm. At d > 5 nm the film is practically 
formed. Reflection rather than absorption is 
predominant in this case. In general, at d > 
10 nm a stationary relation between reflected 
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Fig. 1. The structural diagram of  the installation for the 
study of  electro-thermal processes in MDS.

Fig. 2. Temperature dependences of  MDS on thickness of  
Al film at t = 1 s at generator power of  15, 30 and 60 W.



246

No. 3 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

and passed waves is established, the absorbed 
power is determined by the incident power.

Fig. 3 shows the dependences Pabs/Pins for 
MDS with films of  different thicknesses in the 
frequency range of  the panoramic meter P2-56. 
These dependencies show that the maximum 
conversion of  EMF energy to thermal energy 
occurs at film thicknesses near 5 nm. Similar 
results are obtained for MDS with films with 
specific conductivity more than 107 Sm/m, in 
particular, with films of  gold, aluminum, etc. 
[5,12]. The insignificant dependence of  Pabs/
Pins on the frequency (Fig. 3) is explained by the 
change of  the electrical dimensions of  MDS in 
the frequency range of  the panoramic gauge. 
Comparison of  the dependencies shown in 
Fig. 2 and 3 indicates that, at the values of  
generator power indicated in Fig. 2, only about 
30% of  the incident power is converted into 
heat (Fig. 3).

With an increase in generator power, 
it is possible to heat the film to the melting 
temperature (Fig. 4). As follows from Fig. 4, 
noticeable conversion of  EMF energy into heat 
begins at film thicknesses of  3 nm or more. 
In an MDS with a film thickness of  3 nm, 
the temperature rose to 200°C in 3 s (Fig. 4). 
MDS with film thickness of  5 nm experienced 
breakdown in 1 s, similar situation takes place 
for MDS with film thickness of  7 and 10 nm.

In MDS at catastrophic failure the film 
temperature may not reach the melting 
temperature – when exposed to EMF the 
film breakdown occurs earlier. This is due 
to the specifics of  current and temperature 
distribution in the objects of  finite size when 
exposed to EMF. Maximum values of  the 
electric component of  the field are produced on 
the edges parallel to the E-component of  the 
EMF. The electrons' drift to the edges of  the 
EMF is due to the Lorentz force, consequently, 
this leads to large current densities and thermal 
gradients on the edges of  the EMF parallel 
to the E-component of  the field. All this is 
the cause of  the breakdown, which develops 
perpendicular to the E-component of  the field.

Fig. 5 shows typical examples of  breakdown 
in MDS on solid and polymer substrates.

Thermal changes in MDS with polymer 
substrates are observed as early as at film 
thicknesses of  2 nm: MDSs thus change their 
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Fig. 5. Breakdowns and fractures in MDS on solid and 
polymer substrates, film thickness 10 nm, Р = 60 W, t = 2 s.

Fig. 4. Temperature dependences of  MDS with films of  1, 
2, 3 and 5 nm thickness exposed to 400 W EMF.

Fig. 3. Dynamics of  the Рabs/Рinc frequency dependence in 
working range of  R2-56 for MDS with aluminum films of  

different thicknesses.
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geometry, the substrates begin to bend and 
twist.

4. CONCLUSION
The paper presents the results of  studies 
of  electrothermal processes in conducting 
films less than 10 nm thick when exposed to 
EMF in a waveguide. Noticeable temperature 
phenomena appear in conductive films at 
thicknesses greater than 2 nm, and thermal 
processes appear differently in MDS with 
solid and polymer (flexible) substrates. 
Breakdown in conductive films usually 
occurs at temperatures below the melting 
temperature of  the film material and occurs 
perpendicular to the vector of  the electric 
field component.
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Abstract: A review of  the main works on the study of  "strange" radiation is presented – an intense 
glow that occurs above the explosion chamber during an electric discharge of  metal foils in 
water in it. Photographs of  the most diverse structures of  tracks-traces of  "strange" radiation 
are presented. Existing hypotheses of  particles that leave such traces are outlined: Lochak's 
magnetic monopole hypothesis, the magneto-toro-electron radiation hypothesis, the tachyon 
hypothesis, the hypothesis of  an intermediate quasi-molecular state of  paired electrons, and the 
"dark" hydrogen hypothesis. Numerical estimates of  all discussed hypotheses are given with an 
explanation of  the mechanism of  trace formation. The hypothesis of  miniature ball lightnings 
– multiply charged clusters – spherical clusters with a radius of  2.14·10-6 m, having a charge of  
4.5·10-12 C is presented. The electric field strength on the surface of  such clusters can reach up 
to 1010 V/m, which is comparable to the electric field strength in an atom. When such a cluster is 
introduced into the crystal lattice, a strong polarization of  the substance is possible, which can 
facilitate the conditions for the approach of  protons and nuclei of  elements. This forces us to 
consider the possibility of  nuclear reactions proceeding through the process of  overcoming the 
potential barrier, which lasts for a time that is many orders of  magnitude longer than the nuclear 
collision time in a conventional nuclear process.
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1. INTRODUCTION
More than a quarter of  a century ago, in experiments 
on the study of  the electric explosion of  metal foils 
in water, initiated by wide practical applications, 
an intense glow was noted that occurs above the 
explosion chamber, which received the name 
"strange" radiation accompanying the studied 
electric discharge in further studies. The registration 
of  this radiation with various photographic materials 
revealed the presence on photographic materials of  
many micro- and macroeffects - tracks, traces in the 
form of  lines, and imprints of  round objects tens of  
microns in size [1,2]. Interest in such traces increased 
after the experiments of  Urutskoev L.I. et al., who 
found that the appearance of  traces on the films 
turned out to be somehow related to a change in 
the isotopic composition of  materials that were in 
contact with the particles of  this "strange" radiation 
[3,4]. It was found that these particles, flying parallel 
to the film at a speed of  20–40 m/s, are able to create 
traces in the photographic emulsion, the formation 
of  which requires an energy of  1010 eV. They 
deflected in a magnetic field. Their footprints looked 
like solid or dotted lines with complex relief. The 
most interesting was the discovery of  "twin tracks", 
when a large number of  absolutely identical tracks 
were observed on an area of  about 1 cm2. Sometimes 
these traces had chiral symmetry. In subsequent 
experiments, it was found that these traces appear 
not only in film emulsions, but also on the surfaces 
of  any objects - on glass, mica, plastic [5,6].

This paper presents a review of  the main studies 
of  these tracks and a hypothesis about the object 
that leaves these strange tracks.

2. TYPE OF TRACES OF “STRANGE” 
PARTICLES
The result of  the work of  many researchers of  
this phenomenon was the determination of  a 
fairly complete set of  typical tracks of  "strange" 
particles. The search for an explanation of  the 
reasons for the formation of  these tracks can 
become the basis for clarifying the nature of  
these objects.

It was found that the average speed of  the 
"strange" particles was 20-40 m/s. However, 
the energy of  the particles, determined from 
the blackening area of  the photographic film 

under the assumption of  Coulomb deceleration 
of  charges, turned out to be greater than 
700 MeV. Fig. 1 shows the cavities left by 
such particles, and Fig. 2 – section of  such 
a cavity [5,6]. Let us assume that during the 
formation of  the cavity, the detector material 
(polycarbonate) was heated to the melting 
point. The cavity volume is Vc = 4.3·10-20 m3, 
and the mass of  the melted material is 5·10-17 
kg. The energy required to heat the material, is 
E = 10-11 J = 75 MeV. The traces were located 
inside the photographic emulsion layer, which 
allowed us to conclude that the source of  the 
blackening of  the film flew parallel to the 
emulsion plane. Particles, moving along the 
surface of  solid objects or photographic film, 
left continuous or intermittent traces on them 
(Fig. 3) [7]. Sometimes the solid line turned 
into a dotted line (or vice versa) (Fig. 4) [5,6]. 
These traces had a complex shape in the form 
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Fig. 1. Type of  traces of  "strange" particles [5,6].

Fig. 2. Section of  a cavity formed when a particle hits 
the surface of  a polycarbonate disk [5,6].
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of  a periodically repeating pattern (Fig. 5) 
[8,9]. Both straight and curved trails were 
observed, and frequently the flying particle 
abruptly changed its direction of  motion 
(Fig. 6) [8,9]. In a magnetic field directed 
perpendicular to the film surface, traces in 
the form of  parabolas were observed on it 
(Fig. 7) [8,9]. Chaotic movement of  particles 
that left traces was often observed (Fig. 8) 
[8,9]. Along with this, “twin tracks” were 
found when there were several identical 
copies of  the track in an area of  several square 
centimeters (Fig. 9) [5,6,8,9]. When their 
images were superimposed on each other, 
they almost completely coincided (Fig. 10) 
[8,9]. Moreover, the identity of  the details of  
the traces was preserved when the image of  

the trace was magnified using a microscope 
(Fig. 11) [5,6]. "Chirally"-symmetric tracks 
were also found, traced by particles moving 
"in antiphase" (Fig. 12) [10,11].

Bogdanovich et al. studied results of  action 
of  current pulses of  15 kA with a voltage of  
6 kV on a water jet. In these experiments, 

STRANGE TRACES OF A "STRANGE" RADIATION,CONDENSED MATTER NUCLEAR PHYSICS

Fig. 3. Discontinuous trace of  a “strange” particle on a 
photographic film [7].

Fig. 4. Transition of  a discontinuous trace to a 
continuous one  [6].

Fig. 5. Types of  traces of  "strange" particles [8,9].

Fig. 6. Trajectories of  “strange” particles [8,9].

Fig. 7. Trail left by a particle moving in a magnetic field 
with an induction of  1 T [9].
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particles were found that can penetrate into 
solid materials [12]. In this case, the titanium 
surface was hardened, and copper crumbled 
into a fine powder. Sections of  copper plates 
were pierced with channels: sometimes 
straight, sometimes curved, sometimes 
helical. The copper plates after exposure to 
current retained the "activity" for a long time. 
Video filming in the dark showed that moving 
luminous spots appeared on the plate for tens 
of  seconds [13].

Since the "strange" traces were discovered 
by nuclear scientists, most their models were 
based on the assumption that the "objects" 
are like elementary particles with high 
kinetic energy. The following were proposed: 
Lochak's magnetic monopole hypothesis 
[3,4,10,11,14-16], the Magneto-Toro-Electric 
radiation hypothesis [17,18], the tachyon 
hypothesis [8,9], the hypothesis of  the 
Intermediate Quasimolecular State of  paired 

electrons [19], hypothesis of  "dark" hydrogen 
[20]. We assumed that "strange" traces were 
left by miniature ball lightnings – "multiply 
charged clusters" [21-23]. In the following 
sections, we will present a description of  
the main ideas of  the proposed hypotheses 
and discuss how they explain the appearance 
of  the various traces of  "strange" particles 
presented above.

3. MODELS OF THE ARRANGEMENT  
OF "STRANGE" PARTICLES
3.1. maGnetic monopole

Urutskoev L.I. et al. [3,4] suggested that these 
"objects" are particles with a magnetic charge 
– magnetic monopoles. Based on the fact that 
particle tracks in a magnetic field broadened and 
took the form of  a "comet", they concluded 
that the particles do not have an electric charge, 
but they have a magnetic charge. Based on the 
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Fig. 8. Chaotic motion of  particles [9].

Fig. 9. Traces "twins" [8,9].

Fig. 10. Comparison of  the type of  traces of  "twins": 
a) parallel tracks, b) the result of  overlaying footprint 

images [9].

Fig. 11. Enlarged image of  two parallel traces  [5,6].
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results of  observations, let's try to compile a list 
of  properties of  a magnetically charged particle 
that leaves traces in a photographic emulsion. 
This particle has no electric charge and interacts 
only with a magnetic field. Some of  them move 
in the direction of  the magnetic field vector, and 
some in the opposite direction. According to 
Ivoilov's observation [10,11], when a particle hits 
a photographic emulsion of  a film, the direction 
of  particle motion changes by 90º – it begins to 
move in the plane of  the photographic emulsion 
under the action of  a magnetic field whose vector 
is parallel to the plane of  the photographic film. 
At this moment, the magnetic field perpendicular 
to the plane of  the film ceases to act on the 
particle. Since the change in the direction of  
the particle's motion occurs almost instantly, it 
is assumed that the mass of  the particle is zero 
or very small. The role of  such particles is best 
suited to neutrino in an excited magnetic state, 
a particle theoretically predicted by Lochak 
[14]. Moving inside a photographic emulsion 
or other solid material, the particle periodically 
"emerges" and plunges into it again, melting 
the tunnel. The kinetic energy of  the particle is 
clearly not enough to form such a tunnel. It does 
this by initiating exothermic nuclear reactions 
in the material. Fine details of  track formation 
are not discussed in this case. The physical 
reason for the sharp change in the properties of  

neutrinos under the action of  a magnetic field is 
not discussed: the neutrino, which in the ground 
state freely passes through the thickness of  the 
globe, after excitation begins to slow down in an 
emulsion layer several microns thick.

In Kyiv, in the Proton-21 laboratory, 
experimental evidence was obtained of  the 
nuclear transformation of  metal under the 
influence of  coherent electron beams [15,16]. 
Tracks of  magnetically charged particles in 
a multilayer MIS structure (metal-insulator-
semiconductor) were studied. It was found that 
the particles behave like a needle in the shuttle 
of  a sewing machine - they periodically pierce 
through the aluminum layer with a constant 
pitch (60 µm), leaving a melted winding hollow 
tunnel about 1 µm wide. An estimate of  the 
energy release was made in [16]; it turned out 
to be about 106 GeV/cm. A hypothesis was 
proposed for the existence of  a magnetically 
charged particle moving through a layer of  a 
paramagnet. The authors drew attention to 
the fact that simple deceleration of  particles is 
unable to generate such an amount of  energy 
at a practically undecreasing particle velocity in 
the track. Therefore, they suggested that such 
particles are capable of  initiating magnetic 
catalysis of  energy-favorable nuclear reactions. 
This happens because magnetic monopoles, 
moving in matter, very strongly distort the 
electron shells of  atoms which they come 
across on their way and thereby increase the 
probability of  nuclear tunneling and their fusion. 
Getting into aluminum (paramagnet) as into a 
potential well, a magnetically charged particle 
stimulates nuclear reactions with the release of  
energy. Melting through the aluminum layer, 
the particle changes its magnetic properties (it 
becomes a diamagnet) and, as a result, it tends 
to "emerge" from this layer. After leaving the 
aluminum and passing some distance along the 
surface, the particle is again attracted by the 
potential well of  the paramagnet, and the whole 
process is repeated. The authors suggest that 
an external magnetic field is essential for this 
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Fig. 12. "Chiral"-symmetric traces left by particles that 
simultaneously moved in the opposite direction. Square: 

1mm × 1mm  [10,11].
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behavior of  particles. An estimate of  the speed 
of  the monopoles showed that it is larger than 
200 km/s: the particle must fly so fast that the 
magnetic field does not change during its flight. 
Indeed, the step on the track remains constant 
throughout the entire trace and, therefore, the 
entire track (2 mm long) must be created in a 
time significantly less than 30-50 ns (this is how 
long the current pulse lasts).
3.2. maGneto-toro-electric radiation

In 2010, Shishkin et al. [17,18] suggested that 
traces appear as a result of  interaction with the 
film of  MTER vortex solitons – Magneto-Toro-
Electric radiation. Traces are obtained from 
the explosive unpacking of  solitons, in each 
of  which more than 1011 electrons and at least 
105 ions are "packed". During the explosion of  
such a soliton, a significant part of  the electrons 
acquires kinetic energy of  6-10 keV.

The authors of  this hypothesis believe that 
"the physical vacuum is filled with the smallest 
material particles with a high penetrating power. 
This "hidden" matter consists of  background 
"cold" neutrinos (BCN) (axions) coupled to 
each other through weak topological nontrivial 
bonds, which form a background neutrino (or 
axion) condensate. In the near field in the vicinity 
of  the atoms, this neutrino condensate thickens, 
forming "field" shells of  BCN, which, due to the 
interaction with the electrons of  the atom, tending 
to "escape" from the nucleus, become extremely 
dense. The nucleus of  an atom is a mini-neutron 
hole that absorbs very "compressed" vacuum 
background cold neutrinos (BCNs). Due to this 
mechanism of  compaction, the shells made of  
BCN acquire a very high potential energy. As a 
result, a "concentrated" neutrino condensate is 
formed near the nucleus, which is in equilibrium 
with nuclear forces, and its residual potential, 
called the long-range Coulomb field of  the 
nucleus, attracts electrons. But at a close distance 
from the nucleus, a repulsive "short-range" 
magnetic field begins to act on electrons, the 
power of  which near the nucleus exceeds the 
Coulomb forces by an order of  magnitude. Due 

to repulsion, an electron with a large acceleration 
relative to the incident (electron) flies away from 
the nucleus. As a result of  interaction with the 
magnetic field of  the nucleus, the parameters of  
the electron change in such a way that the shell, 
consisting of  BCN, becomes impenetrable for it. 
As a result, the electron begins to condense the 
shell, pushing the BCN from the nucleus to its 
periphery. At the Bohr radius from the nucleus, 
the electron loses energy, transferring it through 
the compacted shell of  an atom to the BCN, 
external to the shell. After the transfer of  part of  
its energy through the shell by the external BCN, 
the electron is again attracted by the Coulomb 
forces to the nucleus. The process is repeated. 
Thus, the nucleus receives energy, which, in turn, 
the electron transfers through the shell to the 
"vacuum" BCN. The "shell" of  an atom, built 
by its nucleus, is a soliton, that is, a closed vortex 
structure of  BCN dipoles. Based on this model, 
the shell has a "torus-like" structure similar to 
a "bun" with an extremely small central region. 
In this case, the nucleus of  the atom hangs, 
as it were, on the "absorbing" and "radiating" 
vortices. When the shell is hit (mechanically, by 
a strong electric field, thermal or light radiation), 
with a certain probability, one of  the "vortices" 
can break away from the core for a short time, 
as a result of  which the core "falls out" of  the 
shell. The shell also leaves the electrons that 
have lost their energy supply from the nucleus. 
An empty "field shell", being closed on itself, 
is a soliton. It has a high penetrating power 
and carries the characteristics of  a "mother" 
nucleus. The shell flying away from the nucleus 
unpacks into a string-vortex soliton (SVS). The 
diameter of  the head part of  the string is 0.98 
nm, the length of  the SVS can reach 700 m, 
and a gimlet no longer than 0.1 µm and with a 
diameter of  d = 0.078420533·A "runs" along 
the SVS string, where A is the atomic weight of  
the "mother" nucleus. When interacting with a 
material object, the gimlet drills a cavity on the 
surface of  the object. When colliding with the 
shells of  atoms, the string-vortex soliton loses 

CONDENSED MATTER NUCLEAR PHYSICSANATOLY I. NIKITIN, VADIM A. NIKITIN, 
ALEXANDER M. VELICHKO, TAMARA F. NIKITINA



255

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 3

energy and eventually collapses into the original 
torus-like structure. A large number of  "empty" 
shells behave like "neutrino" – cluster radiation, 
called magneto-toro-electric radiation (MTER). 
A separate shell is called a magneto-toro-electric 
cluster (MTEC)."

The hypothesis was stated that "strange" 
traces "appear during the destruction of  MTER 
clusters that release energy up to 1017 eV 
(according to the analysis of  traces of  strange 
radiation on X-ray detectors). Unlike the 
massless quantum of  ordinary electromagnetic 
radiation (photon), the new formation (in fact, 
an empty "field" shell of  an atom) - voluminous, 
but not heavy - carries a huge amount of  energy. 
It occupies an intermediate place between 
corpuscular radiation and gamma radiation. The 
collapse of  the cluster into separate vortices is 
possible – this is recorded on photodetectors 
in the form of  black drops. On the basis of  
experiments, it was assumed that the diameter 
(d) of  the microcrater is proportional to the 
atomic mass of  the atom (A) that generated 
the corresponding MTER cluster, d = k·A, 
where k = 0.078 (d is in µm). Starting from a 
certain atomic number, the MTER cluster is 
not able to "gnaw out" a large crater, but is able 
to ionize a zone corresponding to the cluster 
diameter. Hence the conclusion follows: the 
cluster, passing through the material, acquires 
the properties of  this material."
3.3. tachyons

Fredericks [8,9] used sensitized photographic 
film to register "strange" marks that appear when 
fingers are applied to it. The appearance of  these 
traces was the same as that of  traces obtained by 
other methods. Solid lines, traces in the form of  
a dotted line of  repeating figures, paired traces, 
traces with sharp breaks were observed. In the 
field of  a permanent magnet applied to the film, 
traces in the form of  parabolas were found 
(Fig. 7). Processing such traces, and assuming 
that they were left by particles with a magnetic 
charge, Fredericks found the average value of  
the particle moment p = 20 eV/c (c is the speed 

of  light). The kinetic energy of  the particles was 
determined by taking into account the energy 
losses due to the formation of  silver grains in 
the photographic emulsion. It was believed that 
for the formation of  one grain it is necessary to 
expend energy of  750 eV. The kinetic energy of  
the particles turned out to be 108-109 eV. The 
resulting figures were plotted on a plot of  kinetic 
energy versus momentum. For particles with a 
momentum of  20 eV/c, which speed is less than 
or equal to the speed of  light, the kinetic energy 
cannot be greater than 1 eV. The found values 
of  kinetic energy exceeded this figure by several 
orders of  magnitude. Such a ratio of  energy and 
momentum values can only belong to tachyons - 
particles moving faster than light. Tachyons have 
an imaginary mass. For them, unlike ordinary 
particles, the kinetic energy increases with 
decreasing momentum.
3.4. compact pairs of electrons

Kashchenko [19] believes that the repulsive 
force of  the nuclei of  chemical elements can be 
reduced by placing a negative charge in the space 
between them. "Such a charge can be created by 
two electrons located at a distance of  1 fm = 10-15 
m from each other ((ee)-pair). Such electrons are 
bound by a force that exceeds the force of  the 
Coulomb repulsion of  charges. According to the 
uncertainty relation, the minimum kinetic energy 
of  an electron pair should be about 103 MeV. This 
is three orders of  magnitude higher than the rest 
energy of  an electron pair. The presence of  such 
energy determines the relativistic nature of  the 
motion of  electrons in a bound pair. The natural 
form of  motion of  a bound pair is rotation 
around a common center of  mass. Let us choose 
the size of  the pair d equal to the diameter of  the 
circular orbit and take into account that on the 
scale d ~ 1 fm the stability of  the pair is ensured 
by the contact interaction. An orbit with a small 
radius r = d/2 = 0.5 fm is possible at a speed 
close to the speed of  light, v → c = 3·108 m/s. 
In this case, the minimum value of  rotational 
motion energy of  the pair is Е*

min = 2mc2 (where 
m is the relativistic mass of  the electron). The 
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value of  m can be found based on the minimum 
value of  the angular momentum of  electrons 
L = ћ = h/2π = 1.054·10-34 J·s. Angular moment 
L = 2mvr = 2mcr = ћ. Hence m = me[(1 – (v/c)2]-1/2 
= ћ/2cr. Energy of  relativistic rotation of  a pair 
of  electrons is E*

min = ћc/r. Substituting L = ћ, r 
= 0.5 fm and v = c, we find E*

min = 375 MeV." The 
author assumes the possibility of  the existence 
of  "IQS – an intermediate quasi-molecular 
state in the form of  an annular electron current 
of  radius R, flowing in the plane of  the ring, 
orthogonal to a line connecting a pair of  nuclei 
with equal charges. In the annular orbit, there 
are electrons in the form of  bound pairs with 
opposite spins. The electrons are attracted to 
positively charged nuclei. The component of  the 
force in the plane of  the orbit is the centripetal 
force that holds the bound pairs in orbit. The 
nuclei are affected by the force of  attraction in 
the direction of  the electric field created by the 
electrons and the force of  mutual repulsion. 
IQS model leads to the conclusion about the 
possibility of  forming an ensemble of  stable 
catalysts for low-temperature nuclear reactions 
under the conditions of  electron flows."

"The synthesis of  atoms with increasing 
charge and mass numbers corresponds to 
catalyzing ring orbits with an increasing number 
of  (ee)-pairs. Ring orbits are capable of  strongly 
polarizing the electron shells of  atoms between 
which they are localized, reducing the shielding 
effect of  atomic shells on the Coulomb field of  
nuclei. As a result, the radius of  the catalyzed 
orbit rapidly decreases, which corresponds to 
an increase in the value of  the effective negative 
charge at a point on the line connecting the 
centers of  the nuclei. These (ee)-pairs remain 
stable if  the energy of  the quantum of  action 
on them is small compared to the energy of  the 
pair. This means that neither thermal vibrations 
of  the lattice, nor photons, nor electron beams 
should destroy pairs."

According to the author of  the IQS idea, 
the formation of  traces on the surface of  a 
detector (film, DVD, etc.) occurs as follows. 

"There is an electrically neutral complex 
consisting of  a catalytic ring of  (ee)-pairs and 
an ionic component of  a pair of  approached 
nuclei (or already merged nuclei) with distorted 
and incompletely filled electron shells (called a 
KK-activator). Upon collision with the detector, 
the complex decomposes into a positively 
charged ionic component, which remains in 
the detector material, and a free KK-activator, 
which rapidly expands due to the repulsion of  
(ee)-pairs. The KK-activator contains rotating 
(ee)-pairs and has a mechanical moment L and 
a magnetic moment M. The propagation of  
KK-activators is responsible for the formation 
of  tracks. 1) If  the plane of  the KK-activator 
is parallel to the plane of  the detector, and the 
translational velocity of  the center of  inertia of  
the KK-activator is perpendicular to the plane 
of  the detector, a trace appears in the form of  
a crater. 2) If  the plane of  the KK-activator is 
orthogonal to the plane of  the detector, and the 
translational velocity of  the center of  inertia of  
the KK-activator is parallel to the plane of  the 
detector, a wide straight line appears. A trace 
with discrete periodic point illumination of  the 
detector surface is constructed on the basis of  
matching the translational and rotational motion 
of  (ee)-pairs along helical trajectories. A track is 
a discrete set of  intersection points of  (ee)-pair 
trajectories with the detector surface. Smooth 
tracks are described by the movement of  a ring 
with a plane sliding over the detector surface. 
The width of  the track is equal to the diameter 
of  the ring. The reason for the deviation of  the 
shape of  smooth lines from a straight line is due 
to ions in the detector material, which bend the 
trajectories of  KK-activators."

The model proposed by the author for catalysis 
of  the fusion of  nuclei by rings of  rotating 
pairs of  electrons requires further analysis. It is 
unclear how the ring plane is localized exactly 
in the middle between the merging nuclei. In 
the absence of  a mechanism that maintains the 
equality of  distances between the ring and two 
nuclei, symmetry breaking and "attraction" of  
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the ring to one of  the nuclei is inevitable. It is 
also unclear how a ring of  (ee)-pairs which has 
collided with the detector and lost its "positively 
charged ionic component" (that is, the nuclei 
that the ring was "working" to bring together) 
can exist. But they were these nuclei that created 
the centripetal force which kept the (ee)-pairs in 
orbit. With the disappearance of  this force, the 
electrons will fly away tangentially to the orbit.
3.5. dark hydroGen

The idea of  the existence of  pairs of  magnetically 
bounded electrons located at a distance of  
several femtometers (1 fm = 10-15 m) was used 
by Baranov and Zatelepin [20] in developing the 
concept of  "dark hydrogen". Hydrogen is called 
"dark" because its spectrum lies in the X-ray 
region, and it cannot be detected by absorbing 
light in the optical range. According to this 
hypothesis, the existence of  a compact atom with 
a nucleus of  a pair of  closely bounded electrons 
is possible. These electrons rotate in an orbit with 
a diameter of  2R = 62·10-15 m.  Around them a 
pair of  protons rotates in an orbit with diameter 
of  2Rp = 65·10-15 m. In "dark hydrogen", the 
electron attraction force is determined by 
several types of  interaction. These are: SS – 
spin-spin interaction between intrinsic magnetic 
moments, SO – spin-orbit interaction between 
intrinsic magnetic moment and orbital moment 
of  two electrons, OO – interaction of  orbital 
magnetic moments of  electrons, K – Coulomb 
repulsion of  electrons. Interaction with protons 
can be neglected, since they are located in outer 
orbits, which dampens their electric fields, and 
the intrinsic magnetic moments of  protons are 
three orders of  magnitude smaller than those of  
electrons. The main contribution to the total SS 
+ SO + OO + K – interaction comes from the 
SO-interaction. Accounting for SS-OO-K gives 
a correction of  50%. The speed of  electrons 
is close to the speed of  light c. The portable 
acceleration in the rotating system generates the 
centrifugal force Fc = γm0c

2/R. (Here γ = (1 – v2/
c2)-1/2, m0 = 9.1·10-31 kg, R is radius of  the orbital 
motion of  electrons). Force FSO = 6µp2/4πR4, 

µ = 4π·10-7 H/m is the magnetic constant, p = 
0.927·10-23 J/T is the Bohr magneton. Although 
the electron becomes γ times heavier, which 
reduces its magnetic moment, there is a γ times 
concentration of  magnetic and electrical forces 
in the direction perpendicular to the electron's 
motion. These processes cancel each other out. 
We set FC = FSO. Electron orbit quantization 
rule: γm0cR = ћ. Here the unknowns are γ and R. 
Substituting constants, we find R = 4.3·10-14 m, 
γ = 8.8. Using these values, we get FC = FSO = 
16.8 N and γm0 = 8·10-30 kg.

Dark hydrogen, when interacting with 
ordinary matter ("Bohr" atom), participates in 
three processes: 1) Oxidation of  the "Bohr" 
atom (that is, the removal of  an electron from 
it). 2) Creation of  a molecule consisting of  
dark hydrogen and a "Bohr" atom. Creation 
of  huge structures from millions of  such joint 
molecules. 3) Transmutation of  the nuclei of  
"Bohr" atoms. The first two processes proceed 
with the rearrangement of  the electronic system 
of  the "Bohr" atoms, that is, these are chemical 
processes. The third process is the change in 
the nucleus of  the "Bohr" atom. This is not a 
chemical, but a nuclear process. Since there 
is no electric field outside the "atom" of  dark 
hydrogen, a free electron or an ordinary atom 
can approach the relativistic electron pair at a 
distance of  10-13 m. Here the magnetic forces are 
greater than the Colombian, and the electron pair 
attracts a new electron. A new electron will "sit" 
in the orbit of  an electron pair with a quantum 
number increased by one, which will increase the 
orbital magnetic moment of  dark hydrogen. As a 
result, dark hydrogen will again be ready to accept 
the next electron, and its oxidizing properties 
increase, something like a chain reaction takes 
place. Track formation is a chemical process of  
oxidative destruction of  the "Bohr" substance. 
After oxidation, the "Bohr"substance acquires 
a positive charge. Dark hydrogen and the ion 
of  the "Bohr" substance create a molecule 
due to the Coulomb interaction. The process 
of  formation of  a molecule, like the oxidation 
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process, is exothermic with energy of  several 
keV. The process of  formation a molecule of  the 
"Bohr"substance and dark hydrogen formation 
does not end there, since the formed molecule 
is able to continue oxidation due to magnetic 
forces. With each act of  molecule enlargement, 
energy is released due to interaction with a new 
"Bohr" atom. During the oxidation reaction 
of  dark hydrogen, not only the magnetic 
momentum increases, but also the mechanical 
momentum. Due to its small size, dark hydrogen 
has the ability to approach the nucleus of  the 
"Bohr" atom at nuclear distances, this creates 
conditions for the tunneling of  dark hydrogen 
protons into the "Bohr" nucleus (and vice versa, 
from the "Bohr" nucleus to the dark hydrogen 
proton), which changes the number of  the 
nucleus. It is possible that dark hydrogen atoms 
can interact with each other. In this case a 
structure, resembling helium-4, is created.

To explain the appearance of  mirror tracks, 
we can assume the possibility of  the formation 
of  associations of  two dark hydrogen atoms 
located at a great distance from each other. In this 
case, something like a Cooper pair is obtained, 
but not from two electrons in the lattice, but 
from two dark hydrogen atoms on the surface 
of  the detector.

4. MULTIPLE CHARGED CLUSTERS
We assumed that "strange" particles are multiple 
charged clusters, the structure of  which is 
similar to the structure of  ball lightning [21-23]. 
According to the electrodynamic model [24-33], 
ball lightning consists of  a unipolar charged 
core and a dielectric shell (for example, water). 
In the electric field created by the charge of  the 
core, the shell material is polarized and a force 
arises that make the shell to move towards the 
center of  the sphere. The magnitude of  this 
force is proportional to the first power of  the 
charge of  the nucleus Fa ~ Q. The force that 
stretches the shell due to the Coulomb repulsion 
of  charges is Fr ~ Q2. In the range of  charge 
values from Q = 0 to Qmax, the force Fa turns 

out to be greater than Fr, and at Fa = Fr, the 
existence of  a stable structure is possible. Due 
to the continuous charge leakage, the lifetime 
of  such a structure is limited. When a multiple 
charged cluster approaches the conductor, the 
charge flows down towards the conductor. The 
mechanical impulse acquired by the carriers of  
the stacked charge when they move in the field 
of  the main charge is transferred to the initial 
multiple charged cluster. This causes it to push 
off  from the conductor. After some time, the 
multiple charged cluster will begin to approach 
the conductor, and the process of  transferring 
part of  the charge to it will be repeated. In the 
presence of  an electric field whose vector is 
parallel to the plane of  the conductor, a multiple 
charged cluster will move along the surface of  
the conductor (or photographic film) and leave 
a chain of  discontinuous traces on it. If  the 
velocity of  the cluster along the surface is low, 
the points may merge into a solid line.
4.1. forces actinG in charGed clusters

Thus, it can be assumed that "strange" 
particles are multiple charged clusters, similar 
to microscopic ball lightnings, which are a 
certain amount of  ions located inside a shell 
of  water molecules. In the electric field of  the 
charge located inside the shell, the dipole water 
molecules are oriented towards the center of  
the sphere, and a force arises that compresses 
the shell. At the same time, the molecules in the 
shell tend to push their "neighbors" out of  it, 
which leads to a decrease in the compression 
force of  the shell. The calculation showed that 
the force Fp of  expulsion of  water molecules 
from the shell of  such a cluster is described by 
the formula [21,22]:

9 1.3
02.69 10 ( ) ( ),pF R R H− −= ⋅ −  (1)

where R (inner radius of  the sphere) is in 
angstroms (10-10 m), and R0 = – 4.5. Let us assume 
that there is one elementary charge inside the 
shell. Let us compare the force Fp with the force 
Fa of  attraction of  a water molecule (a dipole 
with moment pw = 6.327∙10-30 C∙m) to the central 
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charge q = 1.6∙10-19 C. Fa = pw∙gradE, where E is 
the strength of  the electric field created by the 
charge q:

2 3
0 0( / 4 ) 2 / 4 .a w wF p grad q R p q Rπε πε= = −  (2)

The force Fa is directed towards the center of  
the cluster and falls more steeply with increasing 
R than Fp(R). At R = 4∙10-10 m Fa = 2.84∙10-10 N, 
which is 1.65 times greater than Fp, but already 
at R = 6∙10-10 m Fa = 0.843∙10-10 N, which is less 
than Fp (1.27∙10-10 N).

Another reason that hinders the formation of  
an ordered cluster structure due to the action of  
the electric field of  the ion is the thermal motion 
of  molecules. According to the Langevin formula 
[34], the noticeable effect of  the electric field on 
the dipole orientation with the momentum pw 
stops at the strength Emin = 3kBT/pw (here kB = 
1.38·10-23 J/K is the Boltzmann constant, and T 
is the absolute temperature). At pw = 6.327·10-30 
C·m and T = 300 K, the value of  Emin = 2·109 

V/m. The electric field of  the ion takes this value 
at a distance R = 8·10-10 m, that is, at the location 
of  the second layer of  water molecules in the 
cluster. Thus, we come to the conclusion that a 
cluster with R = 4∙10-10 m can be formed in the 
electric field of  a unit charge, however, further 
growth of  the cluster, apparently, will occur 
without significant participation of  the electric 
field of  the central charge. This explains the 
conclusion obtained by calculation that when a 
water cluster grows in an electric field of  an ion, 
the latter is always "pushed out" to the periphery 
of  the cluster [35,36].

Let us discuss whether it is possible to 
keep a large number of  ions inside the water 
cluster shell. Hope for the realization of  this 
possibility is given by the fact that the force of  
attraction of  a water molecule to the charge 
Fa can be increased due to an increase in the 
total charge of  ions Q, and the magnitude of  
the force Fp does not depend on the charge 
(although the magnitude of  the charge must be 
greater than a certain critical value determined 
by the requirement of  complete polarization of  
molecules in the shell). To accommodate a large 

number of  ions, the size of  the inner cavity of  
the cluster must be increased in comparison with 
the case of  a singly charged cluster (the radius R 
must be increased). This should simultaneously 
reduce the magnitude of  the force Fp.

Let us consider what a cluster with a total ion 
charge Q1 = 4.5∙10-12 C can look like. For example, 
n = 2.8∙107 hydroxyl (OH)– ions have such a charge. 
Let the ion diameter be equal to 4∙10-10 m, the area 
occupied by one ion, s = 16∙10-20 m2, and the ions 
are placed on the surface of  a sphere of  radius r. 
The surface area of  the sphere S = 4πr2 = s∙n, hence 
r = (s∙n/4π)1/2 = 6∙10-7 m. The electric field created 
by the charge Q = 4.5∙10-12 C at a distance r = 6∙10-7 
m, E = Q/4πε0r

2 = 1011 V/m, which is greater than 
Emin = 2∙109 V/m determined by the Langevin 
criterion. This means that the water molecules in 
the shell are completely polarized. The ions stretch 
the shell with the force FQ = Q2/8πε0r

2 = 2.53∙10-1 
N. The water molecule is attracted to the charge 
placed in the center of  the sphere with the force 
Fa = pwQ/2πε0r

3 = 2.37∙10-12 N. At the same time, it 
is pushed out of  the shell by neighboring molecules 
with the force Fp = 2.69∙10-9∙(6004.5)-1.3 = 3.3∙10-14 
N. The resulting force acting on the molecule is Ft = 
Fa – Fp = 2.337∙10-12 N. On the surface of  the shell 
with radius r = 6∙10-7 m can fit nw = 2.82∙107 water 
molecules (we consider a molecule as a ball with 
a diameter of  4∙10-10 m). The shell compression 
force by one layer of  water molecules FΣ = Ft∙nw 
= 6.59∙10-5 N. This force is 3840 times less than 
the force FQ. The force FQ can be compensated 
if  the number of  layers of  water molecules in the 
shell is 3840, and its thickness is a = 4∙10-10×3840 
= 1.54∙10-6 m. As a result, we got a cluster with a 
cavity radius r = 6∙10-7 m and outer radius R = r 
+ a = 2.14∙10-6 m. The mass of  the cluster M1 is 
equal to the mass of  the shell. Its volume is Vsh = 
4π[(r + a)3 – r3]/3 = 4∙10-17 m3, and its mass is 
Msh = ρwVsh = 4∙10-14 kg (here ρw = 103 kg/m3 is the 
density of  water). Carrying out similar calculations 
for a cluster with a cavity radius r2 = 6∙10-6 m, 
inside which there are ions with a total charge 
Q2 = 4.5∙10-11 C, we find its radius R2 = 3.75∙10-6 
m and mass M2 = 8.62∙10-13 kg.
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Fig. 2 shows a section of  a "pit" that appeared 
as a result of  the action of  a "strange" particle 
on the surface of  a polycarbonate disk [5,6]. Let 
us assume that this pit was formed due to the 
melting of  the material and its ejection to the 
edges of  the pit. The well depth is hp = 38 nm, 
and the average radius is rp = 0.6 μm. The volume 
of  ejected material is vp = πrp

2hp = 4.3·10-20 m3, and 
its mass mpc = ρpc·vp = 5·10-17 kg (here ρpc = 1.2·103 
kg/m3 is density of  polycarbonate). Heat capacity 
of  polycarbonate Cpc = 1.21·103 J/kg·K. To heat 
5·10-17 kg of  material to a softening temperature 
of  220°C, energy E = 1.2·10-11 J = 75 MeV is 
required. Let us assume that the same amount of  
energy is spent on the formation of  a hole in the 
dotted track left by the "strange" particle on the 
surface of  a polycarbonate disk. The number of  
these holes can reach up to 1000, therefore, the 
energy required for their formation can be 10-8 

J = 6·1010 eV.
Let us assume that this energy is drawn from 

the energy of  the electric field of  a multiple 
charged cluster. Consider a cluster in the form of  
a sphere with a radius of  r = 6·10-7 m, completely 
covered with ions with a total charge Q = 4.5·10-12 C. 
The expansion of  ions is prevented by a spherical 
shell of  water molecules. This cluster can be 
considered as a spherical capacitor with an inner 
electrode with a radius r = 6·10-7 m and an outer 
electrode with R = ∞. The electric capacitance 
of  such a capacitor is C = 4πε0r, and the energy 
of  the electric field is We = Q2/2C = 1.57·10-7J 
= 1012 eV. This energy is quite sufficient for the 
formation of  tracks on different materials.
4.2. the process of traces formation on 
photoGraphic film

Let us consider a possible scenario for the 
formation of  traces on photographic films. 
Let us assume that a cluster with radius R1 = 
2.14∙10-6 m, with charge Q1 = 4.5∙10-12 C and 
mass M1 = 4∙10-14 kg moves towards the film. 
When the edge of  the cluster is at a distance 
L = 15∙10-6 m from the film surface, a small 
cluster with charge q1 = 4.5∙10-14 C and mass m1 
= 4∙10-16 kg separates from it and starts moving 

towards the film. This cluster moves under the 
action of  the force Fq1 = Q1q1/4πε0(R1 + x)2, 
where x changes from 0 to L. Having passed 
the path L, the small cluster will acquire the 
energy Wq1 = (Q1q1/4πε0)∙[1/R1 – 1/(R1 + 
L)] = 7.447∙10-10 J = 4.65∙109 eV. Its speed v1 
= (2Wq1/m1)

1/2 = 1.929∙103 m/s, and moment 
of  momentum is m1∙v1 = 7.7184∙10-13 kg∙m/s. 
A large cluster acquires the same momentum, 
it starts moving upwards from the film with 
a velocity V1 = (m1∙v1)/M1 = 19.296 m/s and 
acquires an energy WQ1 = M1V1

2/2 = 7.447∙10-12 
J. Calculation for an ion with R2 = 7.5∙10-6 m, 
Q2 = 4.5∙10-11 C, M2 = 8.62∙10-13 kg, from which 
a small cluster with a charge q2 = 4.5∙10-13 C and 
mass m2 = 8.62∙10-15 kg separates at a height L = 
15∙10-6 m, leads to the following results: Wq2 = 
1.619∙10-8 J = 1.012∙1011 eV, v2 = 1.938∙103 m/s, 
V2 = 19.379 m/s, WQ2 = 1.619∙ 10-10 J.

A cluster with a charge Q1 = 4.5∙10-12 C 
creates an electric field E1 = Q1/4πε0L

2 = 1.8∙108 
V/m at a distance L = 15∙10-6 m, and a cluster 
with a charge Q2 = 4.5∙10-11 C at the same 
distance creates a field E2 = 1.8∙109 V/m. Such 
fields are comparable in magnitude with the 
intensity Emin = 2∙109 V/m, determined by the 
Langevin criterion. Therefore, we can assume 
that polarization of  the film material will occur, 
and a force will act on the cluster, which will 
slow down its movement. When the work of  
this force becomes equal to the kinetic energy of  
the cluster, it will stop and begin to "fall" onto 
the film. The force acting on the cluster from the 
side of  the polarized film is Fd = P1Q1/2πε0R

3 

(see formula 2), where P1 is dipole moment of  
the polarized section of  the film, and R is the 
distance between the charge center and the film. 
The work of  this force on the section of  the 
trajectory dR is equal to dA = FddR, and the total 
work until the cluster stops is:

0
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Here R0 is the height of  the cluster above the film 
surface at the moment it begins to move upward, 
and R = (R0 + ΔR) is the height it will reach. 
In this problem, the unknown parameter is the 
value of  the film dipole moment P1 induced by 
the charge Q1. To estimate its value, we assume 
that the cluster, starting from a height R0 = L 
= 15·10-6 m, could rise to a height (R0 + ΔR) 
= 25·10-6 m. Equating the kinetic energy of  the 
cluster with the charge Q1 = 4.5·10-12 C (WQ1 = 
7.447·10-12 J) in work A, from formula (3) we 
find P1 = 7.3·10-21 C·m. The specific polarization 
of  the medium PV (C·m/m3) is related to the 
field strength E by the relation PV = ε0(ς – 1)E 
[34]. Assuming for the film material the value of  
dielectric constant ς = 2.6, at the field strength 
Emin = 2·109 V/m we obtain PV = 2.83·10-2 C·m/
m3. The dipole moment P1 = 7.3·10-21 C·m can 
be created by a grain with a volume Vf  = P1/PV 
= 0.26·10-18 m3 sized 0.64 µm.

Fig. 13 shows the result of  numerical 
calculation of  the change in the cluster height 
above the level of  separation of  a small cluster 
from it L = 15∙10-6 m. The parameters of  the 
cluster are accepted as Q1 = 4.5·10-12 C, M1 = 
4·10-14 kg and diameter D1 = 4.28∙10-6 m. It is 
believed that for a separated small cluster, the 
charge q1 = Q1/100 = 4.5∙10-14 C and the mass 
m1 = M1/100 = 4∙10-16 kg are one percent of  
the initial values of  the charge and masses of  
the main cluster, and these quantities remain 
unchanged despite the fact that Q1 and M1 
decrease with each "jump". For the dipole 
moment of  the polarized film, the value P1(t) 

= Q1(t)×2∙10-8 C∙m was taken (the decrease in 
the charge Q1 with each act of  separating a small 
cluster was taken into account). It is assumed 
that at t = 0 the lower edge of  the cluster was at 
a distance 1.5∙10-6 m from the emission height 
of  a small cluster and its velocity was zero. It 
can be seen that after five "jumps", the system 
switches to the mode of  alternating short (0.5 
μs in duration) and long (1.4 μs in duration) 
"jumps" with an average period of  1.86 μs. 
The height of  the "jump" and the duration of  
the "flight" grow with time (see Fig. 13). This 
can be explained by a gradual decrease in the 
charge of  the large cluster and the magnitude 
of  the induced dipole momentum of  the film. 
The reason for the alternation of  long (high) 
and short (low) "jumps" is as follows. When a 
cluster "falls" from a great height, it acquires a 
greater speed. To stop the cluster and change the 
direction of  its velocity vector to the opposite, 
it is necessary to spend a significant part of  the 
momentum acquired by it during the emission 
of  a small cluster. As a result, the cluster begins 
to move upwards at a low speed and, accordingly, 
"falls" also at a low speed. The next pulse of  
interaction between the charges of  a large and 
small cluster "tosses" it to a greater height. If  
a charged cluster has a velocity component 
directed along the plane of  the film, it will leave 
a chain of  double spots on it, separated by large 
intervals. These spots can merge due to charge 
spreading and form complex traces of  the type 
shown in Fig. 5.
4.3. action on a cluster of a maGnetic field

Fredericks [8,9] observed the curvature of  
particle tracks on photographic film when he 
applied a permanent magnet to it (Fig. 7). The 
magnetic field was perpendicular to the film 
surface. Instead of  the expected movement of  
magnetic monopoles along the magnetic field 
lines (that is, perpendicular to the plane of  the 
film), they moved perpendicular to the lines of  
force parallel to the film surface, leaving traces 
in the form of  parabolas on it. Let us discuss 

CONDENSED MATTER NUCLEAR PHYSICS STRANGE TRACES OF A "STRANGE" RADIATION,

Fig. 13. Change in the rise height of  the charged cluster 
above the level L = 15 μm, at which a small charge was 

separated from it (calculation result) [21-23].



262

No. 3 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

how this behavior of  "strange" particles can be 
explained.

Let us assume that a multiple charged cluster 
with charge Q and mass m flies with velocity 
V into the region of  action of  a constant 
magnetic field with induction B. The value of  
this velocity is determined by the equality of  the 
force of  the external electric field Ex acting on 
the charge and the friction force of  the cluster 
on air. Let the velocity V be perpendicular to 
the induction vector B. In this case, the force 
Fm = QVB will act on the charge perpendicular 
to the velocity vectors V and induction B. Due 
to the low speed of  the lateral displacement, let 
us assume that the friction force of  the particle 
on the air is small and can be neglected. The 
particle's lateral displacement acceleration due 
to this force is a = Fm/m, and the displacement 
in time t is S = at2/2 = (QVB/2m)·t2. Let's take 
Q = 4.5·10-12 C, V = 5 m/s, m = 4·10-14 kg. The 
time of  passage of  the track length L = 10-2 m is 
equal to t = 2·10-3 s. During this time, the track 
deviated to a distance S = 10-3 m. Substituting 
numerical values into the expression for S, we 
find B = 2mS/QVt2 = 0.89 T. The line drawn 
during the passage of  a particle of  distance L, 
accompanied by a lateral displacement S, has 
the shape of  a parabola.
4.4. maGnetic momentum of a rotatinG 
cluster

The momentum of  inertia of  a ball of  radius 
R is Ib = (2/5)mR2. The mass of  the ball is m 
= (4/3)πR3ρ (ρ is the density of  the material of  
the ball), hence the momentum of  inertia of  the 
solid ball is I = (8/15)πρR5. For a cluster in the 
form of  a hollow sphere with outer radius R = 
2.12·10-6 m and inner radius Rin = 0.6·10-6 m 
momentum of  inertia I = (8/15)πρ(R5 – Rin

5) = 
71.58·10-27 kg·m2 (we took ρ = 103 kg/m3 equal 
to the density of  water). Let's replace the cluster 
with a weight me rotating on a circle of  radius 
R. For it I = meR

2 and me = 15.927·10-15 kg. The 
momentum of  rotation of  the load is equal to l 
= mevR (v is the speed of  the movement of  the 
load). For a cluster l = 3.376·10-20v. If  the load 

rotates with a frequency of  nr revolutions per 
second, then its speed is v = 2πRnr m/s and l = 
4.49·10-25·nr kg·m2/s. Let us estimate the cluster 
rotation frequency. Let us take the kinetic energy 
of  the load mev

2/2 equal to kBT = 1.38·10-23 J/
K×300 K = 4.14·10-21 J. With me = 15.927·10-15 
kg the velocity v = 0.72·10-3 m/s and nr = v/2πR 
= 54 s-1.

When the cluster rotates around an axis 
passing through its center, its inner sphere with 
a radius Rin = 0.6·10-6 m also rotates, on which 
there are ions with a total charge Q = 2·10-12 
C. If  the charges are uniformly distributed 
over the sphere, their surface density is σ = 
Q/4πRin

2 = 0.44 C/m2. The rotation of  the 
charge is equivalent to the formation of  a 
ring with current, which creates a magnetic 
moment, the vector of  which is directed along 
the axis of  rotation of  the cluster. Fig. 14 
shows a cross section of  such a cluster. 
The radius of  the current ring is r = Rcosα, 
where R is the radius of  the sphere, and α is 
the angle between the plane of  the equator 
and the line of  intersection of  the current 
ring with the sphere. Current ring area s = 
2πrR·dα = 2πR2cosαdα. Current ring charge q 
= s·σ = (Q/2)cosαdα. If  the sphere makes nr 
revolutions per second, then the current ir = 
q·nr = (Q/2)nrcosαdα flows through the ring 
of  radius r. The magnetic momentum of  this 
current is dpm = ir·πr2 = (Q/2)nrR

2cos3αdα. 
Total magnetic flux of  the rotating sphere 
is 

/22 3 2

0
cos (2 / 3) .m r rp Qn R d Qn R

π
π α α π= =∫  

At Q = 4.5·10-12 C and R = 0.6·10-6 m pm = 
3.39·10-24nr (C·m2/s). We found above that due to 
thermal perturbations, the cluster can rotate 
at a frequency of  about 100 revolutions per 
second. Suppose that for some reason the 
rotational speed has become 1000 revolutions 
per second. Then pm = 3.39·10-21 C·m2/s. In 
an inhomogeneous magnetic field, a force 
proportional to the magnetic induction gradient 
acts on the magnetic dipole, forcing the dipole 
to move in the direction of  increasing magnetic 
field strength. This force is Fm = pm·gradB. Let 
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gradB = 102 T/m near the pole of  a strong 
magnet, then Fm = 3.39·10-19 N. This force is 
much less than the force of  the weak electric 
field on the cluster charge (at Q = 4.5·10-12 C 
and E = 10 V/m force Fe = QE = 4.5·10-11 
N). Thus, the magnetic field can only act on 
a moving charged cluster (due to the Lorentz 
force). The "gyromagnetic" ratio for the cluster 
is pm/l = 33.9·10-25nr/4.49·10-25nr = 7.55 C/kg 
(for an electron pm/l = 1.76·1011 C/kg).
4.5. curls of the trajectory

Characteristic feature of  traces left by "strange" 
particles are sharp breaks in their trajectories 
(Fig. 6, Fig. 8). This gave a reason to some 
researchers [10,11] to believe that the traces were 
left by particles with a very small mass (magnetic 
monopoles or magnetically excited neutrinos) 
[3,4,10,11]. Let us discuss whether this behavior 
of  particles can be explained if  we consider 
them as charged spheres with a certain size and 
nonzero mass. Let us have a cluster with inner 
sphere radius r = 6·10-7 m, having charge Q = 
4.5·10-12 C. The thickness of  the water shell of  
such a cluster is a = 1.54·10-6 m, and its outer 
radius is R = r + a = 21.4·10-7 m. The volume 
of  the shell is Vsh = 4π[(r + a)3 – r3]/3 = 4·10-17 

m3, and the mass of  the shell, equal to the mass 

of  the cluster, Msh = 4·10-14 kg. In an electric 
field Ex, the cluster is affected by the force Fe 
= QEx, which makes it move with velocity v in 
the direction of  the field strength vector. The 
air resistance force FD = (πCDρmR2v2)/2 acts 
opposite to the Fe force, where CD = 5.8 is the 
medium resistance coefficient, and ρm = 1.205 
kg/m3 is the air density. For Fe = FD, the cluster 
moves at a constant speed. Let this speed be 
10 m/s. In this case, the kinetic energy of  the 
cluster Wk = Mshv

2/2 = 2·10-12 J, and the force 
FD = 5·10-9 N. Suppose that at some moment 
action of  the force Fe is ceased and the cluster, 
slowing down under the action of  the force FD, 
will stop after passing a certain distance x. The 
magnitude of  the force FD will decrease with 
decreasing speed, but we will neglect this and 
assume that it is equal to its maximum value. 
The distance x = Wk/FD = 0.4 mm, that is, in 
order to stop the movement and change the 
trajectory, the cluster must describe an arc with 
a radius of  about 0.25 mm. In fact, according to 
observations, the radius of  this arc is 1000 times 
smaller. The reason for this discrepancy lies in 
the fact that we assumed that the cluster flies 
freely over the film surface without interacting 
with it. This is not true. According to Fig. 13 the 
cluster, moving along the film surface, oscillates 
in the direction perpendicular to the film plane. 
At some point, it is attracted to the film. This 
means that when the trajectory is bent, it makes 
a turn around a certain point lying on the surface 
of  the film, and not a turn in free space. This 
situation is similar to what you might encounter 
when you are descending a steep mountain. You 
are moving fast, visibility is limited due to the 
fog. And suddenly you see that you are on the 
edge of  the abyss and you no longer have time 
to turn sideways. You are saved by a tree that 
happened to be in your way. You grab at its trunk 
and turn sharply.
4.6. symmetric tracks

The movement of  a spherical cluster occurs due 
to the action of  two forces. The first is the action 
of  the electric field E on the charge Q: Fe = QE. 
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Opposite to this force, a sphere of  radius R 
moving at a speed v is affected by the air friction 
force [37]

2 2( ) / 2,D D mF C Rπ ρ ν=  (4)
where mρ  = 1.205 kg/m3 is the air density, and 
the drag coefficient of  the medium at a speed v 
= 10-20 m/s can be set equal to CD = 5.8. At Fe 
= FD, the cluster velocity is:

1/2 1/2

2 2

2 .
D m

QE QEA
C R R

ν
π ρ
   = =   

  
 (5)

In the images of  traces of  "strange" particles, 
symmetrical traces ("twin tracks") are sometimes 
observed (Fig. 9, Fig. 10, Fig. 11). It can be 
assumed that the particles that left them flew 
in the same direction, simultaneously making 
bends in the trajectory. According to our model, 
this was due to the fact that the particles had a 
charge and moved due to the action of  electric 
fields on them, which changed direction at some 
points in time. In rare cases, “chiral” traces 
were observed when the particles that left them 
simultaneously moved in the opposite direction 
(Fig. 12). This can be explained by the fact that 
the pair of  particles had charges of  the opposite 
sign. An analysis of  the lengths of  the sections 
of  the trajectory of  two particles showed that 
the lengths of  the straight segments are the 
same, that is, both of  these particles moved at 
the same speed. In principle, this could happen 
if  both particles had the same charge (modulo) 
and the same size. However, this is highly 
unlikely. It would be more realistic to assume 
that the particles had different charges and sizes, 
however, the size of  particles with a smaller 
charge was smaller and therefore the force of  
their friction against air was also smaller. Ideally, 
one would expect particles that have the same 
ratio of  charge Q to the square of  radius R2 

to move in a constant electric field at the same 
speed.

Let us discuss whether there can be clusters 
for which the ratio Q/R2 = const. In Section 4.1, 
we described the procedure for calculating the 
parameters of  a cluster holding inside a shell with 

a thickness a = 1.54·10-6 m an electric charge Q 
= 4.5·10-12 C. The cluster radius turned out to be 
equal to R = 2.12·10-6 m. Calculating parameters 
of  other clusters on described scheme we find 
that the cluster with a charge Q = 4.5·10-14 C 
has a radius R = 2.11·10-7 m, the cluster with Q 
= 4.5·10-13 C has a radius R = 6.7·10-7 m, and a 
cluster with Q = 4.5·10-11 C has R = 6.55·10-6 m. 
The results of  calculation of  cluster parameters 
are presented in the Table.

As you can see, the value of  the Q/R2 

parameter is equal to one. This value is close to 
the value σ = 1 C/m2, which is the surface charge 
density of  dipoles of  water molecules placed as 
a monolayer on the shell of  ball lightning [24-
33]. In twin tracks, there is synchronization of  
two orders. The first is external. On continuous 
tracks, it is seen that the particles change their 
trajectory simultaneously under the influence 
of  a change in the external field. The second 
is internal order. On Fig. 11 it can be seen that 
the particles "draw" the strokes in a coordinated 
way, that is, they "reset" the charges at the same 
time. Perhaps the reason for this correlation 
is the exchange of  pulses of  electromagnetic 
radiation during each discharge. The appearance 
of  multiple charged clusters with different 
polarity during electric discharges seems to be 
quite natural. In some cases, they are formed 
near the anode, and in others, near the cathode.
4.7. "stranGe" particles and nuclear 
transmutation

The idea was repeatedly expressed that the 
registered changes in the isotopic composition 
of  elements during electric discharges can 
be somehow connected with the appearance 
of  "strange" particles. Even the question of  
what is primary – the appearance of  particles 
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Table
Cluster radius R as a function of its charge Q.
Q, C R, m R2, m2 Q/R2, C/m2

4.5·10-14 2.11·10-7 4.45·10-14 1.01

4.5·10-13 6.70·10-7 44.89·10-14 1.00

4.5·10-12 2.14·10-6 4.58·10-12 0.98

4.5·10-11 6.55·10-6 42.90·10-12 1.05
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and the subsequent reaction of  a change in 
the composition of  nuclei, or vice versa [5,6], 
was even discussed. Let's assume that the first 
version is correct. Experiments have shown 
that "strange" particles can penetrate solids 
and then be emitting by them for a long time 
[12,13]. A multiple charged cluster embedded 
in a crystal lattice creates an electric field in 
the region around it, the strength of  which is 
comparable to the strength of  the electric field at 
the location of  an electron in a hydrogen atom. 
If  the cluster has a negative charge, this will 
lead to the repulsion of  the electron cloud of  
the lattice atom, and the nucleus will be "bare", 
as it were. It is impossible to predict in advance 
what can happen in the region between the outer 
surface of  the cluster shell and the "bare" nuclei 
during the time the cluster stays inside the crystal 
lattice (up to several days). For a thermonuclear 
reaction in deuterium-tritium plasma, there is 
the Lawson criterion, according to which the 
probability of  a reaction is determined by the 
product of  the plasma density and the time 
of  its confinement. It is possible that the time 
parameter is also important in determining the 
probability of  nuclear transformations in strong 
electric fields. Another aspect is important. 
In the search for the mechanism of  nuclear 
transformations, it is always implicitly assumed 
that the reaction occurs in the form of  a single 
act, the implementation of  which requires energy 
of  several mega-electronvolts. But processes also 
occur in nature when a "mega-transformation" 
occurs through a cascade of  "small" steps. The 
most striking example of  this is the absorption 
of  two "red" quanta by plant chlorophyll. A 
polyatomic molecule (for example, SF6) can be 
excited to the dissociation level (Ed = 2 eV) due 
to the absorption of  CO2 laser radiation quanta 
(λ = 10.6 μm, El = 0.11 eV) [38]. A person cannot 
jump more than two meters, but can climb stairs 
to the 20th floor of  a house. It is possible that 
such a process of  step-by-step overcoming of  
the barrier may play some role in the reactions 
of  "cold fusion" of  elements.

5. CONCLUSION
Based on the above, the following conclusions 
can be drawn:
1. Particles of  "strange" radiation are not 

elementary particles or atomic nuclei, for 
which the only reservoir of  action on matter 
is their kinetic energy. It is also unlikely 
that these particles serve as a catalyst for 
exothermic nuclear reactions in ordinary 
matter. It is more realistic to consider that 
these are macroscopic particles with a large 
internal potential energy reserve.

2. The appearance of  traces of  "strange" 
particles is naturally explained under the 
assumption that they are left by particles with 
an electric charge exceeding the elementary 
charge by more than 1000 times.

3. The charge of  these particles can be both 
positive and negative.

4. Charged particles move due to the action 
of  random electric fields on them (the "fair 
weather" field strength near the earth’s 
surface is about 100 V/m). This field changes 
chaotically in time.

5. The properties of  "strange" particles are 
similar to the properties of  ball lightning. 
They, like ball lightnings, are able to move 
along the surface of  a solid body, make jumps, 
leave holes in the material when rebounding, 
and divide into parts. This makes it possible to 
identify them with miniature ball lightnings.

6. Like ball lightning, these particles are able 
to penetrate into a solid body. The estimate 
shows that a spherical cluster with a radius 
of  2.14·10-6 m and a charge of  4.5·10-12 C 
presses on the surface with a force of  1010 

N/m2.
7. The electric field strength on the surface of  

such a cluster can reach up to 1010 V/m. This 
is comparable to the strength of  the electric 
field in an atom (5·1011 V/m). In the crystal 
lattice near the intercalated cluster, a strong 
polarization of  the substance will occur, 
which can facilitate the conditions for the 
approach of  protons and nuclei of  elements.
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8. This forces us to consider the possibility 
of  nuclear reactions proceeding through 
the process of  overcoming the potential 
barrier, which lasts for a time many orders of  
magnitude greater than the time of  nuclear 
collision in a conventional nuclear process.
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1. INTRODUCTION
The basic concept in the field of  information 
technology in the transmission, reception and 

processing of  information is the concept of  
"information coding", usually interpreted as a 
synonym for the concept of  "representation 
of  information on a specific medium". 
Such information carriers can be: graphics 
(drawings), texts, numbers, musical notations, 
sequences of  electromagnetic, optical, acoustic 
or other signals.

The word "code" in the most general 
sense refers to a specific way of  presenting 
information. Often, the word "coding" is also 
understood not only as a way of  presenting 
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information, but also as the process of  
converting from one representation of  
information to another. The process of  inverse 
transformation in such a case is usually called 
decoding.

The applied application of  information 
technologies involves the physical 
implementation of  a specific coding process 
in the transmission, processing and storage 
of  information in telecommunication systems 
and computer networks. Progress in this area 
is associated with an increase in speed and an 
increase in the noise immunity of  information 
channels. This is primarily dictated by the need 
to develop effective channels for information 
exchange and control of  distributed networks 
and automatic systems with remote control, 
where the cost of  an error or partial loss 
of  information can have catastrophic 
consequences, up to the loss of  the entire 
system.

The trend observed in recent years 
of  the global spread of  various open 
telecommunication systems and a sharp 
increase in the number of  subscribers lead to 
the need to protect information not only at the 
level of  government agencies, special services 
or business circles, but also at the level of  
almost every individual user. In information 
networks, this problem is associated not so 
much with the confidentiality of  information 
as with the loss of  information due to the low 
noise immunity of  various communication 
channels.

At present, the problem of  increasing 
the noise immunity of  communication 
channels is especially acute in radio relay 
lines. The saturation of  the frequency range 
with traditional means of  communication 
based on the principle of  frequency division 
of  channels has led to the development 
of  communication means operating in a 
common frequency band and using coding 

methods for the so-called code division 
of  channels, in which streams of  random 
(pseudo-random) numbers used as codes. 
When transmitting information, streaming 
coding provides the greatest noise immunity 
(and hence cryptographic strength) when 
using continuous random key streams with 
a uniform distribution function.

It should be specially noted that one 
of  the main problems in the generation 
of  pseudorandom sequences (PRS) is the 
need to form long implementations when 
using a short master key that determines 
the initial conditions. The development of  
new generating algorithms for generating 
pseudo-random sequences is an important 
modern task and requires an understanding 
of  the patterns of  formation of  the PRS 
of  numbers with certain specified statistical 
properties.

In the software implementation of  
algorithms for generating pseudorandom 
processes, the computer operates with discrete 
numbers in binary representation with a finite 
number of  bits. Given this limitation on the 
finite bitness of  numbers in a computer, the 
total volume of  the phase space (PS), any point 
of  which corresponds to an unambiguous 
state of  the system, is limited. Accordingly, 
any algorithmic method of  formation should 
sooner or later enter the periodic repetition 
of  the same segments of  the sequence being 
formed, that is, enter a cycle, although its 
period may be very large and even infinite from 
the point of  view of  a number of  practical 
applications.

The requirements for the properties 
of  sequences of  pseudo-random numbers 
depend on specific applications and, as a rule, 
one algorithm is not able to satisfy all these 
requirements. In the general case, it is possible 
to formulate the main requirements for PRS 
[1]:
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• high quality: according to statistical criteria, 
PRS should be close to a random process 
and have the longest possible period;

• efficiency: the algorithm should be fast and 
occupy as little memory as possible;

• reproducibility: with exact reproduction of  
the algorithm initial conditions, the same 
PRS should be formed on implementations 
of  any duration, and minor changes 
in the initial procedure should lead to 
the generation of  qualitatively different 
sequences;

• simplicity: the generator algorithm formula 
should be easy to implement and use.
In the available literature, there is practically 

no information about the methods for 
developing algorithms for generating pseudo-
random numbers [2]. From the point of  view 
of  practical application in digital information 
technologies, algorithms defined on a closed 
interval of  integers are of  interest. Their 
advantage is related to the absence of  the need 
to use any rounding in the process of  calculating 
the terms of  the sequence. Accordingly, the 
calculation results in this case will not depend 
on the data bus bitness in a particular computer 
and the number of  significant digits in the 
representation of  fixed-point numbers.

The successes achieved in recent years 
in understanding the mechanisms of  the 
emergence of  chaos in dynamic systems of  a 
wide class have made it possible to take a fresh 
look at the ways of  developing algorithms for 
the formation of  pseudo-random numerical 
sequences [3]. In particular, the role of  the 
mixing mechanism in ensuring stochastization 
has become clearer, which is especially 
important in the case of  using algorithms 
defined on a limited numerical interval. The 
most well-known of  the algorithms for 
forming the PRS described in the literature are 
the integer congruent algorithm proposed by 
the mathematician Lemaire [4] and the family 

of  algorithms of  the Fibonacci type [5]. The 
congruent algorithm looks like:

n n 1X (a X C) (modM),−= ⋅ + ⋅
where X0, a, C are given integers (in this case, 
X0, a, C < M, and some large integer is taken 
as M).

Fibonacci algorithms belong to the class of  
algorithms with delay. The generalized formula 
for their linear variant is:

Nz Nz

n i n i j n j
i 1 j 1

X a X A( b X )  ,− −
= =

 
=  

 
∑ ∑



where ai, bj are equal to 0 or 1, Nz is the delay 
parameter, A( )



 is some operator that takes 
into account the phase relations between the 
delay terms. The case A( )



 ≡ 1 corresponds to 
the generalized Fibonacci generator:

Nz

n n i n-i
i 1

X a   X .−
=

= ⋅∑
The delay parameter Nz determines the 

number of  given (or previously calculated) 
sequence members that must be stored in the 
memory of  the computing device in order to 
be able to calculate a new sequence member 
at each next step of  the algorithm, an-i are 
coefficients that are usually considered equal 
to 1 or 0. In some algorithms do not use 
sums, but the differences of  these elements 
or their products. The classical Fibonacci 
algorithm takes into account only two terms 
of  the series – the term calculated in the 
previous step (n – 1) of  calculations and in 
step (n – Nz).

The dimension of  the phase space (PS) of  
a dynamical system based on a computational 
algorithm is determined by the number of  
values that must be specified in order to 
uniquely determine its state and be able to 
determine the state of  the system at the next 
computational step. Obviously, the dimension 
of  the PS of  a dynamical system described by 
a delay algorithm is determined by the delay 
parameter Nz.



272

No. 3 | Vol. 14 | 2022 | RENSIT: Radioelectronics. Nanosystems. Information technologies

NIKITA A. AGEYKIN, VLADIMIR I. GRACHEV, NADEZHDA G. PETROVA, 
ALEXANDER M. POPOV, VIKTOR I. RYABENKOV, VLADIMIR V. KOLESOV INFORMATION TECHNOLOGIES

Due to the PS limitation of  the algorithm 
specified on the interval of  integers, the set of  
which is significantly less than the entire set 
of  numbers on this interval, the results of  the 
calculation, sooner or later, must necessarily 
repeat the previously obtained values, that 
is, the system must go into a cycle. It can be 
expected that the magnitudes of  these cycles 
depend on the initial conditions.

Thus, the purpose of  the work was to 
identify, using the example of  the simplest 
algorithms, the formation patterns of  
cycles ("trajectories") of  the motion of  
the representing point of  the state of  the 
system in its phase space. We also studied the 
tendencies of  changing these trajectories when 
changing the interval of  numbers on which 
the algorithm is specified, and (or) changing 
the delay parameter, that is, the influence of  
changing the dimension of  the phase space. As 
such an algorithm for the study, the classical 
Fibonacci-type algorithm was used.

2. ALGORITHM FOR A PSEUDO-
RANDOM SEQUENCE GENERATING
To form a pseudo-random sequence, we used 
the classical Fibonacci-type algorithm based 
on integers {xn} on a given interval [1, M] with 
a delay parameter Nz:

1 ,n n n Nzx x x− −= +  (1)
which belongs to the class of  algorithms whose 
general form is indicated, for example, in [6].

For this class of  algorithms, numerical 
methods are used to analyze the influence of  
the main parameters of  a generating algorithm 
with a delay on the statistical, correlation, 
structural, and fractal characteristics of  non-
periodic pseudo-random integer and binary 
sequences generated by the algorithm. It is 
shown that non-periodic pseudo-random 
sequences (PRSs) generated by the algorithm 
with delay, for all values of  the main parameters, 
have good statistical, correlation, structural 

and fractal characteristics, close to random 
sequences of  independent trials [7].

Since, when performing algorithm 
calculation operations for individual pairs 
of  added sequence members, the sum goes 
beyond the upper limit of  the specified interval 
of  the algorithm definition area, this algorithm 
must be supplemented with a return operator 
to the specified interval. The value of  the sum 
xn may be less than or equal to 2M. The chosen 
return operator can in principle be different. 
Depending on this, different mixing modes 
are implemented, which leads, in particular, 
to different probability distributions for the 
sequence of  calculated terms. For the algorithm 
under consideration, two variants of  a simple 
operation of  returning to a given interval can 
be presented. One can conditionally be called 
the "reflection from the wall" operator. If  xn 
exceeds the value of  the upper limit of  the 
interval M, the newly calculated member is 
assigned the value xn = M – (xn – M), that is, the 
difference in the excess of  the newly obtained 
number is subtracted from the maximum value 
of  the interval M.

Another return option is "gluing" the ends 
of  the interval. In this case, the excess over the 
value of  M equal to the difference (xn – M) is 
added to the value of  the lower boundary of  
the interval, i.e. xn = xn – M. In this work, this 
last version of  the return operation was used, 
which provides the mixing mechanism.

To calculate the sequence generated by the 
algorithm under consideration, it is necessary 
to set the parameters M and Nz and the 
memory (delay) array X0(Nz) = (x1, x2, ... xNz), 
that is, a series of  initial values consisting of  
Nz integers from the interval [1, M].

The phase space (PS) of  such a system 
has the dimension MNz. It consists of  a set 
of  points with coordinates from the interval 
of  integers [1,M] that uniquely determine 
the state of  the system. Obviously, due to 
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the boundedness of  this interval [1,M] and, 
consequently, the finite number of  PS points 
in the process of  successive calculation steps, 
the system will sooner or later necessarily 
get to the PS point where it has already 
been. Further, the movement will continue 
along the previously passed states in the PS. 
This means that the system is on a periodic 
"trajectory" with a repetition period equal to 
the corresponding number of  counting steps 
(TM,Nz). In principle, it can be assumed, and the 
results of  calculations confirm this, that the 
dynamic system under study, depending on the 
values of  the parameters M, Nz and the initial 
conditions in the phase transition, can have 
many cycles of  different periods. The cycle 
with the largest period for the data M and Nz 
is called the maximum period cycle.

3. RESULTS OF CALCULATIONS AND 
REGULARITIES REVEALED
The study of  the periods of  sequences formed 
by algorithm (1) depending on the parameters 
M, Nz and initial values was carried out starting 
from small values of  the parameters, although 
it is obvious that these cases are not important 
for practical applications. Nevertheless, this 
analysis can help in revealing patterns of  
sequence formation at arbitrary values of  M 
and Nz.

Transitions from one state point to another 
will be depicted for the convenience of  
visualizing the sequence of  system motion in 
the form of  a phase trajectory (PT), although, 
strictly speaking, the system does not describe 
a trajectory in phase space, but jumps from 
one state to another. When the radius-vector 
Rn{xn-1, …, xn-Nz} of  the system state in the 
PS at the n-th step of  the algorithm hits the 
state point in which it was already at the (n–N)-
th step, i.e. Rn = Rn-N, then at further steps of  
the calculation, due to the determinism of  the 
algorithm, the vector will exactly repeat the 
previously passed movement. This means that 

the system in the PS entered a cycle with a 
period T = (N – 1) equal to the number of  state 
points on the cycle. This periodic movement 
of  the system in the PS will correspond to a 
periodic sequence of  numbers generated by 
the algorithm.

Among all possible cycles in the PS of  the 
system for given values of  the parameters M 
and Nz, we single out the cycle with the largest 
period and call it the cycle of  the maximum 
period TM,Nz,max. From the point of  view of  the 
formation of  the PRS of  the longest possible 
period, the configuration of  the corresponding 
PT in the PS should have signs of  a certain 
"chaotic" and not have spatial periodicity at the 
largest possible number of  algorithm steps.

Computational experiments performed 
for different values of  the parameters M, 
Nz and initial values have shown that the 
spatial configuration of  the PT depends in a 
complicated way on the specified parameters. 
However, there are some general patterns:
1. The PS of  the algorithm is a set of  cycles of  

different periods. Each point of  the system 
state belongs to only one cycle, which is 
a consequence of  the rigid determinism 
and uniqueness of  the algorithm. In other 
words, the cycles do not have common PS 
points.

2. For any M and Nz, one trajectory is singular 
and represents an isolated point, all of  
whose coordinates are equal to M, which 
follows from the formula of  algorithm (1) 
and the return operation.

3. As a rule, for given M and Nz, there are 
several different cycles of  the same period 
in the PS. They differ in the set of  PS 
points. The number of  cycles with the 
same period we denote by ν: T(ν)M,Nz. For 
example, T(2)8,2 = 6 means that when M = 
8, Nz = 2, there are 2 cycles in the PS with 
a period equal to 6.
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4. The point with coordinates (1, 1, …, 1) 
for any M and Nz always lies on the cycle 
with the maximum period. The points (1, 
1, …, 1) and (M, M, …, M) are singular 
throughout the PS.

5. The sum of  state points in the PS of  a 
dynamic system in all cycles is always equal 
to the total volume of  the PS – V = MNz.
PT with PS dimension > 3 can be 

studied only by their projections onto the 
corresponding planes, and the complexity of  
their spatial configuration can be judged from 
a simpler two-dimensional case for M = 8, 
shown in Fig. 1.

For the convenience of  visualization, 
the PS points depicting states sequentially 
passed by the system are connected by lines 
– "trajectories" of  the system's motion. The 
trajectories shown in the figure correspond to 
cycles with a period: T(4)8.2 = 12 (B), T(2)8.2 = 
6 (D), T(1)8.2 = 3 (F).

This Figure shows 4 out of  8 existing 
trajectories T(1)8,2 = 1, T(1)8,2 = 3, T(2)8,2 
= 6 and T(4)8,2 = 12. Required note that the 
volume of  the PS in this case is equal to 64 and 

Fig. 1. Image on the plane of  successive states traversed by 
a dynamical system in a 2-dimensional phase space for the 

algorithm parameters М = 8 and Nz = 2.

it coincides with the points sum over all PTs 
(1 + 3 + 2∙6 + 4∙12 = 64).  Fig.  2 shows the 
maximum length PT for M = 4 in 3D space, 
while there are 3 more PTs of  the same length 
in the PT, one PT having 7 points, and one PT 
consisting of  one point with coordinates (4, 4, 
4).

In all cases, when determining the period 
TM,Nz, the following procedure was performed: 
the generation of  sequence members 
continued until the vector of  initial conditions 
(IC) was repeated. The dependence on the IC 
was studied by sort through of  all possible IC 
vectors for given M and Nz. For clarity, the 
results of  such studies for the case Nz = 2 were 
presented in the form of  a matrix, the elements 
of  which are the periods of  the corresponding 
cycles. The numbers of  rows and columns of  
this matrix for each of  its elements determined 
the corresponding initial conditions. For the 
cases M = 5, Nz = 2 and M = 6, Nz = 2, these 
matrices have the form:

20 20 4 20 20
4 20 20 20 20
20 20 20 4 20
20 4 20 20 20
20 20 20 20 1

        

24 24 24 24 24 24
24 8 24 8 24 8
24 24 3 24 24 3

.
24 8 24 8 24 8
24 24 24 24 24 24
24 8 3 8 24 1

Naturally, when passing to Nz > 2, 
the corresponding matrix becomes 

Fig. 2. Representation in 3D-space of  the "trajectory" 
of  successive states of  the system for M = 4 and Nz = 3, 

corresponding to the cycle of  the maximum period.
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multidimensional and its analysis and 
representation is a difficult task. Note that 
for evens M, the period matrix is symmetric 
with respect to the main diagonal (except 
for the cases when odd factors are present 
in the decomposition of  M), and for any M, 
almost all periods lie on the main diagonal. 
In cases where M is not a prime number, but 
has factors, the period matrices (and hence 
the PT) "inherit" the features of  the matrices 
of  their factors, and the PT reproduce the 
PT factors on a larger scale and with the 
same period.

Similar calculations were performed up to 
the value of  the PS dimensions Nz = 6, and the 
conclusions drawn for the two-dimensional 
case regarding the periods of  the sequences 
formed by such algorithms turned out to be 
correct. The futility of  using even values of  
M from the point of  view of  achieving the 
cycles of  the largest period (this statement is 
the more rigid, the larger the dimension of  
the PS) is clearly demonstrated by the graph 
shown in Fig. 3, which shows the dependence 
of  the maximum period TM,Nz from M (where 
M varies from 50 to 97) with a PS dimension 
of  6.

Fig. 3. Dependence of  the maximum period TM,Nz on M for 
the sequence generated by the algorithm with the PS dimension 
Nz = 6 (where M varies from 50 to 80). The dotted curve 
corresponds to the power function M(Nz–1)+δ approximating the 
maximum values of  the periods, where in this case δ = 0.21.

The complex nature of  the dependence 
obtained indicates the nontriviality of  the 
regularities in the formation of  the PRS, 
despite the obvious simplicity of  the algorithm 
(1). On Fig. 3 also shows the approximation 
of  the maximum period value by the power 
function M(Nz-1)+δ (in this case, δ = 0.21, and for 
other parameters, as a rule, it is ≈0.1-0.25), i.e. 
the maximum period increases with increasing 
M, but not monotonically. The graph also 
shows that not all prime numbers provide 
the achievement of  the maximum period, 
therefore, this parameter is not a sufficient 
condition for this.

It should be noted that from the point 
of  view of  the formation of  sequences with 
a maximum period, the presence of  a large 
number of  cycles in the PS is extremely 
undesirable, since this reduces the proportion 
of  the volume of  the PS that can be 
occupied by cycles with the maximum period. 
Having written in general form the first few 
members of  the sequence of  numbers formed 
using algorithm (1), for the simplest case 
Nz = 2 with initial conditions (X1, X2), it is 
enough to simply make sure that at the n step 
of  forming the sequence we will have, taking 
into account the return rule

1 1 2  –  ,n n nX f X f X Mµ+= +  (2)
where fn and fn+1 are the well-known Fibonacci 
numbers, μ is an integer.

A similar procedure can be performed for 
Nz > 2, and for Xn we get an expression similar 
to (2)

1 1 2 1    –  ,n n n n NzX f X f X f X Mµ− += + + …+  (3)

only in this case fn are no longer classical 
Fibonacci numbers, as in the case of  Nz = 2, 
but generalized Fibonacci numbers. The firsts 
Nz of  such generalized Fibonacci numbers 
are simply 1. Then the recurrence relation 
by which subsequent Fibonacci numbers are 
calculated is as follows
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1 ,n n n Nzf f f− −= +  (4)
and, for example, with Nz = 4, the first 10 
generalized Fibonacci numbers are: 1, 1, 1, 1, 
2, 3, 4, 5, 7, 10.

If  the period of  the generated sequence is 
equal to n, then starting from n + 1 steps, the 
IC will begin to repeat, which makes it possible 
to write down Nz equalities of  the form

1 1 2 2 1 1

2 1 1 2 3 2 2

1 1 2 1( ) ( )

   ,
   ,

...
     ,

n n n Nz

n n n Nz

n Nz n Nz n Nz Nz Nz Nz

f X f X f X M X
f X f X f X M X

f X f X f X M X

µ
µ

µ

+ +

+ + +

+ + − + +

+ + … + − =

+ + … + − =

+ + … + − =

 (5)

where fn are generalized Fibonacci numbers, 
the specific form of  which is determined by 
Nz and (4). By introducing the matrix FNz, 
whose elements are obvious, equations (5) can 
be written in the matrix form

–    ,Nz Nz Nz NzR F M Rµ =

where RNz is the initial state vector determined 
by the initial conditions, and μNz is a vector 
whose components are integers.

Let us rewrite (5) in the form

( ) ( )

1 1 2 2 1

2 1 1 2 3 2

1 1 2 1

–  1    ,
 –  1    ,

...
     

( )

.

( )

(

n n n Nz

n n n Nz

n Nz n Nz n Nz Nz Nz

f X f X f X M
f X f X f X M

f X f X f X M

µ
µ

µ

+ +

+ + +

+ + − + +

+ + … + =
+ + … + =

+ + … + − =

 (6)

Considering that all μn are integers, system 
(6) can be written as equations
( ) ( )

( ) ( )

( ) ( )

1 1 2 2

2 1 1 2 3

1 1 2 1( ) ( )

–  1          0,

 –  1        0,

...

     1     0.

n n n Nz

n n n Nz

n Nz n Nz n Nz Nz

f X f X f X mod M

f X f X f X mod M

f X f X f X mod M

+ +

+ + +

+ + − + +

  
  

 

+ + … + =

+ + … + =

+ + … + − =

 (7)

In these equations, all parameters are 
known (M, Nz, and IC are given) and, 
therefore, it remains only to find the step n, 
which ends the period of  the sequence, and 
from n + 1 steps, its repetition begins. Since 
we are interested in the maximum period, 
and it is achieved if  the entire set of  initial 
conditions is equal to 1, and then equations 
(7) are further simplified

( ) ( )
( ) ( )

( ) ( )

1 2

2 1 3

1( ) ( )1

–  1         0,

 –  1        0,

...

     1     0.

n n n

n n n

n Nz n Nz n Nz

f f f mod M

f f f mod M

f f f mod M

+ +

+ + +

+ + − + +

  
  

 

+ + … + =

+ + … + =

 + + … + − =

 (8)

Taking into account the recurrence relations 
(4), (8), we can write

( )( )( )

)

)

2(

(

1

( )( )

( )( )

–  1    0,

–  1   0,

...
 1  0.

n Nz

n Nz

n Nz Nz

f mod M

f modM

f modM

+ +

+ +

+ +

=

=

− =

 (9)

From (9) it follows that in order to find the 
period of  the formed sequence, it is necessary 
to determine Nz consecutive generalized 
Fibonacci numbers, which, after subtracting 
one from them, are divisible by M without 
a remainder. It should be noted that the 
conditions for entering the period are non 
trivial, which determines the rather complex 
dependence of  TM,Nz on M (see Fig. 3).

Conditions (9) can be reduced to one 
condition by addition the left and right parts, 
taking into account the recurrence relation (4):

( )( ) )1(3 –  0 .n Nzf Nz modM+ − =  (10)

Thus, to calculate the period of  the 
sequence, it is necessary to determine the 
number of  the generalized Fibonacci number, 
which, after subtracting Nz from it, is divisible 
by M without remainder.

The method for determining the period of  
sequences generated by the algorithm under 
consideration using conditions (9), gives some 
gain in computation time compared to the 
direct method of  direct sequence generation 
and tracking the beginning of  the repetition 
of  the IC. It is this technique that was used 
to study the dependence of  TM,Nz on the PS 
dimension Nz. The results obtained are shown 
in Fig. 4. The calculations were performed for 
M = 11, 15, 19, the parameter Nz varied from 
2 to 10, and IC was taken equal to 1. M was 
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deliberately chosen to be odd, and two of  them 
are prime numbers.

Curves in Fig. 4 show an increase in the 
period with an increase in Nz, but this increase 
is far from monotonic, and at Nz = 5 a clear 
dip is revealed. It is clear that the choice of  
Nz should be approached rather carefully, 
remembering that the dependence of  the 
period on M is much more significant (see 
Fig. 3).

When forming the PRS, the question 
of  the uniformity of  the distribution of  its 
numbers over a given interval is far from 
the last one [1, M]. It should be noted that 
from this point of  view, algorithm (1) is not 
ideal. Nevertheless, it is possible to obtain a 
distribution of  generated numbers close to 
uniform on the interval [1, M]. Obviously, a 
necessary condition for this is

, ( ) 0.M NzT modM =  (11)

Such cases, in particular, are realized quite 
often, and if  the required duration of  the PRS 
is less than the corresponding period TM,Nz, 
then they can be used in practice. It is this case 
that is realized when generating a PRS with 
the number of  numbers 109 from the interval 
[1, M], where M = 257 for Nz = 16. The 
corresponding distribution of  the frequencies 
of  the generated numbers in the specified 

Fig. 4. Dependence of  the cycle of  the maximum period 
TM,Nz on the delay parameters Nz for M = 11, 15, 19.

sequence Xn normalized to the maximum 
value in this distribution (Xn,max) shown in 
Fig. 5. Here the maximum frequency Xn,max = 
3896697 corresponds to the value n = 49.

Pearson's χ2 test allows us to evaluate 
the statistical significance of  the differences 
between the two distributions. The χ2 criterion 
is the most commonly used criterion for testing 
the hypothesis that the observed sample belongs 
to some theoretical distribution law. Performed 
using the χ2 criterion, difference checking 
from the uniform distribution shown in Fig. 
5, for a sequence of  109 numbers obtained by 
generating according to algorithm (1) for the 
interval [1, 257] with Nz = 16, showed that for 
four degrees of  freedom (d = 4) the probability 
Pd ( 2 2

0χ χ≥ ) of  obtaining the value 2 2
0χ χ≥ , for 

calculated by distribution value 2
0 0.239,χ =  is 

~87%. This result indicates that the hypothesis 
of  a uniform distribution of  the sequence of  
numbers generated by the algorithm on the 
interval [1, 257] can be accepted with a high 
degree of  probability.

4. CONCLUSION
The paper studies the patterns of  formation 
of  pseudo-random sequences of  numbers by 
a Fibonacci-type delay algorithm defined on 
a limited interval of  integers of  the natural 
series, using an operation that provides chaotic 

Fig. 5. Probability distribution of  the frequency of  
occurrence of  integers from the interval [1,257] in a pseudo-
random sequence generated by the Fibonacci algorithm with 
a delay parameter Nz = 16. The frequencies of  occurrence 
of  numbers Xn are normalized to the maximum value in the 

distribution.
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mixing and returning to a given numerical 
interval.

The studies were carried out with a change 
in a wide range of  values of  the delay parameter 
Nz, which determines the dimension of  the 
phase space of  the algorithm, and the value of  
the numerical interval M of  the domain of  the 
algorithm.

For the delay parameter Nz = 2, period 
matrices of  sequences generated by the 
algorithm are determined for the entire set of  
initial conditions.

A number of  regularities are defined 
that characterize the sequences of  numbers 
generated by the Fibonacci-type algorithm for 
small values of  the delay parameter

Relationships are obtained that allow 
reducing the search time for the maximum 
period of  a pseudo-random sequence generated 
by the Fibonacci algorithm.

These patterns can be used in developing 
methods for studying algorithms of  this type 
at a large phase space dimension.
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1. INTRODUCTION
The amount of  data in the modern world is 
calculated in zettabytes [1] and every day their 
number is rapidly increasing. Such a volume 
of  information opens up new and previously 
unseen opportunities for humanity to share 
knowledge and experience, statistical and 
marketing research, neural network training, 
early detection of  threats, and much more. 
But in addition to opportunities, such 
volumes pose no less difficult tasks and 
challenges for researchers in implementing 
the mechanisms for collecting, processing 
and analyzing data.

The main approach currently used 
for big data analysis is the collection and 
aggregation of  data into various storage 
systems with subsequent analysis. With 
this approach, the amount of  resources 
consumed is proportional to the amount of  
data being processed. An alternative to this 
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approach is streaming data processing in real 
time, when a data processing pipeline is built 
and only the data that is directly needed to 
solve the task is stored. The most commonly 
used systems are ETL (Extract, Transform, 
Load) [2,3]. This class of  systems consists 
of  three categories of  components: Extract 
– receiving data from external systems, 
Transform – data transformation, Load – 
transfer of  processed data to third-party 
systems. Such systems are implemented in the 
form of  pipelines, when data is transferred 
along the chain from one component to 
another.

For efficient data processing in real time, it is 
necessary to adapt data processing algorithms 
to work in the absence of  storage facilities. It 
is necessary to develop universal algorithms 
[4] for solving a different range of  problems, 
otherwise, for each specific study, it will be 
necessary to develop the required algorithms 
in the stream processing paradigm.

Separate requirements apply to the 
system itself. Each stage of  processing 
can be performed on different equipment 
(including geo-distributed) to improve the 
efficiency of  individual algorithms or data 
processing features related to the laws of  
various countries or the conditions for using 
information. The system should be centrally 
managed, with the ability to dynamically 
change the configuration of  each individual 
component, and much more.

To solve all the problems described 
above, a streaming data processing system 
based on universal blocks is being developed. 
Such a system will allow implementing data 
processing scenarios in the shortest possible 
time by collecting chains of  blocks through 
the user interface [5] and automatically 
launching them on any equipment.

One of  the key aspects of  the effectiveness 
of  such systems is the message routing 

algorithm within the system. If  the message 
processing path is not optimal, there may be 
unnecessary overhead for message passing, 
scaling individual components, or system 
fault tolerance. At the moment, the routing 
algorithms used in streaming data processing 
systems have significant drawbacks in terms 
of  data processing efficiency or system fault 
tolerance.

2. ANALYSIS OF EXISTING 
ALGORITHMS
In data processing systems, only two algorithms 
are mainly used: with direct connection of  
components [6] and through a router [7].
2.1. direct join alGorithm

The direct connection algorithm creates two 
independent pipelines, within each of  them all 
components interact directly with each other 
(Fig. 1).

If  scaling is necessary, the system is able 
to create additional instances of  a particular 
component within the same pipeline (Fig. 2). 
At the same time, since the pipelines are 
isolated, the scaling of  the components within 
each pipeline will occur independently.
2.2. router alGorithm

The router algorithm (Fig. 3), in turn, has one 
centralized component responsible for routing 
messages. Each component, except for the 
initiators, receives messages for processing 

GEORGE G. BULYCHEV, ALEXEY V. CHERNYKH INFORMATION TECHNOLOGIES

Fig. 1. System architecture with direct connection 
algorithm.
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from the central component, and after 
processing sends messages back to the router.

Since the essence of  the pipeline becomes 
"virtual" in the algorithm, the components 
can be reused. In both pipelines, similar 
components perform the same task and have 
the same code base; components can process 
a message from one pipeline at one point in 
time, and from another at another point in 
time. The router, in turn, determines whether 
the message belongs to one of  the pipelines 
and determines the further route of  the 

message. Due to this property, the scaling of  
such components will depend on the total load 
from all pipelines (Fig. 4).
2.3. alGorithm comparison

Algorithms are compared according to six key 
parameters:
1. Number of  message transfer operations 

between components.
2. The number of  running component 

instances unique to each pipeline in the 
system.

3. The number of  running instances of  
components reused in different pipelines 
in the system.

4. The number of  operations for creating 
or deleting component instances during 
scaling.

5. Having a single point of  failure.
6. Difficulty making changes to the pipeline.
Number of  message transfer operations 
between components
In a direct connection algorithm, each 
message is passed directly from component 
to component, with no intermediate steps. 

INFORMATION TECHNOLOGIES PROBLEMS OF MESSAGE ROUTING ALGORITHMS 
IN STREAMING DATA PROCESSING SYSTEMS

Fig. 2. Component scaling in a system with direct 
component connection algorithm.

Fig. 3. System architecture with an algorithm for routing 
messages through a router.

Fig. 4. Component scaling in a system with a message 
routing algorithm through a router.
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Therefore, the number of  message transfer 
operations between components will be as 
follows.
C = n – 1,         (1)
where С – number of  message transfer 
operations; n – number of  components inside 
the conveyor.

In the algorithm with a router, the efficiency 
of  using transmission channels between 
components is reduced, since after processing 
by a component, the message is sent to the 
router, and only after the router – to the next 
component. Therefore, the number of  message 
transfer operations between components will 
be as follows.
C = 2(n – 1),         (2)
where С – number of  message transfer 
operations; n – number of  components inside 
the conveyor.

In the algorithm with a direct connection, 
the number of  message transfer operations 
between components is two times less than 
in the algorithm with a router. Due to this, 
the overhead costs for the transmission of  
messages within the system are reduced.
Number of  running instances of  
components unique to each pipeline in the 
system
Some components are unique for each pipeline, 
and accordingly, these components will be 
scaled only considering the load on a specific 
pipeline, regardless of  the selected algorithm. 
If  the system has N unique components, then 
the total number of  all instances is expressed 
by the formula (3):

1
1

,
N

i

i i

lC
p=

 
=  

 
∑  (3)

where С1 – number of  unique component 
instances; N – number of  unique components; 
li – load on the pipeline within which the 
component works; pi – performance of  a single 
component instance.

The number of  running instances unique 
for each pipeline is the same in both algorithms.
Number of  running instances of  
components reused in different pipelines 
in the system
In a direct connection algorithm, each pipeline 
is completely isolated, and the number of  
running instances of  any of  the components is 
determined by the load on a particular pipeline. 
Since reusable components are used in two 
pipelines, the total number of  instances of  a 
given component type is determined by the sum 
of  the number of  instances in each individual 
pipeline. If  the system has Z pipelines and 
N components, then the total number of  all 
instances is expressed by formula (4):
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where С2 – number of  instances of  reusable 
components; N – number of  reusable 
components; Z – number of  pipelines in the 
system; lji – load on a component in a pipeline; 
pi – performance of  a single component 
instance.

In the algorithm with a router, the number 
of  running instances of  reused components 
depends only on the total load on the system. 
Then the number of  copies is expressed by the 
formula (5):
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=  
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where С3 – number of  instances of  reusable 
components; N – number of  reusable 
components; Z – number of  pipelines in the 
system; lji – load on a component in a pipeline; 
pi – performance of  a single component 
instance.

Since the sum of  the ceilings is always 
greater than or equal to the ceiling of  the sum, 
the following inequality is formed (6):
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where N – number of  reusable components; Z 
– number of  pipelines in the system; lji – load 
on a component in a pipeline; pi – performance 
of  a single component instance.

The number of  running instances of  
components reused in different pipelines in 
the router algorithm is less than or equal to 
that in the direct connection algorithm. Due 
to this, the efficiency of  resource use in the 
algorithm with a router is higher. However, 
in the algorithm with a router, there is also an 
additional component - the router.
Number of  operations to create or remove 
component instances when scaling them
To compare the two algorithms, consider 
the time interval on which the function of  
changing the load on conveyors monotonically 
increases or decreases. Since the number of  
unique component instances is the same in 
both algorithms, only reusable components 
will be considered.

The number of  operations for creating or 
deleting component instances in a direct routed 
algorithm will be (7):
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where С4 – number of  instance creation or 
deletion operations; N – number of  reusable 
components; Z – number of  pipelines in 
the system; lendji (load endij) – load on the 
component in the pipeline at the end of  the 
time interval; lstartji (load startij) – load on the 
component in the pipeline at the beginning 
of  the time interval; pi – performance of  a 
single component instance.

The number of  operations for creating or 
deleting component instances in the algorithm 
with a router will be (8):
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where С5 – number of  instance creation or 
deletion operations; N – number of  reusable 
components; Z – number of  pipelines in 
the system; lendji (load endij) – load on the 
component in the pipeline at the end of  the 
time interval; lstartji (load startij) - load on the 
component in the pipeline at the beginning of  
the time interval; pi – performance of  a single 
component instance.

Since the sum of  the ceilings is always 
greater than or equal to the ceiling of  the sum, 
the following inequality is formed (9):
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where N – number of  reusable components; Z 
– number of  pipelines in the system; lendji (load 
endij) – load on the component in the pipeline 
at the end of  the time interval; lstartji (load 
startij) – load on the component in the pipeline 
at the beginning of  the time interval; pi – 
performance of  a single component instance.

The number of  operations for creating or 
deleting component instances during scaling in 
the routing algorithm is less than or equal to the 
number of  operations in the direct connection 
algorithm. This results in lower component 
scaling overhead.
Having a single point of  failure
In a direct connection algorithm, due to the 
independence of  pipelines, there is no single 
point of  failure for the entire system.

In the router algorithm, there is a central 
component responsible for routing packets 
throughout the system. If  this component 
fails, the entire system will fail.
Difficulty making changes to the pipeline
In a direct connection algorithm, the pipeline 
is formed at the initialization stage. To make 
the change, you must completely reinitialize the 
pipeline, which will incur additional overhead.

INFORMATION TECHNOLOGIES PROBLEMS OF MESSAGE ROUTING ALGORITHMS 
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In the router algorithm, the pipeline is 
formed based on the routing table, which is 
stored in the central component. To make 
changes to the pipeline, it is enough to change 
the routing table.

Conclusions from the comparison of  
algorithms
The direct connection algorithm has a high 
level of  fault tolerance and resource efficiency 
for processing a single message, since the 
message is transmitted along the optimal route. 
However, the resource efficiency of  the entire 
system is reduced by the inability to reuse 
components in multiple pipelines.

In turn, the algorithm with a router uses the 
resources of  the entire system more efficiently, 
due to the reuse of  components, however, 
fault tolerance is significantly reduced, 
and additional overhead costs for message 
transmission between components arise.

Algorithms have their pros and cons, 
however, to improve the efficiency of  resource 
use, a new algorithm is needed that combines 
the key advantages of  the presented algorithms 
and levels their shortcomings.

3. ALGORITHM FOR ROUTING 
MESSAGES USING TOKENS
It’s necessary to achieve the transfer of  messages 
along the optimal route, while maintaining the 
possibility of  reusing components in different 
pipelines.

To solve this problem, it is proposed 
to abandon the use of  a central router in 
favor of  additional modules integrated into 
components. The message marking module 
is integrated into the first component. The 
marker indicates that the message belongs 
to a particular pipeline. A routing module is 
integrated into the processing components, 
which is responsible for determining the 

further route of  the message based on the 
token (Fig. 5).

When the load on the entire system 
increases, individual components are scaled up 
(Fig. 6). When the load drops – the number 
of  instances of  individual components will 
decrease. 

Thanks to this architecture, the efficiency of  
using system resources will be approximately 
the same as in the case of  the router algorithm, 
since the number of  component instances will 
depend on the load on the entire system due 
to the reuse of  components. However, due to 
the additional module, the performance of  the 
components will be reduced. The number of  
component instances will be expressed by the 
formula (10):

6
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Fig. 5. System architecture with message routing 
algorithm using tokens.

Fig. 6. Scaling of  "C1" in a system with message routing 
algorithm using markers.



285

RENSIT: Radioelectronics. Nanosystems. Information technologies | 2022 | Vol. 14 | No. 3

where C3 – number of  instances of  reusable 
components; N – number of  reusable 
components; Z – number of  pipelines in the 
system; lji – load on a component in a pipeline; 
pi – performance of  a single component 
instance; pr – performance of  the routing 
module in the component.

The resulting difference in the number of  
components will directly depend on the actual 
implementation of  the routing module.

The efficiency of  using message passing 
channels between components will be 
similar to the direct connection algorithm, 
since messages are transferred directly 
from component to component within the 
pipeline route. Since the routing module is 
integrated directly into each component, the 
cost of  sending a message to the module 
will be significantly lower than sending it 
over a network link to the central routing 
component. Therefore, the number of  
message transfer operations between 
components will be as follows.
C = n – 1,       (11)
where С – number of  message transfer 
operations; n – number of  components inside 
the conveyor.

Due to the absence of  a central component, 
the fault tolerance of  the system will be similar 
to the algorithm with a direct connection of  
components.

However, a way to route the message based 
on the token needs to be developed.

Similar algorithms are used in network 
packet routing systems through the use of  
a routing table [8]. When applying such an 
algorithm to a streaming data processing 
system, it is necessary to keep the routing 
table in the router of  each component up to 
date. Then the router can use the message 
token to find information in the routing 
table about which pipeline the given message 

belongs to and the current position of  the 
message relative to the route of  the pipeline. 
Depending on the route, the message is sent 
to the next component (Fig. 7).

The main disadvantage of  this approach 
is the need to keep the routing tables in each 
component up to date.

An alternative is to consider special 
markers, inside which the entire message route 
will be located (Fig. 8). When the router inside 
the component receives essages, it retrieves 
the route and the current position of  the 
message relative to the route from the marker. 
Depending on the route, the message is passed 
to the next component.

INFORMATION TECHNOLOGIES PROBLEMS OF MESSAGE ROUTING ALGORITHMS 
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Fig. 7. Message structure with marker.

Fig. 8. Message structure with route.
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Such message routing algorithms within 
a streaming data processing system require 
the introduction of  an additional module in 
the first component of  each pipeline, which 
is responsible for marking the message with 
a marker. The main disadvantage of  the 
algorithm with a marker will be leveled, since 
it is necessary to synchronize routes with only 
one component inside each pipeline, and not 
with all.

4. SIMULATION ALGORITHMS
Consider a system consisting of  two conveyors. 
The Alpha pipeline (Fig. 9) consists of  three 
components: A1 – receiving messages from 
the “AlphaNet” social network, C1 – evaluating 
the emotional coloring of  the message, C2 – 
saving messages to the database.

The Betta pipeline (Fig. 10) consists of  three 
components: B1 – receiving messages from 
the “BettaNet” social network, C1 – evaluating 
the emotional coloring of  the message, and C2 
– saving messages to the database.

Components A1 and B1 are unique for 
each conveyor. Components C1 and C2 are the 
same in the pipelines.

If  you use the algorithm with direct 
connection of  components, you will get the 
following system (Fig. 11).

When using the algorithm with the router, 
the following system is formed (Fig. 12). Also 
a new component C3 – message router – is 
added to the system.
If  you use the routing algorithm with message 
labeling, you get the following system (Fig. 13).

The performance of  each component is 
shown in Table 1.

GEORGE G. BULYCHEV, ALEXEY V. CHERNYKH INFORMATION TECHNOLOGIES

Fig. 9. Alpha pipeline.

Fig. 10. Betta pipeline.

Fig. 11. Simulation system architecture with direct 
connection algorithm.

Fig. 12. Simulation system architecture with an 
algorithm for routing messages through a router.

Fig. 13. Simulation system architecture with message 
routing algorithm using tokens.

Table 1
Component performance.

Component Perfomance (msg./sec.)

А1 30000

В1 40000

С1 9000

С2 55000

С3 90000
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Since in a routing algorithm with message 
tagging the performance of  components may 
decrease, due to the need to tag messages or 
determine the further route of  messages, let us 
introduce a performance degradation factor.
K = 0.95,       (12)
where, K – degradation factor

Each conveyor has a unique load applied to 
it. The load changes every hour. An increase 
in the number of  instances of  a component 
occurs when the maximum load that an 
instance can handle is reached. A decrease 
in the number of  instances of  a component 
occurs when the load on an instance decreases 
to zero. 

The load on each conveyor for 11 hours is 
shown in Table 2.
4.1. simulation of an alGorithm with 
direct connection

In a system with a direct component linkage 
algorithm, the number of  instances of  each 
component depends only on the load on the 
component in a particular pipeline, the final 
number of  component instances C1 and C2 
is calculated as the sum of  the component 
instances in each pipeline.

The number of  components of  each type 
is shown in Table 3.

There were 464 instances of  a component in 
the system during the whole time of  operation. 

INFORMATION TECHNOLOGIES PROBLEMS OF MESSAGE ROUTING ALGORITHMS 
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Table 4 shows the number of  component 
instances created or deleted.

There have been 162 operations to create or 
delete component instances over the lifetime 
of  the system.
4.2. simulatinG an alGorithm with a 
router

In a system with a router algorithm, the 
number of  instances of  each component 
depends only on the total load on the 
component. There is also a C3 router in the 
system.

Table 2
Load on conveyors.

Time Alpha load (msg./sec.)) Betta Load (msg./sec.)

1 100000 0

2 180000 30000

3 180000 100000

4 120000 140000

5 80000 180000

6 40000 230000

7 20000 280000

8 40000 200000

9 100000 180000

10 150000 120000

11 200000 80000

Table 3
The number of instances of components in a system 

with direct connection.

Time Alpha 
load  

(msg./
sec.)

Betta 
load  

(msg./
sec.)

Num-
ber

of A1

Num-
ber

of B1

Num-
ber

of C1

Num-
ber

of C2

1 100000 0 3 0 12 2

2 180000 30000 5 1 24 5

3 180000 100000 5 4 32 6

4 120000 140000 3 5 30 6

5 80000 180000 2 6 29 6

6 40000 230000 1 8 31 6

7 20000 280000 1 10 35 7

8 40000 200000 1 7 28 5

9 100000 180000 3 6 32 6

10 150000 120000 4 4 31 6

11 200000 80000 5 3 32 6

Table 4
The number of operations in a system with direct 

connection of components.

Time Alpha 
load  

(msg./
sec.)

Betta 
load  

(msg./
sec.)

Opera-
tions 
A1

Opera-
tions 
B1

Opera-
tions 
C1

Opera-
tions 
C2

1 100000 0 3 0 12 2

2 180000 30000 2 1 12 3

3 180000 100000 0 3 8 1

4 120000 140000 2 1 10 2

5 80000 180000 1 1 9 2

6 40000 230000 1 2 10 2

7 20000 280000 0 2 8 1

8 40000 200000 0 3 11 2

9 100000 180000 2 1 10 1

10 150000 120000 1 2 11 2

11 200000 80000 1 1 11 2
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The number of  components of  each type 
is shown in Table 5.

There have been 489 instances of  a 
component in the system over the lifetime of  
the system.

Table 6 shows the number of  component 
instances created or deleted.

There have been 108 component instance 
creation or deletion operations in the system 
over the lifetime of  the system.

4.3. simulation an alGorithm with 
messaGe taGGinG
In a system with a message-labeled algorithm, 
the performance of  each component is 
reduced. The number of  instances of  each 
component depends only on the total load on 
the component.

The number of  components of  each type 
is shown in Table 7.

There have been 483 instances of  a 
component in the system over the lifetime of  
the system.

Table 8 shows the number of  component 
instances created or deleted.

Table 5 
The number of component instances in a system with 

a router.

Time Alpha 
load  

(msg./
sec.)

Betta 
load  

(msg./
sec.)

Num-
ber

of A1

Num-
ber

of B1

Num-
ber

of C1

Num-
ber

of C2

Num-
ber

of C3

1 100000 0 3 0 12 2 2

2 180000 30000 5 1 24 4 3

3 180000 100000 5 4 32 6 4

4 120000 140000 3 5 29 5 3

5 80000 180000 2 6 29 5 3

6 40000 230000 1 8 30 5 3

7 20000 280000 1 10 34 6 4

8 40000 200000 1 7 27 5 3

9 100000 180000 3 6 32 6 4

10 150000 120000 4 4 30 5 3

11 200000 80000 5 3 32 6 4

Table 6 
The number of operations in a system with a router.

Time Alpha 
load  

(msg./
sec.)

Betta 
load  

(msg./
sec.)

Ope-
rati-
ons 
A1

Ope-
rati-
ons 
B1

Ope-
rati-
ons 
C1

Ope-
rati-
ons 
C2

Ope-
rati-
ons 
C3

1 100000 0 3 0 12 2 2

2 180000 30000 2 1 12 2 1

3 180000 100000 0 3 8 2 1

4 120000 140000 2 1 3 1 1

5 80000 180000 1 1 0 0 0

6 40000 230000 1 2 1 0 0

7 20000 280000 0 2 4 1 1

8 40000 200000 0 3 7 1 1

9 100000 180000 2 1 5 1 1

10 150000 120000 1 2 2 1 1

11 200000 80000 1 1 2 1 1

Table 7
The number of components instances in a system

with message tagging.
Time Alpha 

load  
(msg./
sec.)

Betta 
load  

(msg./
sec.)

Num-
ber

of A1

Num-
ber

of B1

Num-
ber

of C1

Num-
ber

of C2

1 100000 0 3 0 12 2

2 180000 30000 5 2 25 5

3 180000 100000 5 4 33 6

4 120000 140000 4 5 31 5

5 80000 180000 3 7 31 5

6 40000 230000 2 9 32 6

7 20000 280000 1 10 36 6

8 40000 200000 2 8 29 5

9 100000 180000 3 7 33 6

10 150000 120000 4 5 32 6

11 200000 80000 6 3 33 6

Table 8
The number of operations in a system

with message tagging.

Time Alpha 
load  

(msg./
sec.)

Betta 
load  

(msg./
sec.)

Opera-
tions 
A1

Opera-
tions 
B1

Opera-
tions 
C1

Opera-
tions 
C2

1 100000 0 3 0 12 2

2 180000 30000 2 2 13 3

3 180000 100000 0 2 8 1

4 120000 140000 1 1 2 1

5 80000 180000 1 2 0 0

6 40000 230000 1 2 1 1

7 20000 280000 1 1 4 0

8 40000 200000 1 2 7 1

9 100000 180000 1 1 4 1

10 150000 120000 1 2 1 0

11 200000 80000 2 2 1 0
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There have been 94 operations to create or 
delete component instances over the lifetime 
of  the system.
4.4. simulation findinGs

The lowest total number of  component 
instances in the system over all time is generated 
in the algorithm with direct connection - 464, 
against 489 in the algorithm with router and 
483 in the algorithm with message tagging. 
The difference is due to the need to scale an 
additional component in the router algorithm 
and the reduced component performance in 
the message tagging algorithm. However, the 
difference with the message labeling algorithm 
is 4.09%.

The message tagging algorithm has 
the lowest number of  operations to create 
or remove instances of  components - 94 
operations, compared to 162 operations for 
the direct join algorithm and 108 for the router 
algorithm. The difference is 41.98% with the 
direct join algorithm.

An algorithm with message tagging shows 
better results in terms of  reducing the number 
of  component creation or deletion operations 
than an algorithm with a router or a direct 
connection. Depending on the implementation, 
the performance reduction factor may vary, 
and the identified difference in the number of  
instances may be evened out.

5. CONCLUSION
The proposed message routing algorithm using 
a token eliminates the main disadvantages of  
previously used algorithms, such as: reduced 
efficiency of  using system resources in the 
direct routing algorithm, low fault tolerance 
and efficient use of  message transmission 
channels in the algorithm with a router.

However, the message marking algorithm 
will require additional resources for routing 
and an increased message size, in contrast to 
the direct connection algorithm, and the final 

efficiency of  use will depend on the optimal 
implementation of  the routing module, 
without restrictions from the algorithms.

Thanks to the developed algorithm, the 
possibility of  analyzing large amounts of  data 
increases, the fault tolerance of  the system 
increases, and the cost of  the resources used 
is reduced.

However, in this article, only the classic 
scaling algorithm was considered - increasing 
or decreasing the number of  component 
instances depending on the current load. 
However, this algorithm may be inefficient 
if  the function is not monotone on the time 
interval. Optimization of  the scaling algorithm 
will improve system performance by reducing 
the overhead costs for creating and deleting 
component instances.
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1. INTRODUCTION
The development of  science and technology 
leads to the emergence of  new applications, 
such as virtual reality, the internet of  things, 
and swarms of  unmanned aerial vehicles. 
There is work underway on the formation 
of  requirements for 6G networks [1].  To 
ensure mass connectivity at the physical 
level, it is proposed to use non-orthogonal 
multiple access methods (NOMA) [2], among 
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which multiple access based on sparse codes 
(SCMA) is one of  the most promising [3]. In 
the SCMA, user bits are directly converted 
into sparse multidimensional code words. 
By introducing controlled interference, 
it is possible to use SCMA for networks 
with the number of  channels exceeding the 
number of  available resources. To eliminate 
the influence of  inter-user interference, the 
message passing algorithm (MPA) has been 
proposed [4].

Combining the SCMA technology with 
multiple-input multiple-output (MIMO), 
called MIMO-SCMA, makes it possible to 
increase the spectral and energy efficiency 
of  SCMA systems. There are many recorded 
works on the subject of  MIMO-SCMA. 
Thus, spatial modulated SCMA (SM-SCMA) 
systems are considered in [5-6]. Works [6-
8] consider spatial multiplexed SCMA 
(MUX-SCMA). Another variant of  MIMO 
techniques is space-time block-coded SCMA 
(STBC-SCMA) [6-7,9-11]. The single-input 
multiple-output SCMA (SIMO-SCMA) 
systems are considered in [7,12] as a special 
case of  MIMO-SCMA.

All MIMO-SCMA techniques in the 
uplink scenario use joint MPA (JMPA) 
to decode transmitted signals. The 
computational complexity of  the JMPA of  
MIMO-SCMA systems with Nt transmitting 
and Nr receiving antennas is proportional to 

( ).t kN d
rO KN M  To reduce the computational 

complexity, works [7,13] use the expectation 
propagation algorithm (EPA) instead of  
MPA, which reduces the complexity to 

( ).t kN d
rO KN M

In the downlink scenario of  MUX-
SCMA, JMPA is a sub-optimal detector with 
the same performance as an ML detector but 
with less complexity. However, in both JMPA 
and Joint EPA detectors, the computational 

complexity depends on Nt and Nr, which 
can be impractical when Nt and Nr are 
large. In the downlink scenario, due to the 
fact that subscriber signals are added to the 
transmitter, it is possible to separate MIMO 
and SCMA decoding to reduce the overall 
computational complexity. In this paper, we 
propose to use the QR-decomposition for 
MIMO decoding of  MIMO-SCMA. To the 
authors' knowledge, the QR-decomposition 
has not been used to decode MIMO-SCMA. 
In [12-13], the QR-decomposition is used 
to reduce the number of  resource nodes 
for multiple receiving antennas. Separate 
decoding of  MIMO and SCMA makes it 
possible not only to reduce computational 
complexity by converting the received signal 
but also is a universal scheme where MPA, 
EPA, or any other detector can be used as a 
SCMA detector.

The following notations are used in 
the work: to denote scalars, vectors, and 
matrices, x, x, and X notations are used, 
respectively; IL is a unit matrix of  the L×L 
size; (∙)H denotes Hermitian conjugate; (∙)* 
stands for complex conjugation, and (∙)T 
denotes transposition.

2. SYSTEM MODEL
We consider an MIMO-SCMA system 
with J users, K orthogonal subcarriers, Nt 
transmitting and Nr receiving antennas. A 
generalized model of  the MIMO-SCMA 
system is shown in Fig. 1.

Fig. 1. Generalized diagram of  a MIMO-SCMA 
communication system model.
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2.1. mux-scma
In the downlink channel, the codewords of  
the subscribers xj, j = 1, …, J are added in the 
transmitter:

1
.

J

j
j=

=∑r x

In downlink MUX-SCMA (in general, its 
corresponding scheme is shown in Fig. 1), 
j-user’s bit streams bj

n from the j-th subscriber 
(j = 1, ..., J), intended for transmission through 
the i-th antenna (i = 1, ..., Nt) come to the block 
SCMA encoder. In this block, the selection of  
subscribers' codewords xj from the codebooks 
and their addition. Formed in this way the 
vectors go to the block MIMO encoder, which, 
depending on the algorithm chosen matrix is 
formed by the transmitted symbols S. In block 
OFDM (Orthogonal Frequency Division 
Multiplexing) modulation symbols are divided 
into Nt streams, each of  which are formed 
OFDM symbols ti (i = 1, ..., Nt): perform an 
inverse fast Fourier transform (IFFT) and 
added a cyclic prefix. With spatial multiplexing, 
the symbols 1,..., tNr r  are transmitted in parallel, 
which allows to increase the spectral efficiency 
by Nt times compared to conventional 
SCMA systems. The received signal in the 
m-th receiving antenna (m = 1, ..., Nr) in the 
frequency domain on the k-th subcarrier (k = 
1, ..., K) is:

, , , ,
1

,
txN

m
m k i m k i k k

i
y h r n

=

= +∑  (1)

where hi,m,k is the channel coefficient from the 
i-th transmitting to the m-th receiving antenna 
on the k-th subcarrier, hi,m,k ~ CN(0,1); and m

kn  
is additive white Gaussian noise in the m-th 
receiving antenna (m = 1, …, Nr) on the k-th 
subcarrier, and m

kn  ~ CN(0,N0).
As a vector notation, expression (1) can be 
written as:

,
1

( ) ,
tN

m i m i m
i

diag
=

= +∑y h r n  

where diag(x) is a diagonal matrix with x 
diagonal elements. As a matrix notation, the 
received signal for Nr receiving antennas is 
written as:

1,1 1,N1 1

N ,1 N ,N

1

( )    ( )

                           
diag( )  ( ) 

 ,

.

t

r r r t r

r

N N

N

diag diag

diag

    
    

= ⋅ +    
    

    
 
 

+ 
 
 
= ⋅ +

h hy r

y h h r

n

n

y H r n



    





 (2)

2.2. alamouti scheme based on mimo-
scma
To increase noise immunity in channels 
with fading, STBC is used in systems with 
multiple transmitting antennas. Alamouti 
sheme is orthogonal STBC (OSTBC) with 
two transmitting antennas [11,14]. The STBC-
SCMA coding matrix for Alamouti scheme is

1 2
2

2 1

( )     ( )
.

( )  ( )

diag diag
diag diag∗ ∗

 
=  

− 

r r
C

r r
The received signal can be recorded using a 

channel matrix as follows:

1 1 2 11

22 2 1 2

( )     ( )
.

( ) ( )

diag diag
diag diag∗ ∗ ∗ ∗

      
= ⋅ +      −       

y h h nr
ry h h n

For Nr receiving antennas, the received 
signal can be represented as:

1,1 1,1 2,1

2,1 2,1 1,1

1, 1, 2,

2. 2, 1,

( )     ( )
  

( ) ( )

                        
( )     ( )

( ) ( )
r r r

r r r

N N N

N N N

diag diag

diag diag

diag diag

diag diag

∗ ∗ ∗

∗ ∗ ∗

    
    

−       
 

= 
          −      

y h h

y h h

y h h

y h h

 

1,1

2,1
1

2
1,

2,

    ,

.
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r

N

N

∗

∗

    
    
     
    

⋅ +    
                  

= ⋅ +

n

n
r
r

n

n

y H r n

  (3)

The Alamouti scheme has a code rate of  
R = 1. However, there is no OSTBC with 
R =  1 for Nt > 2. To achieve the same MIMO 
code rate, quasi-orthogonal STBC (QOSTBC) 
is used. [15] has been chosen as QOSTBC 
for four transmitting antennas. Distinct from 
QOSTBC in [11], the proposed code has less 

QR-DECOMPOSITION BASED RECEIVERS 
FOR DOWNLINK MIMO-SCMAINFORMATION TECHNOLOGIES
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coding and decoding complexity. The coding 
and channel matrices for one receiving antenna 
are presented below:

1 3 2 4 3 1 4 2

4 2 1 3 4 2 3 1
4

3 1 4 2 1 3 2 4

4 2 3

( )     ( )   ( )     ( )

( ) ( )  ( )  ( )
( )    ( )   ( )     ( )

( ) (

diag diag diag diag
diag diag diag diag

C
diag diag diag diag
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+ + − −
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The signal received on the m-th receiving 
antenna is written as follows in the vector 
notation:
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For Nr receiving antennas:
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3. ALGORITHMS FOR MUX-SCMA
3.1. linear mimo decoders

In MUX-SCMA, we can use well-known linear 
decoding algorithms for the MIMO part. 
To decode (2) using the Zero Forcing (ZF) 
decoder, the following transformation can be 
written

( ) 1
ˆ ,H H

ZF

−
= ⋅ ⋅r H H H y

and for minimum mean square error (MMSE) 
of  the decoder:

( ) 12 ,ˆ H H
MMSE nσ

−
= ⋅ + ⋅r H H H y

where I is a unit matrix.
After the MIMO decoding, symbols îr  can 

be decoded using MPA/EPA simultaneously. 
Due to the effect of  noise amplification of  
the ZF and MMSE decoder, the noise power 

for each symbol on each subcarrier will be 
different and uncertain, which affects the noise 
immunity of  the SCMA detector. Further, for 
these two decoders, noise power 

2 2 /ˆ   1,..., .i n t xx tfor i NNσ σ ==

3.2. jmpa decoder

In [6,8], a JMPA detector is used for MIMO-
SCMA joint decoding. JMPA is implemented 
in several steps:
1. Plotting an extended factor graph:

.

txN

rxN
 
 
 
 
 

=



F F

F F
F









 





After the transformation of  the graph, we 
obtain tJ J N= ⋅  virtual users and rK K N= ⋅  
virtual subcarriers. As a consequence, the 
received signal from all receiving antennas is 
converted as:

1

 .

rN

 
 

=  
 
 

y
y

y


2. Developing virtual codebooks. A ( 1)j J n j= − +  
virtual codebook of  the :K M× size is 
developed for each virtual user:

( ) ( )1, ,  diag , ,  ,

1,..., ,   1,..., .

r

j
TTj j

n N n rj

j

t

N

j J n N

 
  = …      

 
= =

h h 

x

x
x

3. MPA. The MPA detector inputs y with the 
corresponding .jx  Channel coefficients are 
equal to 1.

Analyzing the second point of  the 
algorithm and the MPA detector algorithm, 
we can conclude that it is not necessary to 
build virtual codebooks. It is enough to ensure 
correct indexing of  channel coefficients in 
MPA algorithm. For virtual user ( 1)j J n j= − +  
on virtual subcarrier (r 1) k :K K= − +

,
,, ,  1,..., .n r

rk jk j rh h N==
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3.3. qr-osic-mpa decoder

In this subsection, we propose the QR- 
decomposition-based algorithm, named 
QR-OSIC-MPA, for decoding MUX-SCMA. 
Using the QR-decomposition, we can 
represent matrix H = Q∙R, then (2) can be 
represented as
y = Q∙R∙r + n,
where Q is unitary and R is an upper triangular 
matrix.

The decoding process using QR-OSIC-
MPA is performed in several stages:
1. QR-decomposition of  matrix H and 
subsequent signal preprocessing using matrix 
Q:

1

.

r

H

N

 
 = = = ⋅ + 
 
 

⋅

y
y Q y R r n

y








The matrix R has NrK×NtK dimension and 
looks like:

( ) ( )

( )

1,1 1,

,

diag diag

0

diag ,
0 0 0

0 0 0

t

t t

N

N N

 
 
 
 
 =  
 
 
  
 

R R

RR



 

 

  

where Ri,j is a vector of  K×1 size, 0 is a zero 
matrix of  K×K size.

Due to the unitarity property of  matrix 
Q, the noise component of  the processed 
signal H ⋅=n Q n  does not change its statistical 
characteristics, that is, the noise power does 
not change. Since matrix R is upper-triangular, 
then, after multiplication by QH, transmitted 
signals r1, …, rNt contain only 1, , .

tN…y y 

2. OSIC-MPA. For the i-th iteration, i = Nt, …, 
1, the following holds:

Channel coefficients are ,
ˆ .i i i=h R . If  i = Nt, 

then ˆ ,i i=y y  in other way

( ),
1

diag ˆˆ .
txN

i i i s p
p i= +

= − ⋅∑y y R r

The i-th character is restored. ˆ iy  and ˆ .ih  
are applied to the input of  the MPA detector. 
After decoding, the symbol ˆ .ir  is restored. In 
the case of  systems with encoding, at this 
stage, there should be the SCMA decoding 
and channel decoding performed. After 
restoring the transmitted subscribers' bits, it 
is necessary to re-encode the bit vectors and 
restore the ˆ .ir

3.4. h-mpa for alamouti scheme

The classical processing of  equation (3) is 
performed using matrix H [11]:

( )
( )

1

2

diag 0
,

0 diag

H

H

⋅

⋅

 
= = = 
 

 
 = ⋅ +
 
 

y
H y

y

h
r H n
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where
2 2

, ,
1 1

. 
rxN

k i r k
i r

h h
= =

 
=  

 
∑ ∑

Expression (5) can be represented as two 
received signals of  SISO-SCMA:

( )
( )

1 1 1

2 2 2

,dia

.

g

diag

= ⋅ +

= ⋅ +

y h r n

y h r n









Further decoding of  the signal is 
performed using the MPA/EPA detector. 
Symbols 1r  and 2r  can be decoded 
simultaneously, since they are independent 
from each other. The power of  the converted 
noise is 2 22 .n rx nNσ σ=



3.5. qr-mpa for alamouti scheme

We can use .HQ  instead of  HH  in expression 
(5), then the MIMO transformation will be 
written as

QR-DECOMPOSITION BASED RECEIVERS 
FOR DOWNLINK MIMO-SCMAINFORMATION TECHNOLOGIES
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where a = R1,1.
After the MIMO processing, transmitted 

signals r1 and r2 are contained only in 1,1y  
and 2,1.y  The processed signal can also be 
represented as two SISO-SCMA signals:

( )
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1,1 1 1 1

2,1 2 2 2

,diag
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= ⋅ +
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y h r n
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where 1 =h a  and 2 .= −h a  The power of  the 
converted noise is 2 2.n nσ σ=



3.6. h-mpa for qostbc
The decoding process (4) applying matrix H is 
carried out in several steps:

1. Signal preprocessing: 
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2. Deinterleaving symbols: 
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3. Calculating coefficients:
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where   is the operator of  element-wise 
matrix or vector multiplication.
4. Signal converting:
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5. Subscribers' codebook converting:
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6. Decoding MPA/EPA according to the 
equation:

,   1,..., 4i i i i= + =y r n 

where ir  is the superimposed SCMA symbol 
derived from ˆ .j

x
Symbols can be processed simultaneously. 

Noise power for the k-th subcarrier is 
( )2 2

, 8 .n k rx n k kN a bσ σ= +

3.7. qr-mpa for qostbc
A similar decoding method can be performed 
using the QR-decomposition:

1. Signal preprocessing: 
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2. Deinterleaving symbols:
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3. Calculating coefficients:
a = R1,1,
b = R3,3,
4. Subscribers' codebook converting:

1,1 2,1

3,1 4,1

,  for  and   
.

,  for  and   
ˆ
ˆ

I Q
j j j

I Q
j j j

a ib
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x x y yx
x x x y y

5. Decoding MPA/EPA according to the 
equation:

,  1,..., 4.i i i i+ ==y r n 

Noise power is 2 2.n nσ σ=


4. DECODING COMPLEXITY 
ANALISYS
Table 1 presents the computational 
complexity for JMPA and QR-OSIC-MPA. 
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Complexity is calculated as the number 
of  operations on complex numbers. The 
computational complexity of  the JMPA 
algorithm is equal to the complexity of  the 
MPA detector with ,J  number of  users, 
K  number of  subcarriers, ,  k k txK d d N= ⋅ , and 

.rxN N N= ⋅  The Gram-Schmidt process is 
used to calculate the QR-decomposition, 
and the computational complexity is 
calculated for the decomposition of  a non-
sparse matrix.

Table 2 shows a numerical representation 
of  the computational complexity. The JMPA 
complexity is chosen as a benchmark.

5. SIMULATION RESULTS AND 
DISCUSSION
This section presents the results of  the MUX-
SCMA and STBC-SCMA simulations. A 
codebook [16] with parameters J = 6, K = 4, M 
= 4, dk= 3 has been used for modeling. MPA 
with five iterations has been used as a detector.

On Fig. 2 results of  modeling STBC-
SCMA (bit error rate (BER) performance) for 
two transmitting antennas are presented.

As can be seen from Fig. 2, using the 
MIMO encoding made it possible to increase 
the noise immunity compared to a single-
antenna circuit by 7 dB and 12.8 dB for the 
H-MPA processing at BER = 10-5 for one 
and two receiving antennas, respectively. 
For QR-MPA, similar gains were 8.4 and 
13.6 dB.

Compared to the optimal ML detector, the 
performance degradation was about 1.6 dB for 
H-MPA. For QR-MPA, the loss was 0.3 and 0.8 
dB for one and two receiving antennas at BER 
= 10-5. This deterioration in noise immunity 
can be reduced by increasing the number of  
the MPA iterations or by using more advanced 
MPA options providing fast convergence.

Fig. 3 shows the results of  the STBC-
SCMA simulation for four transmitting 
antennas.

Table1
Algorithms Complexity for MUX-SCMA

Detector Exhibitors Addition Multiplication

JMPA IiterM
NtdkNrKNtdk Iiter[M

Ntdk(Ntdk+1)
-1]NrKNtdk

IiterNrKNtdk

[MNtdk(2dk+2)+
+M(N-1)]

QR-
OSIC-
MPA

- 2K3NrxNtx
2+KNrx-KNtx·

·(1+1.5KNtx-0.5Ntx)+
+Ntx∙Nop(MPA)

2K3NrxNtx
2+KNrx∙

∙(2+KNrx)+
+KNtx(1+0.5KNtx+
+0.5Ntx)+0.5KNtx·
(Ntx-1)+NtxNop(MPA)

Table 2
Numerical comparison of computational complexity, %

Model  MIMO
Detector

QR-OSIC-MPA JMPA

exp +, - *, / exp +, - *, /

MIMO-SCMA 2x2 0.3906 0.2565 0.2459 100 100 100

MIMO-SCMA 2x3 0.1736 0.1223 0.1142 100 100 100

MIMO-SCMA 3x3 0.0027 0.0015 0.0013 100 100 100

Fig. 2. STBC-SCMA simulation results 2×Nr

Fig. 3. STBC-SCMA simulation results 4×Nr.

QR-DECOMPOSITION BASED RECEIVERS 
FOR DOWNLINK MIMO-SCMAINFORMATION TECHNOLOGIES
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As can be seen from Fig. 3, STBC-SCMA 
with four transmitting and one receiving 
antennas made it possible to increase the 
noise immunity compared to a single-antenna 
circuit by 8.7 dB and 9.7 dB at BER = 10-5 
for H-MPA and QR-MPA, respectively. For 
two receiving antennas, similar gains were 
13.7 dB and 14.45 dB.

Comparatively to the optimal ML 
detector, the performance degradation at 
BER = 10-5 was about 1.5 and 0.5 dB for 
H-MPA and QR-MPA, respectively.

Analysis of  Fig. 2 and Fig. 3 shows that 
QR processing allows for greater noise 
immunity compared to classical processing 
using a channel matrix. Fig. 4 shows a 
comparison of  STBC-SCMA schemes.

As can be seen from Fig. 4, STBC-
SCMA 4×Nr ensures full dispersing during 
the transmission. At the same time, the gain 
compared to STBC-SCMA 2×Nr at BER = 
10-5 is about 1.3 dB and 0.85 dB for one and 
two receiving antennas, respectively.

Fig. 5 shows the results of  the MUX-
SCMA simulation for two transmitting 
antennas.

As can be seen from Fig. 5, for two 
receiving antennas at BER = 10-2, the MMSE 
detector provides gain of  1.7 dB compared 

to the ZF detector. QR-OSIC-MPA with 
the same BER made it possible to increase 
noise immunity by 4.8 dB against MMSE. 
The loss was about 1 dB compared to JMPA 
and ML. For three receiving antennas, QR-
OSIC-MPA exceeds MMSE at BER = 10-3 
by 2.9 dB. The loss was 1.15 dB compared 
to ML.

When analyzing the noise immunity and 
computational complexity of  the MUX-
SCMA decoding methods, QR-OSIC-MPA 
is concluded to be the best solution that 
provides high noise immunity with relatively 
low complexity. The final gains depend on 
the codebook used.

6. CONCLUSIONS
The article discusses the receiver scheme of  
communication systems with SCMA-MIMO 
based on the QR-decomposition and MPA 
for various MIMO coding schemes and 
configurations of  antenna systems. The 
proposed method allows for significant 
reduction of  the computational complexity 
of  processing algorithms and shows lower 
BER performance compared to classical 
approaches. Thus, compared to JMPA, the 
computational complexity decreases from 
about 3 times (for Ntx = Nrx =2) up to 
almost 70 for (for Ntx = Nrx =3). Simulation Fig. 4. Comparison of  STBC-SCMA schemes.

Fig. 5. MUX-SCMA simulation results 2×Nr.
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modeling of  the proposed methods showed 
that, compared to SISO-SCMA, MIMO-
SCMA has a difference of  up to 15 dB in 
Eb/N0. The gain from using QR processing 
compared to classical SCMA-MPA (JMPA) 
processing methods ranges from 0.8 to 
1.3 dB and is inferior to optimal ML 
processing from 0.3 to 0.8 dB. The use of  
MIMO with the SCMA technology can be 
applied in communication systems of  future 
generations (6G) to increase noise immunity 
and the number of  network connections. 
The use of  QR-MPA processing will solve 
one of  the key problems of  SCMA-MIMO, 
that is, increasing computational complexity, 
providing a high level of  BER performance.
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1. INTRODUCTION
The problem of  separating individual 
propagating modes and determining their 
characteristics is important for many 
branches of  ocean acoustics. For example, 
when localizing low-noise sources [1,2], when 
constructing low-mode acoustic tomography 
[3], when restoring the parameters of  the 
bottom [4-7], when modeling the propagation 
of  acoustic waves in methods of  processing 
hydroacoustic signals consistent with the 
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propagation medium [8,9], when restoring 
the depth of  the sound source [10,11], etc.

Determination of  the mode composition 
of  the acoustic field can be carried out both 
with the use of  receiving antennas consisting 
of  a large number of  elements, and with 
the use of  single receivers. Mode resolution 
methods using antennas are very complex 
and expensive to implement in practice. For 
this reason, more and more attention has 
recently been paid to single-receiver mode 
selection methods based on waveguide signal 
dispersion.

At present, for mode selection using single 
receivers, the Wigner transform [6,7] and the 
time-warping method [4,5] are mainly used, 
which allow restoring the group velocities of  
individual modes. The main advantage of  the 
Wigner transform is the compensation of  the 
intramode dispersion, which makes it possible 
to more accurately estimate the arrival times 
of  the selected modes. The time-warping 
method is based on the use of  the so-called 
sweeping transformation or deformation 
operator, which makes it possible to straighten 
dispersion curves and greatly simplify mode 
separation. Strictly, the time-warping method 
is applicable to an ideal waveguide, but under 
certain conditions it also approximately works 
in real water areas of  a shallow sea. However, 
within the framework of  the application of  
these two methods, the question of  restoring 
the remaining mode parameters remains open.

To overcome this difficulty, a holographic 
method for selecting modes and estimating 
their parameters is proposed, based on the 
two-dimensional time-frequency Fourier 
transform of  the field of  a broadband 
moving source [12]. The reconstructed mode 
parameters are: amplitude, real (propagation 
constant) and imaginary (modal attenuation 
coefficient) components of  the horizontal 
wave number, group velocity. This makes it 
possible to reconstruct the transfer function 

of  the waveguide in a parametric form and 
use this information to model the propagation 
of  acoustic waves. The holographic method 
of  mode selection [12] is an alternative to 
adaptive methods for localizing low-noise 
underwater sources [13,14], which do not 
require information about the characteristics 
of  the oceanic medium.

In real shallow water waveguides, there 
are always space-time inhomogeneities, 
which can lead to the loss of  identity of  
the mode parameters of  individual modes. 
Therefore, for the practical application of  
mode selection methods, it is undoubtedly 
important to consider their performance in 
randomly inhomogeneous media. The issues 
of  mode resolution under such conditions 
were not considered. An exception is the 
work [15], where the time-warping operator 
is generalized to the case of  a waveguide 
with small smooth variations in the water 
area depth. In this paper, on the basis of  
numerical simulation, we present the results 
of  approbation of  the holographic method 
of  mode selection against the background 
of  intense internal waves, which determine 
the interaction of  the waves of  a broadband 
source.

2. CHARACTERISTICS OF INTENSE 
INTERNAL WAVES
In shallow water areas, the intense internal 
waves (IIW) are trains of  intense short-term 
oscillations of  the water surface of  constant 
density, caused by internal tides, interpreted 
as trains of  solitons that propagate towards 
the coastline. According to the experimental 
data, soliton trains are characterized by the 
following parameters: velocity u ~ 0.5-1 m/s, 
periods of  calm δL ~ 5-10 km, length L ~ 
2-4 km, period D ~ 200-400 m (distance 
between crests of  adjacent solitons), half-
width η ~ 50-150 m, amplitude B ~ 10-30 m 
[16,17]. Soliton trains are characterized by: a) 
anisotropy in the horizontal plane, radius of  
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curvature of  the front r = 15-25 km; b) quasi-
sinusoidality in the direction of  propagation, 
i.e. spatial narrow spectrum; c) synchronism 
of  vertical displacements in depth, which 
indicates the dominance of  the first gravity 
mode. These factors determine the horizontal 
refraction and interaction of  sound waves of  
the source if  the path is located at small and 
large angles to the wave front of  the soliton 
train, respectively.

3. PHYSICAL FOUNDATIONS 
OF THE HOLOGRAPHIC MODE 
SELECTION METHOD
Let a point source move in a horizontally 
homogeneous waveguide at a fixed depth zs 
with a constant radial velocity w. We write the 
real component of  the sound pressure of  a 
broadband source at a horizontal distance r 
from a single receiver as the product of  the 
signal spectrum S(ω) = |S(ω)|cos[iφs(ω)] and 
the channel transfer function, presented as 
the sum of  propagating modes

0

0

( , ) ( ) ( , ) exp[ ( )( )]

cos[ ( )( )] ( , ).

m m
m

m m
m

p r S A r r r

ih r r p r

ω ω ω γ ω

ω ω

= − + ×

× + =

∑

∑
 (1)

Here ω1 ≤ ω ≤ ω2, ω1,2 = ω0 ± (Δω⁄2), Δω and 
ω0 are the width and average frequency of  the 
spectrum, ω = 2πf is the circular frequency; r0 
is the initial horizontal distance at time t0 = 0; 
Am(ω,r), hm(ω), and γm(ω) are the amplitude, 
propagation constant, and modal damping 
coefficient of  the m-th mode. The cylindrical 
discrepancy of  the field, the source depth 
zs and the receiver depth zq are taken into 
account in the mode amplitude.

In relation (1), we pass from the distance 
variable r to the time variable t, r = wt, and 
apply the two-dimensional Fourier transform 
to it:
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where Δt is the observation time; τ and 
2ν πν=  are the time and circular frequency of  

the hologram; ( , )mF τ ν  is the partial hologram 
of  the m-th mode. The hologram (2) records 
the source field in all intermediate states that 
it successively passes during the observation 
time. In the linear approximation of  the 
waveguide dispersion and phase spectrum of  
the signal, assuming r0 >> wΔt, the partial 
hologram is [12]
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where ts = dφs(ω0)⁄dω, phase
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The spectral density of  the hologram (2) is 
localized in a small region in the form of  focal 
spots corresponding to individual modes. 
The peak amplitude of  the m-th focal spot is 
ΔωΔt times greater than the field amplitude 
of  the m-th mode. Information about the 
propagation constants hm(ω0) and group 
velocities ugm(ω0) = dω/dhm(ω0) of  the modes 
is determined by the coordinates of  the focal 
spot peak (3)

0

0

0

( ),

.
( )

m m

m s
gm

wh
r t

u

ν ω
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 (5)

The estimates of  the mode parameters, in 
contrast to their true values, are indicated by 
a dot above. The value of  τm is interpreted as 
the time of  arrival of  the signal of  the m-th 
mode.
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According to the Rayleigh criterion, the 
resolvability of  the maxima of  neighboring 
focal spots is reduced to the simultaneous 
satisfaction of  the inequalities

0 1 0
0

( ) ( ) 2 ,m mdh dhr
d d
ω ωω π
ω ω

+∆ − ≥  (6)

0 1 0| w || h ( ) h ( ) |  2 .m mt ω ω π+∆ − ≥  (7)

To separate the spectral regions of  
neighboring focal spots, it suffices to satisfy 
one of  these inequalities. The inequalities 
impose certain restrictions on the bandwidth, 
distance, observation time, and radial velocity. 
The fulfillment of  inequalities (6), (7) becomes 
easier with an increase in the mode number. 
According to condition (6), the difference 
in the arrival times of  adjacent mode signals 
must exceed the time 2π⁄Δω. Condition (7) 
reduces to the requirement that the phase 
difference between adjacent modes during the 
observation time exceed 2π.

A hologram is an unambiguous 
representation of  the source field. The 
inversion, carried out by the reverse 
application of  the two-dimensional Fourier 
transform to the spectral densities of  the 
selected focal spots, restores the fields of  
individual modes. Let us assume that the focal 
spots are resolved, i.e. one of  the inequalities 
(6), (7) holds. We filter the spectral regions of  
focal spots with a two-dimensional filter

( , ) ( ) ( ),m m mθ τ ν µ τ η ν=   (8)
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Here ,m mτ ν∆ ∆   are the linear dimensions of  
the focal spots along the τ, .ν axes. Next, 
we perform the inverse two-dimensional 
Fourier transform. As a result, we obtain 
the reconstructed spectral densities ( , )mp t ω  
of  individual modes. If  the initial distance 

r0 and the radial velocity w are known, then, 
according to (5), the group velocities and mode 
propagation constants are reconstructed from 
the measurements of  the coordinates of  the 
focal spot peaks. Otherwise, the initial distance 
r0 and the radial velocity w are reconstructed 
by adaptive algorithms [13,14].

The reconstructed amplitude of  the m-th 
mode at distance r and frequency ω0 is equal 
to

0
0

| ( , , ) |( , ) ,
| ( ) |

m m m
m

F rA r
S t

τ νω
ω ω

=
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where | ( , , ) |m m mF rτ ν  is the peak value of  
the m-th focal spot. The expression for the 
reconstructed modal damping coefficient, 
taking into account the cylindrical divergence 
of  the mode amplitude, has the form

0 2 1 1 2 2 1
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The mode resolution method is 
implemented as follows. During the 
observation time Δt, in the spectral band Δω, 
J independent realizations are accumulated 
with duration δt1 and with time interval δt2

1 2

.tJ
t tδ δ
∆

=
+

 (13)

A two-dimensional source field p(t, ω) 
is formed in time-frequency variables, and 
a two-dimensional Fourier transform is 
applied to it. Reconstruction of  the modal 
attenuation coefficient is based on the 
recording of  holograms for two different 
observation intervals. At the initial time 
t0 = 0, processing (2) is implemented in the 
time interval Δt. At the time t1 = t0 + δT, 
the next processing is carried out during the 
time Δt. Thus, holograms are formed for two 
different observation intervals. In this case, 
the coordinates of  the focal spot peaks shift 
along the time axis, while remaining constant 
along the frequency axis.
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4. SELECTION OF MODES AGAINST 
THE BACKGROUND OF INTENSE 
INTERNAL WAVES
In the framework of  numerical simulation, we 
consider the performance of  the described 
method of  mode resolution in the case of  a 
waveguide with IIW causing mode interaction.

The depth distribution of  sound speed in 
an undisturbed waveguide is shown in Fig. 1. 
Parameters of  the liquid absorbing bottom: 
density ratio of  soil and water ρ = 1.8, 
complex refractive index n = 0.849(1 + i0.03). 
The frequency range f = 100-120 Hz, the 
sound field was formed by three modes. The 
propagation constants hm and group velocities 
ugm of  modes for an unperturbed waveguide 
at the middle frequency of  the spectrum f0 = 
110 Hz are given in Table 1. The scheme of  
the numerical experiment is shown in Fig. 2.

Let us consider the cases of  a noise source 
stationary and moving at a speed w = 1 m/s 
towards a single source. The signal spectrum 
is assumed to be uniform, and the phase is 

constant. The source is located at a depth of  
zs = 20 m, and the receiver is at a depth of  zq = 
45 m. A single soliton moving in the direction 
from the receiver towards the source was 
used as the IIW model. Soliton parameters: 
amplitude B = 15 m, half-width η = 150 m, 
velocity u = 0.7 m/s. At the initial time t0 = 0: 
the distance between the source and the 
receiver is r0 = 10 km, the distance between 
the soliton and the receiver is r* = 2.5 km.

At the initial time t0 = 0, time-frequency 
processing (2) of  mode selection was 
implemented in the time interval Δt = 20 s, 
the duration of  the noise signal realization 
δt1 = 0.75 s (frequency step δf = 1.4 Hz), the 
time interval between realizations δt2 = 0.25 
s, the number of  time intervals J = 20. The 
processing was repeated for subsequent time 
intervals of  the same duration, but shifted 
relative to the previous one by a fixed time 
interval δT = 1 min. Processing time T = 20 min 
20 s. During the experiment T with a frequency 
of  δT = 1 min for time points ti = 0, 1, …, 19 
min, N = 20 holograms were formed. During 
the processing time, the soliton traveled the 
distance Δr = 854 m. The sound field at the 
receiving point was calculated using the modal 
approach of  mode interaction.

In the case of  a stationary source, the 
processing results for three time points t1 = 0, 
10, 19 min are shown in Fig. 3-5. The signal 
envelope was reconstructed by applying the 
inverse two-dimensional Fourier transform to 
the hologram and making a horizontal section 
of  the reconstructed field at a frequency 
f0 = 110 Hz. On the holograms, the coordinates 
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Fig. 1. Sound velocity profile.

Table 1
Mode parameters of the unperturbed waveguide at the 

frequency f0 = 110 Hz.
Mode numbers, m 1 2 3

ℎm, м-1 0.4635 0.4557 0.4450

ugm, м/с 1478.76 1468.75 1448.98

Fig. 2. Geometry of  the numerical experiment.
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of  the focal spot maxima are located on the 
time axis. The mode group velocities ugm 
were determined from the coordinates of  
the maxima τm of  the focal spots (5) or from 
the positions of  the maxima tm of  the signal 
envelope: 0 0( ) /gm mu rω τ=  or 0 0( ) / .gm mu r tω =

When the source is stationary, the mode 
propagation constants are not restored.

According to the results of  processing for 
twenty time points ti = 0, 1, … , 19 min:

a) relative variations of  the group 
velocities of  the modes with respect to the 
model values − 1 10.9955 / 0.9997,g gu u≤ ≤  

2 20.9848 / 0.9860,g gu u≤ ≤  

3 30.9739 / 0.9751,g gu u≤ ≤
;

b) maximum relative errors of  the 
reconstructed group velocities of  the 
modes - the first mode, m = 1, maxδ1 = 
0.45%; second mode, m = 2, maxδ2 = 
1.52%; third mode, m = 3, maxδ3 = 2.61%.
The relative variations of  the mode 

amplitudes ( ) ( ) /m i m i mb t A t A=   are shown in 
Fig. 6, where ( )m iA t  and Am are the amplitude 
of  the m-th mode, reconstructed at time 
ti, and its model value for the unperturbed 
waveguide, respectively.

In the case of  a moving source, the 
processing results for three time points ti = 0, 
10, 19 min are shown in Fig. 7-9. The mode 
group velocities ugm were determined from 
the coordinates of  the maxima τm of  the focal 
spots (5) or from the positions of  the maxima tm 
of  the signal envelope: 0( , ) ( ) / ( )gm i i m iu t r t tω τ=

 
or 0( , ) ( ) / ( ).gm i i m iu t r t t tω =  Here r(ti) is the 
distance between the source and the receiver 
at time ti. The mode propagation constants 
were determined from the coordinates of  the 
maxima vm(ti) of  focal spots (5).

According to the results of  processing for 
twenty time points ti = 0, 1, ..., 19 min, it was 
established:

a) relative variations of  the group 
velocities of  the modes with respect to the 
model values − 1 10.9977 / 1.0049,g gu u≤ ≤

 
2 20.9904 / 0.9945,g gu u≤ ≤

 

3 30.9750 / 0.9835;g gu u≤ ≤

b) maximum relative errors of  the 
reconstructed group velocities of  the modes - 
the first mode, m = 1, maxδ1 = 0.49%; second 
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Fig. 4. Normalized hologram (a) and signal envelope (b). 
Time t10 = 10 min. The source is stationary.

              a                        b                           c
Fig. 6. Dependences of  the relative variations of  the 
reconstructed mode amplitudes on the processing time: (a) the 
first mode, (b) the second mode, (c) the third mode. The source 

is stationary.

                   a                                      b

                   a                                      b

                   a                                      b
Fig. 5. Normalized hologram (a) and signal envelope (b). 
End of  processing: time t19 = 19 min. The source is stationary.

Fig. 3. Normalized hologram (a) and signal envelope (b). 
Processing start: time t0 = 0. The source is stationary.
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mode, m = 2, maxδ2 = 0.96%; third mode, 
m = 3, maxδ3 = 2.50%;

c) relative variations of  the mode 
propagation constants with respect to the 
model values − 1 10.8923 / 1.0705,h h≤ ≤  

2 20.7382 / 0.9914,h h≤ ≤

3 30.7229 / 1.0081.h h≤ ≤

The relative variations of  the mode 
amplitudes ( ) ( ) /m i m i mb t A t A=   are shown in 
Fig. 10.

5. CONCLUSION
The data of  numerical simulation of  the 
selection of  modes and the reconstruction 
of  their parameters against the background 
of  IIW, which cause the interaction of  the 
modes of  the source field, are presented. The 
cases of  stationary and moving sources are 
considered. It is shown that in both cases 
there is no loss of  identity of  the mode 
parameters: the modes are resolved and their 
parameters are restored. Variations in the 
amplitudes, propagation constants, and mode 
group velocities were determined from the 
results of  a numerical experiment. It has been 
established that in the low-frequency range 
the relative error in reconstructing the group 
velocities of  the modes with respect to the 
unperturbed waveguide does not exceed one 
percent.
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1. INTRODUCTION
Previously, we proposed a method for 
constructing geometric bifractals based on 
the use of  the "fractal-carrier – carryable 
prefractal" algorithm [1]. A number of  
bifractals were constructed, which are a 

pairwise combination of  four geometric 
monofractals (the Serpinsky carpet or the 
Vicsek fractal and two L-system monofractals 
with an axiom in the form of  a square), their 
digital megapixel pictures were obtained, 
and their digital Fourier images were 
calculated, the comparison of  which with the 
corresponding diffraction patterns observed 
in the Fraunhofer region, in [1], however, was 
not performed due to the lack of  experimental 
data. In this paper, which was carried out in 
order to eliminate this gap, the results of  an 
experimental study of  light diffraction for 
two of  the bifractals mentioned in [1] are 
presented, in the first of  which the carrier is 
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the Vicsek fractal, and the carryable is the LS1 
fractal of  the L-system (hereinafter referred to 
as bifractal No. 1), and in the second the carrier 
is the fractal L-system LS2, and the carryable 
is the LS1 fractal (hereinafter referred to as 
bifractal No. 2). General information and 
description of  the fractals mentioned above 
can be found, for example, in [2-5].

To obtain Fourier spectra, we used the 
computer modeling method previously 
described by us in [6], which was first applied 
to real thermodynamically stable fractal-like 
domain structures [7] and was finally worked 
out on test objects, as which ordered domain 
structures realized in thin magnetic films were 
selected, allowing diffraction "to the lumen" 
[8]. The method was also applied in the study 
of  abstract fractal objects: Koch's snowflake, 
Serpinsky carpet, Vicsek fractal, and others 
[9-13].

2. METHODS OF CONDUCTING 
EXPERIMENTS
For experimental research of  diffraction by 
fractals, black-and-white bitmap pictures of  
selected objects were created on a computer 
using specially developed programs. The 
resulting pictures were printed by imagesetter 
on a transparent film with a resolution of  1333 
dots per centimeter (3386 dpi) and a point size 
of  7.5 microns. The smallest fractal element 
was formed from 4-10 points, that is, its linear 
size ranged from 30 to 75 microns. The images 
obtained by the described method had an 
extremely high contrast, almost unattainable 
for traditional photography.

A standard technique was used to observe 
the diffraction pattern formed after the passage 
of  a light beam through a transparent film with 
an picture of  the prefractal diffraction pattern 
in the Fraunhofer zone. A narrow beam of  
light with a wavelength of  0.63 microns from a 
helium-neon laser was expanded and collimated 

to a diameter of  5 to 8 cm using a system of  
confocal lenses, after that it was directed to a 
film depicting a fractal object whose overall 
dimensions did not exceed the diameter of  
the collimated light beam. The picture of  the 
diffraction pattern was formed by a lens in the 
diffraction plane where the screen was located. 
Instead of  a screen, one can use a digital 
camera paired with a computer and subject the 
observed diffraction patterns to the necessary 
processing.

The computer-generated black-and-
white bitmap pictures of  the prefractals 
were approximated by a grid function on a 
uniform square grid with a number of  nodes 
n1×n2, where the values n1 and n2 were chosen 
sufficiently large (up to 8192) to adequately 
approximate the details of  the smallest size 
of  the prefractal (in computer representation) 
and to enable the study of  prefractals with 
high generation numbers. For the image 
digitized in this way, using the fast Fourier 
transform, the values of  the square of  the 
modules of  the Fourier components were 
determined, that is, the spectral distribution 
of  the intensity of  diffracted radiation I in 
the Fraunhofer zone. To display the intensity 
of  diffraction maxima on the plane, circles 
with a radius proportional to the intensity (or 
logarithm of  intensity) were used, where the 
proportionality coefficient was chosen for 
reasons of  obtaining optimal clarity of  images; 
for the same purposes, Gaussian blurring 
of  circles was additionally used. The degree 
of  correspondence between the calculated 
Fourier images and the experimentally 
observed diffraction patterns depends on the 
value of  the parameter p, equal to the ratio 
of  the smallest element of  the fractal to the 
mesh cell size. The larger the p, the better the 
match. In our calculations, the value of  p was 
from 4 to 8.
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3. METHODS OF CONSTRUCTING 
BIFRACTALS AND DESCRIPTION OF 
EXPERIMENTAL RESULTS
As it was indicated in the introduction, that 
three geometric monofractals were used for the 
construction of  bifractals: a fractal (snowflake) 
of  a Vicsek [2] and two monofractals of  the 
L-system with an axiom ("seed") in the form 
of  a square [4,5] (hereinafter referred to as the 
LS1 and LS2 fractals). The first fractal has a 
scaling factor m = 3, and  theoretical value of  
dimension Df  = ln5/ln3 = 1.465 the last two have 
m = 2 and Df  = ln3/ln2 = 1.585. For each of  
the listed monofractals, megapixel black-and-
white bitmap images were created, according 
to which Fourier images were located.

Fig. 1a shows an image of  the 3rd generation 
of  the Vicsek prefractal, and Fig. 1b (close-up, 
fractal part) and Fig. 1c (general view) – digital 
diffractograms of  this 5th generation prefractal 
for p = 8. Experimental diffractogram for the 
5th generation prefractal, presented at two 
different scales in Fig. 1d (close-up, fractal part) 
and Fig. 1e (general view), agree well with the 
calculated for p = 8.

Algorithms for constructing two 
monofractals LS1 and LS2 with an axiom in 
the form of  a quadrate can be described on 
the basis of  a standard approach for L-systems 
using a set of  rules "turtle graphics", however, 
in our case, the representation is simpler using 
the recurrence relations given below, displaying 
sequential transformations of  a single seed 
a square on the complex plane. Note that 
this uses transformations using only integer 
translations of  objects along the real and (or) 
imaginary axes, as well as rotations only by 
multiples of  angles π/2.

If  we choose the orientation of  the 
coordinate system on the complex plane in 
such a way that the imaginary axis is directed 
horizontally to the right, and the real axis is 
directed vertical down, and place the unit seed 

square (set Z(0)) in the first quadrant (coordinates 
of  vertices (0,0), (0,i) (1,i) and (1,0)), then LS1 
prefractals of  any order (generation) Z(n) are 
obtained by the operation of  combining sets 
using recurrent relations

( ) ( )( 1) ( ) ( ) ( )(1 )2 (1 )2 .n n n n n nZ Z iZ i iZ i+ = + + − + + 
 (1)

As an example in Fig. 2a shows an image of  
the LS1 fractal of  the 4th order resulting from 
the application of  the described procedure, 
corresponding to the 5th iteration according to 
formula (1). The calculated for p = 8 Fourier 

LIGHT DIFFRACTION BY FLAT GEOMETRIC BIFRACTALSFRACTALS IN PHYSICS

Fig. 1. Image of  the 3rd generation Vicsek prefractal 
(a), digital diffractograms for the same type prefractal of  
the 5th generation with p = 8 (b – close-up, c – general 
view) and experimental diffractograms (d – close-up, e – 

general view).
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images for a similar fractal of  the 10th order 
are shown in Fig. 2b (fractal part, close-up) 
and Fig. 2c (general plan), and experimentally 
obtained - in Fig. 2d (fractal part, close-up) and 
Fig. 2e (general plan). Digital diffractograms for 
the LS1 fractal correspond well to experimental 
ones.

For the LS2 fractal , the chain of  successive 
transformations of  the set in the form of  a 
single seed square is given by the expressions

( ) ( )( 1) ( ) ( ) ( )(2 )2 (1 2 )2 .n n n n n nZ Z Z i Z i+ = − + + − + +   (2)

For example at n = 5, we obtain a 
prefractal of  the 4th order, shown in Fig. 3a; 
diffractograms of  the same type of  fractal of  
the 10th order (11th iteration in (2)) for p = 8 
are shown in Fig. 3b (fractal part, close-up) and 
Fig. 3c (general plan). They correspond well 
to the experimentally obtained Fourier images 
shown in Fig. 3d (fractal part, close-up) and 
Fig. 3e (general plan).

The diffraction patterns, both calculated 
and experimentally obtained, show that the 

FRACTALS IN PHYSICS

Fig. 2. Image of  the LS1 prefractal of  the 4th generation 
(a), digital diffractograms for the same type of  fractal of  
the 10th generation with p = 8 (b – close-up, c – general 
view) and experimentally obtained diffractograms (d – 

close-up, e – general view).

Fig. 3. Image of  the LS2 prefractal of  the 4th generation 
(a), digital diffractograms for the same type of  fractal of  
the 10th generation with p = 8 (b – close-up, c – general 
view) and experimentally obtained diffractograms (d – 

close-up, e – general view).
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fractal part has self-similarity with the scaling 
factor m = 3 for the Vicsek fractal (Fig. 1b, 
Fig. 1d) and m = 2 for LS1 fractals (Fig. 2b, Fig. 
2d) and LS2 (Fig. 3b, Fig. 3d).

The bibifractals LS1 and LS2 would 
be formed from two simple geometric 
monofractals, in one of  which (the carrier 
fractal) the other fractal (the carryable fractal) 
stood as a seed object. The order of  the 
bifractal obtained in this case is characterized 
by two indices k1×k2, where k1 is the order 
of  the carrier fractal, and k2 is the order of  
the carryable prefractal. This procedure 
is fundamentally different from the long-
used procedure for creating bifractals (both 
geometric and "signal") by simply combining 
two sets.

The procedure for constructing bifractal 
No. 1 is shown in Fig. 4; the first orders of  the 
Vicsek and LS1 fractals are shown in Fig. 4a 
and Fig. 4b, respectively. If  the black squares 
in Fig. 4a is replaced by a prefractal LS1 of  
the 4th order, then you get a bifractal No. 1 
of  the 1×4 row, the image of  which is shown 
in Fig. 4c. In Fig. 5 shows the diffractograms 
calculated for different scales for  : general plan 
(Fig. 5a), medium (Fig. 5b) and large (Fig. 5c). 
Experimental diffractograms are shown in 
Fig. 5d (general plan), Fig. 5e (medium plan) 
and Fig. 5f (close-up); they correspond well to 
the numerical one.

It can be seen that the fine plan of  the Fourier 
image of  this bifractal (when considering the 
"afar"), medium plan on the calculated (Fig. 5a 
and Fig. 5b) and experimentally obtained 
(Fig. 5d and Fig. 5e) diffractograms generally 
corresponds to the Fourier image of  the 
LS1 fractal (see Fig. 2b-Fig. 2e) with scaling 
factor m = 2. But at the same time on the 
diffractograms of  the medium plan (Fig. 5b 
and Fig. 5e) the elements characteristic of  the 
diffraction pattern for the Vicsek fractal are 
already visible (see Fig. 1b and Fig. 1d). With a 
further increase in the center of  the diffraction 
pattern (close-up, Fig. 5c and Fig. 5f) it becomes 
similar to the Fourier image of  the Vicsek 

FRACTALS IN PHYSICS

Fig. 4. The procedure for constructing bifractal No. 1; 
a – the first generation of  Vicsek fractal, b – the second 
generation of  LS1 fractal, c – bifractal No. 1 of  1×4 order.

Fig. 5. Digital diffractograms for bifractal No. 1 for p = 4 
(a – general plan, b – medium, c – large) and experimental 
diffractograms (d – general plan, e – medium, f  – large).

LIGHT DIFFRACTION BY FLAT GEOMETRIC BIFRACTALS
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fractal (see Fig. 1b and Fig. 1d) with a scaling 
factor m = 3. At an intermediate scale (between 
the scales in Fig. 5b (Fig. 5e) and Fig. 5c (Fig. 5f) 
self-similarity on diffractograms, calculated 
and experimental, is lost.

In addition, the entire background of  
the diffraction pattern is "modulated" 
in accordance with the pattern for 
the Vicsek fractal. This phenomenon 
becomes noticeable at a sufficiently large 
magnification for any (not only the central) 
part of  the diffraction pattern. Thus, the 
periphery and rough features of  the Fourier 
image of  bifractal No. 1 are called the LS1 
fractal, and the central part and "subtle" 
features are called the Vicsek fractal. With 
the bifractal itself, the situation is reversed: 
when viewed "from afar" (small plan), the 
observer will see the Vicsek fractal, and 
close up – the LS1 fractal. Thus, both the 
bifractal itself  and its Fourier image are 
scale-dependent. These features of  objects 
of  the "fractal-carrier – carryable fractal" 
type are typical and were observed in all the 
bifractals considered in this paper.

The properties of  bifractals with the same 
values of  fractal dimension D and scaling 
coefficients m for the carrier and the carryable 
object were also studied. In particular, this 
was done for bifractal No. 2, using as such 
objects the fractals LS2 and LS1 having the 
same values D = 1.585 and m = 2. In Fig. 6a 
and Fig. 6b shows the second generations used 
in the construction of  fractals, in Fig. 6c is the 
resulting bifractal with size 1×4. Fig. 7 shows 
the calculated for p = 4 diffractograms at 
different scales: general plan (Fig. 7a), medium 
(Fig. 7b) and large (Fig. 7c). The experimentally 
obtained diffractograms are shown in Fig. 7d 
(general plan), Fig. 7e (medium plan) and 
Fig. 7f (close-up), which agree well with the 
calculated ones. Diffractograms in general 
and medium-scale scales, both calculated and 

experimentally obtained, correspond well to 
those for the LS1 fractal (Fig. 2b - Fig. 2e) and 
have self-similarity with a scaling factor m = 2. 
The central part of  the diffractograms (close-
up, Fig. 7c and Fig. 7f) is similar to the Fourier 
image of  the LS2 fractal (Fig. 3b and Fig. 3d) 
and also has self-similarity with a scaling 
factor m = 2. Although both the wearable 
fractal and the carrier fractal have the same 
scaling coefficient, at some scale intermediate 
between the scales for medium and small 
plans, the diffraction pattern loses its self-
similarity due to a change in the algorithm for 
constructing the bifractal.

FRACTALS IN PHYSICS

Fig. 6. The procedure for constructing bifractal No. 2; 
a and b are the second orders of  fractals LS2 and LS1, 

respectively, c is bifractal No. 2 of  1×4 order.
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For all the studied geometric fractals, 
the difference between the central and 
peripheral parts is observed on the digital 
diffractograms and diffraction patterns 
experimentally obtained by the optical 
method. The part localized near the center 
has the self-similarity inherent in fractal 
objects (see Fig. 1b and Fig. 1d, Fig. 2b 
and Fig. 2d, Fig. 3b and Fig. 3d), while the 
peripheral part, which does not possess self-
similarity, is characterized by an equidistant 
arrangement of  diffraction maxima along 
a certain number of  radial directions (rays) 
(see, for example, Fig. 1c and Fig. 1e). For 
the first time, this fact was noticed by the 
authors of  the work [14] devoted to the study 
of  Fraunhofer optical diffraction on the 
classical Koch snowflake, where they used 
the terms "fractal part" and "lattice part" to 
denote the central and peripheral parts and 
associated the appearance of  the latter with 
the fact that in a two-dimensional set of  
elements forming a fractal, one-dimensional 
diffraction gratings consisting of  identically 
oriented elements (e.g. segments) can be 
distinguished.

For bifractals, this effect also takes place. 
The rough pattern of  the lattice part of  

the bifractal diffractogram is determined 
by the carryable fractal, but, in addition, 
it (like the entire diffraction pattern) is 
modulated by a carrier fractal. The rough 
drawing of  the periphery of  the fractal part 
is also determined by the carryrable fractal, 
and only the very center of  the diffraction 
pattern corresponds to the diffractogram 
of  the carrier fractal; the size of  this part 
depends on the number of  orders in the 
carrier fractal and the ratio of  orders in 
both fractals.

4. CONCLUSION
A careful comparison of  the diffraction 
patterns observed in experiments for 
bifractals based on the classical Vicsek 
fractal and two fractals of  the L-system with 
Fourier images of  bifractals approximated 
by a grid function on a uniform square grid 
allowed us to formulate certain requirements 
for the approximation process. It has been 
shown that almost complete correspondence 
of  experimental and digital diffractograms 
and good reproduction of  the fine structure 
of  the former is achieved with a sufficiently 
high ratio of  the size of  the smallest element 
of  the bifractal to the period of  the grid 
function.

All the obtained Fourier images of  
bifractals, both calculated and experimentally 
observed, were scale-dependent. The 
diffractograms of  the small plan ("far") of  
the lattice and fractal parts corresponded to 
the wearable fractal, the close-up ("near") – to 
the carrierable fractal. At some intermediate 
scale, self-similarity was violated. All parts 
of  the diffraction pattern, both central and 
peripheral, had a fine structure modulated 
in accordance with the Fourier image of  the 
wearable fractal, which could be seen with 
sufficient magnification.

FRACTALS IN PHYSICS

Fig. 7. Digital diffractograms for bifractal No. 2 for 
p = 4 (a – general plan, b – medium, c – large) and 
experimental diffractograms (d – general plan, e – 

medium, f  – large).
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1. INTRODUCTION
The development of  highly-sensitive 
methods for detecting early features of  
brain diseases is a vital problem [1–7]. State-
of-the-art methods for analyzing biomedical 
signals used to solve this problem are 
mainly based on the Fourier analysis, 
wavelet analysis, autoregressive models, 
recurrent neural networks, etc. [8–17]. In 
our opinion, a disadvantage of  the standard 
methods is that they are aimed either at 
identifying generalized spectral properties 
over long-time intervals (that is typical for 
the Fourier analysis) or at identifying local 
time-frequency features of  the signal (that 
is typical for wavelet analysis). Thus, the 
standard methods miss a significant amount 
of  useful information including generalized 
properties of  the local time-frequency 
features.

Let us consider an example of  an 
electroencephalographic signal (EEG) in a 
rat brain that contains epileptic activity (see 
Fig. 1). Fig. 2 demonstrates the Fourier 
spectrum of  the signal computed using 
the Welch method (Hann window is used 
with window width equal 3 s and overlap 
7/8). One can see pronounced peaks in the 
spectrum at frequencies 7.48, 14.79, and 
22.11 Hz. The Fourier spectrum of  the 
signal indicates the generalized properties 
of  the signal but loses the information on 
the local features of  the signal which can 
be found in the wavelet-spectrogram of  

the signal (see Fig. 3, the complex Morlet 
wavelet is used, Fb = 1, Fc = 1).

The wavelet spectrogram indicates that 
the signal is non-stationary and contains 
parts with different spectral characteristics. 
In particular, there is an epileptic activity 
in the middle of  the signal from 16 to 23 
seconds. The disadvantage of  the Fourier 
analysis is that it loses information about the 
local features while the disadvantage of  the 
wavelet analysis is that it does not indicate 
generalized time-frequency properties of  
the signal. For instance, the frequency 
characteristics of  the background EEG are 
not visible in the Fourier spectrum because 
the power spectral density of  the epileptic 
activity is bigger. On the other hand, the 
investigation of  the wavelet spectrogram 
of  a complete EEG record would take a 
lot of  time and it still does not allow us to 
get a general idea of  the time-frequency 
properties of  the signal because the amount 
of  the information is huge.

Fig. 1. An example of  EEG signal in a rat brain.
Fig. 3. The wavelet spectrogram of  the EEG signal in 

the rat brain.

Fig. 2. The Fourier spectrum of  the EEG signal in the 
rat brain.
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The idea of  the wave train analysis is that 
we instruct the computer to investigate a long 
wavelet spectrogram, extract local features in 
this spectrogram, and describe the general 
time-frequency properties of  the signal in the 
terms of  the properties of  the detected local 
features.

The idea can be implemented differently, 
depending on what kind of  local features of  
the signal are investigated and what parameters 
of  these local features are important for us. 
Our approach is to consider the simplest local 
features of  the signal that are manifested in the 
form of  so-called wave trains in the wavelet 
spectrograms.

The wave train is an increase of  the signal 
power spectral density localized in time and 
frequency. The wave trains are displayed on 
the wavelet spectrograms in the form of  local 
maxima – bright spots of  different shapes. For 
example, in Fig. 3, there are notable wave trains 
with a frequency of  about 7 Hz and weak 
wave trains with a frequency of  about 15 Hz. 
Computational processing of  the wavelet 
spectrogram allows to identify local maxima 
of  small amplitude that are invisible against 
the background of  the epileptiform activity. 
We assume that the investigation of  the local 
maxima in the wavelet spectrogram offers a 
complete idea of  the time-frequency properties 
of  the signal; the local features of  a complex 
form are considered as a set of  several local 
maxima distributed in time and frequency.

In this paper, we analyze the following 
parameters of  the wave trains: the center 
frequency, the maximum power spectral 
density (PSD), the duration, the bandwidth, 
and the instantaneous phase. Note that all 
these parameters can be defined in different 
ways. For instance, the duration of  the wave 
train can be measured on the half-height 
of  the wave train or 1/ 2  of  the wave 
train height. We assume that any rational 

definition of  the wave train parameters can 
be used to investigate the wave trains. The 
main condition is that the formal definition 
must be appropriate for the most observed 
local features of  the signals and it cannot 
be changed during the investigation of  the 
signals. A good illustration of  this analysis 
approach is the comparison of  EEG signals 
in Parkinson’s disease (PD) and essential 
tremor (ET) patients. The analysis of  the 
signals in the groups of  patients revealed 
a statistically significant difference in the 
number of  wave trains that have certain 
parameters. The absolute numbers of  the 
wave trains detected in EEG depend on 
how we measure the parameters of  the wave 
trains. Nonetheless, we will observe the 
differences between the groups of  patients 
in all cases.

In the following, Section 2 gives a formal 
definition of  wave train parameters. In 
Section 3, an investigation of  the epileptic 
activity in the rat brain is considered using 
special histograms. In Section 4, the problem 
of  differential diagnosis is discussed on 
the base of  an example of  PD and ET 
neurodegenerative diseases. The AUC 
diagrams are introduced as mathematical 
means for solving this problem.

2. THE DEFINITION OF THE WAVE 
TRAIN
We use the complex Morlet wavelet for the 
computation of  wavelet spectrograms. This 
wavelet is selected because the mother function 
of  the Morlet wavelet is a sinusoid inside a 
Gaussian window:

( ) ( )
21 exp 2 exp ,c
bb

xx iF x
FF

π
π

 
Ψ = − 

 

where Fb = 1, Fc = 1.
Naturally, any other wavelets can be used 

for the analysis of  the wave train activity. 
Moreover, the windowed Fourier analysis 
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can be used instead of  the wavelets in many 
cases. An advantage of  the Morlet wavelet 
is that it is easy to interpret. The Morlet 
wavelet spectrogram is well-understandable 
and convenient to use because it is like the 
windowed Fourier spectrogram.

The time and frequency resolutions of  
the wavelet spectrogram are automatically 
changed depending on the considered 
frequency domain of  the signal; that is the 
advantage of  the wavelets in comparison 
with the windowed Fourier analysis. As the 
frequency increases, the time resolution 
of  the wavelet spectrogram increases and 
the frequency resolution decreases. This 
property of  the wavelet spectrogram makes 
it possible to observe simultaneously fast 
and slower processes in the investigated 
object.

From the mathematical point of  view, any 
local maxima in the wavelet spectrogram can 
be considered as wave trains to be analyzed. 
The situation is more complicated on the 
level of  the software implementation. The 
problem is that plenty of  "jags" appear on 
the spectrogram due to the discrete nature 
of  the algorithms used for the computation 
of  the wavelet spectrogram (see an example 
in Fig. 4). Thus, a smoothing of  the wavelet 
spectrogram is necessary prior to the detection 
of  the wave trains in the spectrogram.

We smooth the wavelet spectrograms using 
an adaptive 2D Gaussian window filter. The 

window is called adaptive because the width of  
the window in time and frequency is changed 
depending on the considered frequency:

( ) ( ) ( )2 2

2 2

1, exp ,
2 2 2x y x y
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πσ σ σ σ

 − −
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where σx is the standard deviation of  the 
normal distribution along the x-axis; σy is the 
standard deviation of  the normal distribution 
along the y-axis.

In our experience, it is sufficient to apply 
the Gaussian window that has the width 
in time and frequency equal to half  of  the 
width of  the mother function of  the Morlet 
wavelet. In addition, we consider only 
the wave trains in the smoothed wavelet 
spectrogram that satisfy the following 
additional condition: the full width of  the 
considered peak on 1/ 2  height of  the peak 
(see Fig. 5, on the left) must be at least 1/10 
period of  the signal on the center frequency 
of  the considered peak. This additional 
condition is necessary to exclude outliers 
that occurred during the signal recording.

The set of  wave train parameters to be 
analyzed is based on our practical experience in 
the investigation of  EEG and electromyograms 
(EMG). The following wave train parameters 
are currently investigated:
1. The center frequency in Hz.
2. The maximum power spectral density in 

μV2/Hz.
3. The duration on 1/ 2  height of  the peak 

measured in seconds and the number of  
periods of  the center frequency (see Fig. 5, 
on the left).

MEDICAL PHYSICS

Fig. 4. An example of  the wavelet spectrogram before 
the smoothing operation.

Fig. 5. The time and frequency slices of  the local 
maximum in the wavelet spectrogram.
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4. The bandwidth on 1/ 2  height of  the 
peak in Hz (see Fig. 5, on the right).

5. The instantaneous phase in the local 
maximum in radians; the instantaneous 
phase is calculated as the four-quadrant 
arctangent on the imaginary and real parts 
of  the complex wavelet value.
Let us consider an example of  the wave 

train in EEG in a rat (see Fig. 6). This rat 
belongs to the WAG/Rij genetic line, which 
has the genetic absence epilepsy. The wave 
train is indicated by the red ellipse. The signal 
contains several periods of  the so-called spike-
wave seizure that is a characteristic of  absence 
epilepsy.

The wavelet spectrogram of  the EEG 
signal is given in Fig. 7. The wave train is 
indicated by a black ellipse. One can see 
an increase in the power spectral density 
localized in time and frequency in the 
spectrogram. This local maximum in the 
wavelet spectrogram corresponds to the 
given formal definition of  the wave train and 
has the following attributes:
1. The center frequency is 6.9 Hz which is a 

typical frequency of  epileptic seizures in 
rats.

2. The maximum power spectral density is 
245260 μV2/Hz.

3. The duration is 0.75 s which corresponds 
to 5.21 periods of  the signal at 6.9 Hz.

4. The bandwidth is 2 Hz.
5. The instantaneous phase is –1 radian.

The physical meaning of  the center 
frequency and maximum power spectral 
density of  the wave train corresponds to the 
spectral characteristics of  the signal indicated 
by the Fourier spectrum (see Fig. 8). Other 
parameters of  the wave train are explained 
below.

The duration of  the wave train characterizes 
the duration of  the observed oscillatory 
process. Note that the mathematical definition 
of  the wave train allows the wave train with 
small durations including one period on the 
center frequency of  the wave train and even 
less. This is not a mistake. The physical meaning 
of  such short wave trains is that we observe 
short increases in the power spectral density. 
Such short wave trains, of  course, cannot be 
named oscillatory processes. Another possible 
reason for the occurrence of  the short wave 
trains is that long oscillatory processes can be 
divided into short parts corresponding to local 

MEDICAL PHYSICS

Fig. 6. An example of  the wave train in EEG in a rat 
that belongs to the WAG/Rij genetic line.

Fig. 7. This is an example of  the wave train in the 
wavelet spectrogram of  the EEG signal which is given 

in Fig. 6.

Fig. 8. This is the Fourier spectrum of  the EEG signal 
which is given in Fig. 6. Hann window is applied; the 

width of  the window is 0.75 s.
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increases of  the instantaneous amplitude of  
the oscillations.

The bandwidth of  the wave trains 
characterizes the shape of  the observed signal. 
In particular, a narrow bandwidth corresponds 
to signals that are close to harmonic signals. 
A wide bandwidth corresponds to signals 
of  complex shape including the signals that 
contain sharp peaks and steps. Note that a signal 
of  a complex shape that is a superposition of  
harmonic signals can be represented as several 
wave trains with different center frequencies; 
the bandwidth of  the separate wave trains can 
be small.

The instantaneous phase of  the wave 
train characterizes the asymmetry of  the local 
maximum in the wavelet spectrogram. Note 
that this parameter is very sensitive and allows 
to reveal properties of  the signal invisible to 
the eye. For example, the instantaneous phase 
of  the wave train given in Fig. 6 is –1 radian; 
this is evidence of  the asymmetry of  the wave 
train.

Note that the wave trains must never 
be considered as a special kind of  signals 
observed in EEG, EMG, or other biomedical 
signals. From the mathematical point of  view, 
any signal is a superposition of  the wave trains 
with different attributes. We believe that such 
a representation of  biomedical signals is much 
closer to reality than the Fourier analysis which 
considers any signal as a superposition of  
sinusoids. Meanwhile, it is necessary to account 
that long signals with complex shapes such as 

epileptic seizures can be represented using a 
big number of  wave trains.

Let us consider an example of  an 
epileptic seizure in the cerebral cortex of  
a rat that belongs to the WAG/Rij genetic 
line (see Fig. 9). One can see the spike-wave 
process on 7 Hz in the wavelet spectrogram 
in Fig. 10. Besides, separate bright spots 
are presented in the wavelet spectrogram 
on 15 Hz that corresponds to the second 
harmonic in the spike-wave seizure.

The set of  wave trains detected in the 
wavelet spectrogram of  the epileptic seizure 
is presented in Fig. 11. Two chains of  wave 
trains corresponding to 7 Hz and 15 Hz can 
be observed. Thus, the oscillatory process at 
7 Hz does not interfere with the observation 
of  wave trains at 15 Hz. The duration, 
bandwidth, and instantaneous phase of  the 
wave trains indicate additional information 
on the epileptic seizure that cannot be 
obtained using the standard spectral analysis 
means.

Fig. 9. An example of  epileptic seizure in the frontal 
cortex of  a WAG/Rij rat.

Fig. 10. This is an example of  a wavelet spectrogram of  
the epileptic seizure which is presented in Fig. 9.

Fig. 11. This is the set of  wave trains detected in the 
wavelet spectrogram of  the epileptic seizure which is given 

in Fig. 10.
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Next, we will consider a method of  
investigation of  the wave train electrical activity 
using histograms of  parameters of  the wave 
trains. The method will be explained using an 
example of  epileptic activity in the rat brain.

3. HISTOGRAMS OF THE WAVE 
TRAIN PARAMETERS
Let us consider the parameters of  wave trains 
detected in EEG signals in absence epileptic 
WAG/Rij rat. The wave trains were detected 
in fragments of  EEG that contain epileptic 
seizures (29 fragments) and background EEG 
(29 fragments).

The data were collected in IHNA&NPh 
RAS. In total, we have investigated 16 rats. EEG 
was recorded using implanted electrodes. The 
experimental setting is described in [18,19]. The 
sampling rate was 250 Hz. We have analyzed 
EEG signals in the frontal cortex (the F1 
electrode). EEG signals were pre-filtered using 
50 Hz and 100 Hz notch filters. After that, 
the Butterworth bandpath filter was applied 
(the frequency band was from 0.1 to 120 Hz). 
Wavelet spectrograms of  the fragments of  
EEG signals were computed. Wave trains were 
detected in the wavelet spectrograms. The 
values of  parameters of  the wave trains were 
computed.

Histograms of  the center frequency of  
the wave trains detected in EEG are given 
in Fig. 12. The left histogram corresponds 
to the wave trains detected in the epileptic 
seizures. The right histogram corresponds to 
the background EEG. These histograms are 
an analog of  the Fourier spectrum. By analogy 
with the spectral analysis, one can conclude that 

there are two main rhythms in both datasets. 
We observe the frequency peak at 7 and 15 Hz 
in the epileptic seizures and 7 and 24 Hz in the 
background EEG.

Histograms of  the bandwidth of  the wave 
trains (see Fig. 13) demonstrate information 
that cannot be obtained using the Fourier 
spectrum. Two pronounced peaks are observed 
in both groups of  datasets. It means that at 
least two clusters are presented in the data. 
Suppose that these two clusters correspond to 
the peaks observed in the histograms of  the 
center frequency.

Histograms of  the instantaneous phase of  
the wave trains (see Fig. 14) indicate a sufficient 
difference between the epileptic seizures and 
the background EEG. The histograms show 
that the epileptic seizures are characterized 
by inhomogeneity of  the instantaneous phase 
values. This is evidence that wave trains of  a 
certain shape are presented inside the epileptic 
seizures, but not in the background EEG. 
The question is what cluster of  wave trains 
observed in Fig. 12 (left) contains the wave 
trains with a certain shape?

To answer this question, let us investigate 
the parameters of  the wave trains detected 
in the epileptic seizures in more detail. Let 
us conduct the following experiment. Let us 
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Fig. 12. The histograms of  the center frequency of  the 
wave trains. On the left, the epileptic seizures are analyzed. 

On the right, the background EEG is analyzed.

Fig. 13. The histograms of  the bandwidth of  the wave 
trains (on the left, the epileptic seizures; on the right, the 

background EEG).

Fig. 14. The histograms of  the instantaneous phase of  
the wave trains (on the left, the epileptic seizures; on the 

right, the background EEG).
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extract the set of  the wave trains that have 
the instantaneous phase in the interval from 
–π to –2.5 radians and in the interval from 2.5 
to π radians. Given intervals correspond to 
the increase of  the histogram on the left and 
right borders (see Fig. 14, left). Let us create 
the histogram of  the center frequency of  
the extracted wave trains (see Fig. 15, left). 
Fig. 15 (right) is created by analog. The set 
of  wave trains that have the instantaneous 
phase in the interval from –1.5 to 0 radians 
was extracted. This interval corresponds 
to the peak in the central of  the histogram 
given in Fig. 14 (left). The histogram of  
the center frequency of  the extracted wave 
trains is demonstrated in Fig. 15 (right).

The histograms in Fig. 15 indicate that 
the histogram of  the center frequency 
(Fig. 12, left) can be separated into 
complementary histograms that contain 
peaks at 7 and 15 Hz. This proves the 
fact that two clusters of  the wave trains 
observed in Fig. 12 (left) correspond to 
the peaks observed in the histogram of  
the instantaneous phase (Fig. 14, left). 
Thus, we can deduce that each kind of  
wave trains observed in epileptic seizures 
is characterized by a certain shape.

An advantage of  the method of  the wave 
train electrical activity analysis is that one 
can determine the occurrence time of  each 
wave train. Thus, one can find and display 
examples of  wave trains that have given 

values of  parameters in the EEG record. 
For instance, Fig. 16-19 demonstrate 
examples of  the wave trains detected inside 
the epileptic seizures and background EEG 
that have the parameters predicted by the 
histograms considered above.

Thus, the analysis of  the wave train electrical 
activity in the rat brain indicated that:
1. One can observe at least two clusters of  

wave trains in epileptic seizures. These 
clusters differ in the center frequency 
and bandwidth of  the wave trains. The 
clusters of  the wave trains correspond 
to certain intervals of  the instantaneous 
phases; that is evidence of  the fact that 
these clusters differ by the shape of  the 
signals.

Fig. 16. An example of  the wave train detected inside 
the epileptic seizure. The center frequency of  the wave train 
is 7.8 Hz, the maximal PSD is 300000 μV2/ Hz, the 
duration is 0.32 s (2.5 periods), the bandwidth is 2.3 Hz, 

and the instantaneous phase is –2.7 radians.

Fig. 17. An example of  the wave train detected inside 
the epileptic seizure. The center frequency of  the wave 
train is 13.8 Hz, the maximal PSD is 80000 μV2/ Hz, 
the duration is 0.06 s (0.93 periods), the bandwidth is 
6.1 Hz, and the instantaneous phase is –0.62 radians.

Fig. 15. The histograms of  the center frequency of  
the wave trains in the epileptic seizures. On the left, 
the instantaneous phase belongs to the intervals from 
–π to –2.5 radians and from 2.5 to π radians. On the 
right, the instantaneous phase belongs to the interval 

from –1.5 to 0 radians.
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2. The background EEG also contains 
two clusters of  wave trains that differ 
in the center frequency and bandwidth. 
These clusters have no characteristic 
instantaneous phase. It means that the 
wave trains observed in the background 
EEG have no characteristic shape.
Note that the considered examples 

contain the spike-wave seizures which are 
characteristic for the typical absence epilepsy. 
The spike-wave seizures of  the genetic 
absence epilepsy differ from other types 
of  epileptic seizures including the atypical 
absence epilepsy and convulsive forms of  
epilepsy. A promising direction of  further 
research is an investigation of  differences 
between various forms of  epilepsy using the 
wave train analysis.

4. AUC DIAGRAMS OF THE WAVE 
TRAIN PARAMETERS
A promising application area of  the wave 
train analysis is the differential diagnosis of  
neurodegenerative diseases as well as solving 
other problems related to the comparison 
of  multiple experimental datasets. In the 
framework of  the wave train analysis, the 
problem of  differential diagnosis can be 
considered as a search of  certain intervals of  
the wave train parameters such that the wave 
trains with appropriate values of  parameters 
are typical for one data category but are rarely 
observed in another data category. Thus, 
the problem of  the differential diagnosis is 
reduced to the mathematical problem of  the 
search for appropriate intervals of  the wave 
train parameters.

We have developed a visualization method 
that facilitates the comparison of  datasets and 
the search for the intervals of  the wave train 
parameters [20-23]. The visualization method 
includes the following steps:
1. All possible intervals of  the given wave 

train parameter are to be considered. The 
intervals are tested using all wave trains 
detected in the wavelet spectrograms of  
given datasets.

2. ROC curve is created for each considered 
interval. The ROC curve indicates 
the result of  the comparison of  given 
datasets, for instance, the set of  patients 
and the set of  healthy volunteers. The 
comparison is conducted using the given 
parameter of  the wave trains.

3. The area under the ROC curve (AUC) is 
computed.

4. 2D and 3D diagrams that indicate how 
AUC depends on the intervals of  the given 
wave train parameter are created.
Let us consider an example of  the AUC 

diagram that compares the number of  wave 
trains per second detected in the wavelet 
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Fig. 18. An example of  the wave train detected in the 
background EEG. The center frequency of  the wave 
train is 7 Hz, the maximal PSD is 2800 μV2/Hz, 
the duration is 0.22 s (1.54 periods), the bandwidth is 

2.3 Hz, and the instantaneous phase is 2 radians.

Fig. 19. An example of  the wave train detected in the 
background EEG. The center frequency of  the wave 
train is 25.6 Hz, the maximal PSD is 241 μV2/Hz, 
the duration is 0.04 s (1.22 periods), the bandwidth is 
10 Hz, and the instantaneous phase is –1.64 radians.
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spectrograms of  EEG signals in patients 
with PD and ET (see Fig. 20). The data 
are recorded in the Research Center of  
Neurology. The dataset contains data from 
11 patients with PD and 15 patients with 
ET. Patients with the first stage of  PD that 
demonstrate hyperkinetic movements in the 
right arm were investigated. The patients were 
not taking antiparkinsonian drugs. During 
the data acquisition, the patients sat in an 
armchair with arms outstretched forward. 
The experimental setting is described in 
more detail in [20,21,24,25]. In the example 
under consideration, the occipital region 
of  the cerebral cortex is investigated (the 
O2 EEG channel). The sampling rate of  
recorded signals was 500 Hz. The 50, 100, 
150, and 200 Hz notch filters were applied 
to suppress the network interference. The 
0.1-240 Hz Butterworth bandpass filter was 
used. The wavelet spectrograms of  the EEG 
signals were computed. The wave trains 
were detected in the wavelet spectrograms. 
The values of  the parameters of  the wave 
trains were computed.

In Fig. 20, the abscissa indicates the 
lower bound of  the wave train center 
frequency interval; the ordinate indicates 
the upper bound of  the interval. AUC 
values are indicated using a blue-red color 
scale. The blue color corresponds to 0. The 

red color corresponds to 1. The green color 
corresponds to 0.5.

The diagram contains a prolonged red 
area with coordinates from 0 to 9 Hz along 
the abscissa and from 8 to 12 Hz along the 
ordinate. In addition, there is a bright blue 
region with coordinates from 8 to 12 Hz 
along the abscissa and from 11 to 50 Hz along 
the ordinate. These areas correspond to the 
intervals of  the wave train center frequencies 
where strong differences between the 
groups of  patients with PD and ET are 
observed. Note that the diagram contains 
the areas of  both red and blue colors. This is 
evidence that we obtained two independent 
and fundamentally different features that 
differentiate the patients with PD and ET. 
The red area indicates the center frequency 
intervals of  the wave trains that are typical 
for patients with PD but are rare in patients 
with ET. The blue area, on the contrary, 
indicates the center frequency intervals of  
the wave trains that are typical for patients 
with ET but are rare in patients with PD. 
The values of  AUC in the red area reach 
0.97 (see the ROC curve in Fig. 21). The 
values of  AUC in the blue area reach 0.06 
(see the ROC curve in Fig. 22). These AUC 
values indicate that founded features of  
PD and ET can be used for the differential 
diagnosis of  the patients.

Fig. 21. An example of  a ROC curve comparing the 
number of  wave trains per second detected in EEG 
signals in the patients with PD and ET. The wave train 

center frequency interval is from 5 to 10 Hz.

Fig. 20. An example of  an AUC diagram that 
compares the number of  wave trains per second detected 

in EEG signals in PD and ET patients.
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Examples of  wave trains that are typical 
for PD and ET are demonstrated in Fig. 23 
and Fig. 24.

Other types of  AUC diagrams are 
considered in [23]. The experience of  
data analysis demonstrated that the wave 
train electrical activity analysis method 
can be successfully applied to different 
kinds of  biomedical signals, including 
EEG [20,21,24-26], EMG [22,23,27,28], 
and accelerometer signals [22,29]. Further 
development of  the method may include 
the usage of  additional parameters of  the 
wave trains as well as a statistical analysis 
of  relationships between the wave trains 
with different attributes. For instance, 
the occurrence times of  the wave trains 
belonging to the mu (7.5-13.5 Hz) and beta 
(18-30 Hz) frequency bands were compared 
[26]; it was demonstrated that the beta wave 

trains were not a harmonic of  the mu wave 
trains. Another promising direction of  the 
research is the investigation and comparison 
of  the effects of  pharmacological drugs 
using AUC diagrams.
5. CONCLUSIONS
The main idea of  the proposed method of  
analyzing the wave train electrical activity 
is the statistical analysis and search for 
regularities in the parameters of  local 
maxima (wave trains) detected in wavelet 
spectrograms of  signals. The developed 
method allows revealing the regularities in 
the biomedical signals that cannot be found 
using wavelet analysis and standard methods 
of  spectral analysis. The method is universal 
and can be applied for the investigation of  
signals of  various kinds including EEG, 
EMG, and accelerometer signals. Previously, 
the method was successfully applied for 
the early and differential diagnosis of  PD 
and ET using EMG and accelerometers. A 
patent based on these results was registered 
[30]. In this paper, it was demonstrated 
that the method can be applied for the 
investigation of  epileptiform activity and 
clinical diagnosis of  neurodegenerative 
diseases using EEG. The results of  the 
investigation of  the spike-wave seizures in 
the rats that belong to the WAG/Rij genetic 
line indicate that the method is promising 
for the investigation of  other forms of  
epilepsy.

Fig. 23. An example of  a wave train detected in the 
EEG in a patient with PD. The center frequency of  the 

wave train is 8 Hz.

Fig. 22. An example of  a ROC curve comparing the 
number of  wave trains per second detected in EEG 
signals in patients with PD and ET. The wave train 

center frequency interval is from 9 to 18 Hz.

Fig. 24. An example of  a wave train detected in the 
EEG in a patient with ET. The center frequency of  the 

wave train is 15.1 Hz.
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1. INTRODUCTION
A computational experiment is an experiment 
conducted not on the original real object, but 
on a mathematical (information, simulation) 
model of  the object using computational and 
logical procedures implemented by appropriate 
software tools on computer systems. Closures 
to the computational experiment concepts 
are numerical, mathematical and simulation 
experiments on a computer [1].

In [2], various approaches to the formation 
of  mathematical models based on scientific 
laws and principles are considered. These 
approaches can be considered as ways of  
setting up computational experiments.

A special view of  the computational 
experiment, closely related to the theory of  
probability, is being developed, for example, 
within the framework of  the "planning of  
experiments" direction [3]. When designing 
new types of  computers in the 70s, the 
possibilities of  replacing some physical parts 
of  a computer system with its software models 
were analyzed [4]. This efficient approach has 
now found its way into programming methods 
in the form of  separating interfaces from 
their implementations (eg h-files and cpp-files 
in C++). The development of  computational 
experiment methods and its central part, 
mathematical modeling, was accompanied by 
the clarification of  a number of  fundamental 
features of  computational methods. In [5], a 
profound idea was expressed that programs for 
computers from a mathematical point of  view 
are described by partially recursive functions. 
With strict definitions of  algorithms, such a 
statement is considered as a hypothesis and 
is called "Church's thesis". From the point 

of  view of  an applied programmer, we mean 
mathematical constructions that are more 
widely understood than formulas based on 
radicals that are familiar to many researchers. 
For example, numerically solving an equation 
of  degree 10 is a standard problem, but there is 
no general solution in radicals for an equation 
of  degree 5. This does not mean that formulas 
can be dispensed with. In the formulas of  the 
mathematics of  partially recursive functions, 
the language of  set theory and recursion, 
substitution, and enumeration of  elements of  
sets are more widely used. For example, in [6], 
to description of  fractals the L-system is used, 
i.e. recursive expression for sets: if  Z(0) is a unit 
black square in the complex plane, then

( ) ( )( 1) ( ) ( ) ( )(1 )2 (1 )2 .n n n n n nZ Z iZ i iZ i+ = + + − + + 

where   is the operation of  union of  sets.
Generalizations of  recursive formulas of  

set theory adequate to the subject of  research, 
when necessary accurately and concisely record 
the results that already received and researched. 
However, it is difficult to find errors in these 
mathematical constructions, make changes 
and check them. Accordingly, debugging takes 
more than 90% of  the development time of  
a new program and continues throughout its 
entire life cycle.

When writing already obtained theoretical 
solutions to problems, the language of  
formulas with recursive functions is effective 
for their further software implementation. This 
approach not only simplifies programming, 
but also allows professional mathematicians 
and designers to take part in solving complex 
problems of  algorithm optimization and 
information storage.

A significant difficulty of  the computational 
experiment is the computational instability 
[7]. The instructions for the standard libraries 
of  programs (classes) usually stipulate the 
conditions for computational stability and other 
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conditions investigated for the correct use of  
software tools. The use of  libraries for general 
sparse matrices [8] expands the possibilities for 
developing new numerical methods.

There are developed software tools 
and software libraries for solving various 
problems of  modeling and computational 
experiment. These tools are deeply thought 
out and researched. It would seem that there 
is opportunity to further develop physics, 
other sciences and technologies. At the same 
time, the stock of  achievements in the field 
of  functional analysis is far from exhausted. A 
solid groundwork in the theory of  probability 
[9,10] is the basis for many successful 
applications of  the computational experiment. 
Obviously, programming cannot develop 
without experimental research also in the field 
of  programming itself.

In recent years, outsourcing (attraction of  
external specialists) in the field of  software 
product testing has become inevitable. The 
work of  a tester can be interpreted as an 
experimental study of  a software product; 
this activity determines the quality and 
competitiveness of  software products. A few 
years ago, no special skills or education were 
required from a tester. Currently, special 
training is already required. Simulation and 
computational experiment become relevant at 
all levels of  modern programming. Related to 
testing interesting and practically valuable  ideas 
are discussed in many Internet publications. A 
general view, a "pyramid of  tests", is given, for 
example, in [11].

The purpose of  this article is to 
reveal the concept of  a computational 
experiment, using the example of  a simple 
problem, taking into account the point of  
view of  applied programmers: the role 
of  nondimensionalization of  equations, 
the computational stability of  numerical 

methods, and the development of  programs 
by versions.

2. STAGES OF THE 
COMPUTATIONAL EXPERIMENT
It seems appropriate to state some topical 
problems of  a computational experiment 
using the example of  solving a relatively simple 
problem.
2.1. problem statement

For example: on a steep seashore, a cannon 
fires at a given angle to the horizon. How 
far will the projectile fly if  you can ignore air 
resistance and assume the Earth is flat.

The flight of  the projectile must satisfy 
Newton's second law:

2 2

2 2; 0,d y d xm mg m
dt dt

= − =

m is the mass of  the projectile, x is the 
horizontal coordinate of  the projectile in 
flight, y is the vertical coordinate, t is the time, 
g is the acceleration of  gravity near the surface 
of  the  Earth.

Note that the mass can be reduced. 
Therefore, the solution will be independent 
of  the mass of  the projectile. If  there were 
also additional terms describing air resistance 
in the equations, then they would be divided 
on mass. The larger the mass, the less their 
influence would be. We temporarily neglect air 
resistance, so the equations are reasonable and 
adapted to the massive and small bodies.

V0 is the speed of  the projectile at the 
moment of  its departure from the cannon, α 
is the angle at which the cannon fires, h is the 
height at which the cannon stands.
2.2. nondimensionalization of equations

The non-dimensionalization of  equations is a 
subtle, not obvious to everyone, and, perhaps, 
the most important stage of  the study. This is 
sometimes underestimated and leads to serious 
and even catastrophic consequences. This stage 
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requires consultations with specialists involved 
in full-scale experiments.

The laws of  the natural sciences are usually 
written in the SI system of  units. The advantage 
of  the SI system of  units is its linkage to the 
scale of  ordinary everyday experience.

We write the physical variables as the 
product of  a dimensionless quantity (let's mark 
it with a wave) and its units of  measurement 
(in square brackets):

[m]; [m];  [m];  [s],x x y y h h t t= = = =



 

2[ ],  9,8;g g m s g−= ⋅ =   1
0 0[ ]V V m s−= ⋅

Here all lengths are measured in meters, time 
is in seconds, g is the acceleration of  gravity 
near the Earth's surface, speed is measured in 
meters per second.

The standard library functions assume 
that the angles are given in radians, i.e. α is 
already a dimensionless quantity. The angle 
given in degrees is nondimensionalized using 
the relation [deg] .

180[deg]
παα =
 , π is the ratio of  the 

circumference to the diameter, α  is the angle 
in degrees.

The procedure for dimensionless equations 
is that the variables, together with their 
dimensions, are substituted into the original 
equations.

It turns out that the dimensions can be 
reduced. Moreover, all dimensions must be 
canceled out. After non-dimensionalization, 
only dimensionless variables should remain in 
the equations:

2

0

0

sin ,
2
cos .

gty tV h

x tV

α

α

= − + +

=


















The form of  the dimensionless equation 
must not have to exactly repeat the form of  
the original equation. If  it turns out to be 
necessary to set, for example, the speed not 
in meters per second, but in kilometers per 
hour, then additional factors will appear in 
the non-dimensional equations. Sometimes 

artificial units of  measurement are introduced 
specifically for this task.

When analyzing some models, the 
phisical dimensions of  quantities not can 
be reduced. This case is result of  serious 
misunderstanding of  problem, either result 
of   equations errors. Often with the help 
of  non-dimensionalization, we can identify 
untenable theories claims.
2.3. model proGramminG

The nondimensionalization procedure 
is a transition from a physical model to a 
mathematical one. There are no grams, 
meters, or rubles in the computer's memory. 
Standard programs help to convert the 
dimensionless values of  the model into 
computer bits and bytes. Only with the 
help of  dimensionless mathematical model, 
programmers get the opportunity to write 
programs. In the case of  a cannon problem, 
you should write functions that calculate x  
and y  for a given t . A good manner would 
be to make the model as a class and put the 
acceleration g , height and angle in class 
fields, and x  and y  put calculation as class 
methods.

The mathematical model is useful precisely 
for the task for which it was developed. Its 
extended interpretations are possible, but 
doubtful. A simplified model can be a tool 
for solving more complex problems and a 
source of  test cases for other more complex 
models. You should start with an extremely 
simplified model, and then develop versions 
of  programs. Newton's idea of  extremely 
simple experiments is especially relevant in 
a numerical experiment and is based on the 
possibility of  using inherited classes.
2.4. problem solvinG

The projectile flight time is the solution 
of  the equation y  = 0. The class method 
for obtaining this time can be implemented 
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completely by yourself, but it is better 
to use standard programs. It's not about 
whether it's easy or hard to solve a quadratic 
equation. Standard numerical methods and 
programs can numerically solve even such 
equations for which there are no solutions 
in the form of  familiar formulas with 
radicals. After calling the methods of  the 
library classes, in our case, it is necessary 
to provide for the selection of  a solution 
in which t  > 0. Having obtained the flight 
time of  the projectile, we obtain a solution 
to the problem using the class method to 
calculate x . It remains to formalize the 
entire solution of  the problem as another 
class method.
2.5. evaluation of the problem solution. 
cyclinG back to the level of thouGht 
experiments

After solving the problem, the turn comes 
to the most unpleasant surprise question: 
how to evaluate the error of  this solution? 
Without an estimate of  the error, physical 
quantities are meaningless. Estimates of  
errors in the initial parameters of  the model 
correspond to the stages of  a thought 
experiment and non-dimensionalization. 
The numerical model makes it possible to 
vary its parameters and estimate the result 
error. Sometimes this is easier than looking 
for derivatives of  solution formulas.

At the stage of  critical evaluation of  
the solution, ideas for the next version of  
the program arise. Work on the current 
version is still very far from completion, 
but it is already becoming possible and of  
fundamental importance to work on a new 
version. The technology of  parallelization 
of  work on versions appeared, apparently, in 
the aircraft industry, but it is possible even 
earlier. All modern programs are developed 
by versions. Existing version control systems 
allow you to do this quite conveniently.

2.6. return to model proGramminG

How to convert the solution for its storage and 
further use? Collecting, storing and processing 
big data is becoming a difficult problem. In [12], 
various types of  modern databases and high-
performance computing based on hardware-
software acceleration, parallel information 
processing, and cloud architectures are 
discussed.
2.7. return to the level of natural 
experiments

The data array obtained as a result of  solving 
modeling problems and experiments must be 
stored in the database, and also brought to the 
consumer in a form understandable to him. 
Such tasks of  developing database interfaces 
are becoming more and more relevant. 
Аbility to develop web applications (including 
gadgets) has already become very desirable 
competence of  a modern programmer 
[13]. It intersects with tasks computational 
experiment and has numerous directions. 
For example, wiki projects. They allow users 
to use the well-known Wikipedia interface. 
Some firms create their own specialized 
wikis independent of  the main Wikipedia. 
They contain related materials for technically 
complex products, including software. It is 
possible to organize sophisticated automated 
searches on the main Wikipedia and other 
wikis. In [14], an example of  a complex 
search, comparison and visualization of  
historical data is given. All these possibilities 
are promising for application in research and 
experimental work.
2.8. model levels

As a result, the computational experiment can 
be represented as interconnected experiments 
with 4 layers of  models:
• Thought experiment based on literature 

data, understanding how to evaluate model 
errors.
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• Full-scale experiment with the development 
of  interfaces.

• Mathematical model and experiments with 
databases.

• Solving mathematical problems, analysis of  
computational stability of  algorithms using 
functional analysis tools.

3. COMPUTATIONAL INSTABILITY
Now in the previous problem we will have 
to take into account air resistance. In the 
new version we will have to build difference 
model, as well as an iterative method for its 
solutions. Iterative algorithms are efficient 
and simple, it is almost impossible to refuse 
them. Usually computational instability 
appears in iterative algorithms.

The essence of  computational instability 
is the accumulation of  computational 
errors. Computational instability is the 
main problem of  numerical methods and 
experiments. The first attempts to use 
computational models of  physical processes 
often turned out to be computationally 
unstable. They give results, that far from 
true solutions (for example, Richardson's 
scheme [7]).

The simplest model of  oscillations with 
frequency ω can be described by a complex 
equation:

;  ( 0) .dX i X X t A
dt

ω= = =

(for example, the Schrödinger equation at zero 
momentum in a homogeneous potential).

If  A is a real number, then the solution to 
this equation will be oscillations with amplitude 
A, frequency ω and period T = 2π/ω:

exp( ) cos( ) sin( ),
Re( ) cos( ); Im( ) sin( ).
X A i t A t iA t

X A t X A t
ω ω ω

ω ω
= = +

= =

On the plane (Re(X), Im(X)) you should 
get a circle with radius A.

We choose a time step τ << T and 
approximate the derivative as

1 .i iX XdX
dt τ

+ −
≈

we get
1

1 1(1 ); .i i
i i i

X X iwX X X iw X Aτ
τ

+
+

−
= ⇒ = + =

Let, for simplicity, ω = 2π, then the 
oscillation period should be 1. Let τ = 0.01. 
Such an approximation of  the equation seems 
natural, but this appearance is deceptive 
(Fig. 1).

The reason for this parasitic increase in 
amplitude is that small errors accumulate at 
each iteration step, and as a result, the solution 
deviates more and more from the true one. 
This phenomenon is called computational 
instability. As the step τ decreases, the parasitic 
increase in the amplitude decreases, but does 
not disappear.

A difference scheme, when the source 
value is taken at the current time layer, is called 
an explicit difference scheme. An implicit 
difference scheme is possible when the source 
function is taken not on the current, but on a 
new time layer (Fig. 2):

1
1 1 1/ (1 ); .i i

i i i
X X iwX X X iw X Aτ

τ
+

+ +

−
= ⇒ = − =  

Fig. 2. Implicit difference scheme.

Fig. 1. Explicit difference scheme.
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Fig. 3. Almost constant oscillation amplitude.

This difference scheme is considered 
to be more successful. But now there is 
parasitic attenuation of  the amplitude. The 
amplitude is also not preserved, which 
is also far from always acceptable. The 
computational stability of  the difference 
scheme does not guarantee the absence of  
such computational attenuation. In [15], 
one can get acquainted with the methods of  
spectral analysis of  difference schemes.

The examples in Fig. 1 and Fig. 2 reveal the 
opposite of  the concepts of  "computational 
stability" and "robustness" (resistance to 
outliers). The preferred difference scheme 
for a computational experiment should be the 
least robust of  the stable ones. The question 
arises: "Is it possible, after all, to calculate 
the oscillations so that the amplitude is 
preserved?". It is enough, for example, to 
use the Crank-Nicolson difference scheme 
[16] (Fig. 3):

1 1
1 1

1 2

2
2 ;  ;  (1 ) .

i i
i i i

i

X X iwX X X

iw X X A X iw A
τ
τ τ

+ −
+ −

−
= ⇒ = +

+ = = +

The effects of  computational instability 
manifest themselves not only in oscillation 
models, but also when oscillations are not 
visible, for example, in Richardson's three-
layer explicit difference scheme for the heat 
conduction problem [7].

Many problems of  the computational 
experiment have long been solved, and the 

solutions have been repeatedly tested. In 
order to evaluate other people's non-trivial 
solutions, in the new version of  the program 
it would be worthwhile to give more 
attention to the recommendations of  the 
libraries of  standard programs. Theorems 
on the properties of  difference schemes 
[7] are quite general. In [17], for example, 
for the equations of  mathematical physics, 
the possibility of  combining difference 
schemes with a fast Fourier transform and 
embedding solutions in the Sobolev space 
was realized. Using this approach, it was 
possible to obtain by numerical methods 
not only the self-cоnstructed of  dissipative 
structures and magnetic domains, but also 
solitons.

In the case of  nonlinear problems, it is 
difficult to prove computational stability, 
but additional checks can be included in the 
computational algorithms. The emergence 
of  programs for working with sparse 
matrices [8] expands the possibilities for 
implementing numerical methods and makes 
the application of  the basic definitions and 
approaches of  the theory of  difference 
schemes even more relevant [7]. The 
mathematical approach to the analysis and 
justification of  the synthesis of  difference 
schemes implies familiarity with functional 
analysis and the ability to immerse difference 
schemes in completed spaces [18].

4. VERSIONS OF SOFTWARE 
PRODUCTS

In the 1990s, a certain classification 
developed for software versions. Alpha 
version – the first versions of  the developed 
program. They are workable, but only the 
developers themselves can really use them. 
Beta version is a more user-friendly version 
of  the program. It is assumed that the user 
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uses it at his own peril and risk, that he 
himself  will deal with his questions.

Initially, beta versions were intended for a 
limited circle of  consumers qualified enough 
to use the program for free and without 
claims, despite possible errors and failures. 
Now a wider audience is participating in 
beta testing. The formation of  this circle 
of  people ensures further promotion of  the 
product on the market.

GitHub cloud service allows programmers 
to share their developments and software. 
It supports materials quite conveniently. 
Releases – further improvement of  the 
software product. The release numbering 
includes the version number and the revision 
number. For example, Windows 3.1 was 
the first widespread version of  Windows. 
Sometimes versions are referred to by the 
year they were released, or they are given 
special names.

When developing and using software, 
most of  the work time is spent on finding and 
fixing bugs, i.e. errors, inconsistencies with 
program specifications, inconsistencies with 
user expectations. These inconsistencies can 
be eliminated only in the simplest cases by 
formulating and testing hypotheses. Bug 
finding and testing problems are advisable 
to consider as a kind of  computational 
experiment with version of  program.

Modern browsers have modes that 
allow you to track document structures and 
related data, display formats, messages sent 
between form elements. Known software 
tools can record and reproduce the actions 
of  tester during testing. Test results should 
be accumulated in a database with the ability 
to display in a form convenient for further 
use. The volume of  required manual testing 
can and should be reduced by automating the 
synthesis of  tests and the implementation of  
the testing process [11]. To perform many 

operations in parallel in the development 
and maintenance of  software products, some 
firms use a outserting policy. There are firms 
that specializes in software product testing  
and new specializations of  programmers.

If  the elimination of  a bug affects the 
work of  other parts of  the program, then 
would reasonable its postponing eliminating 
to a new version. Another simplified way 
to get rid of  complex bugs is to create a 
specialized version with more narrow 
capabilities. Sometimes a demo version is 
useful. These bugs handling methods are to 
the levels of  a mathematical model and a 
full-scale experiment, programming. But a 
level is deepest, at which programs are not 
explored, but are used as a means of  solving 
problems.

5. CONCLUSION
The paper considers three aspects of  
a computational experiment: non-
dimensionalization of  the original model, 
computational instability of  solutions, 
and testing as a kind of  computational 
experiment. It is shown that at the stage of  
non-dimensionalization, the physical model 
is transformed into a mathematical one. 
This transformation makes it possible to 
reasonably proceed to the next stage of  the 
computational experiment – programming. 
Parallelization of  the development of  
algorithms and program versions for 
different users and purposes is based on an 
assessment of  data complexity and errors. 
Object-oriented programming tools and 
version control systems are used.

For complex calculations and big data, 
it is advisable to develop software versions 
based on high-performance computing 
tools: on hardware-software acceleration, 
parallel information processing and cloud 
architectures.
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As a rule, the new version of  the program 
and a difference model are built to solve the 
problem by iterative methods. Conditions 
for computational stability usually specified 
in modern instructions for standard 
software libraries. For new algorithms, when 
analyzing stability of  difference schemes 
their spectral properties are refined and 
methods of  functional analysis are used.

For storage and subsequent use, the 
obtained solution data are converted for 
their accumulation in modern databases. If  
necessary, you can use distributed databases 
and cloud storage.

As a kind of  computational experiment, 
testing and use of  alpha and beta versions 
and releases are also considered.
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1. INTRODUCTION
A person, having once been on the planet Earth, 
was forced, in order to ensure his existence, first 
of  all to establish interaction with the surrounding 
material world. This interaction, the development 
of  the surrounding world proceeded empirically, 
by the method of  "trial and error". And it turned 
out that the surrounding world, perceived by 
Man, with all its diversity, consists of  objects 
of  two types – having their own FORM and 
FORMLESS media – gaseous, liquid, dispersed 
(loose), etc.

Being himself  an integral part of  the material 
world, from the first steps of  his formation, 
Man began not only to "master" the surrounding 
material world, but also to adapt (remake) it to his 

needs. Since then, this process has not stopped 
even for a minute.

However, since ancient times, it has turned 
out that in the philosophical understanding of  
the surrounding world, the categories of  spirit 
and matter (primary substance, substance) turned out 
to be not equivalent from the point of  view of  
Man: "mundane" matter somehow attracted his 
attention less than everything connected with 
the spiritual side his life. Somehow, there was an 
idea behind the scenes that the material world 
is something "simple" that does not require 
special attention. Philosophy of  nature, ancient 
and medieval – natural philosophy from the pre-
Socratics and Aristotle [1] to Thomas Aquinas 
[2] was richly kneaded in the "expression of  will" 
of  spiritual forces, mystical within the existing 
level of  scientific knowledge.
REMARK
It should be noted that and at the present time 
both matter as a whole and its categories such as 
substance and, in particular, material, do not often 
appear as a basis (subject) for discussion on the 
pages of  philosophical publications [3,4]. There 
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is a section of  the science – materials science, 
but there is no definition of  what a material is. 
There is no material classification. At the same 
time, any Person always deals with materials, is 
immersed in the material world.

There is an urgent need for a modern 
philosophical interpretation of  such forms of  
reason as the categories of  substance and material, 
which interpret the corresponding states of  
matter, their mutual transformations and place 
among other types of  matter. While Man in 
everyday life and activity deals with objects of  
precisely these two categories of  both mineral 
and biological origin, their modern philosophical 
interpretation leaves much to be desired. 
Therefore, the concentration on these issues 
of  the attention of  specialists from different 
areas within the framework of  anthropocentric 
perception of  the material world does not seem 
superfluous. In this paper, an attempt is made 
to place accents in the interpretation of  the 
categories matter – substance – material.

2. MATTER
The world around us in the Human consciousness 
(perception) is divided into material – given to 
us in direct sensations by our senses, and "non-
material" – created by us in our consciousness 
on the basis of  the field attributes of  matter, 
including information, and their analysis and 
synthesis. Although there is often no sharp 
boundary between the two worlds in the mind, 
such a habitual dichotomy allows a Human to 
navigate in the environment, trying to use the 
objects of  the material world not only to ensure 
his own existence, but also to cognize the "non-
material" world with their help.

Usually, both specialists working in the field 
of  natural science and technology and ordinary 
people deal with matter in three types – either 
with compact objects in the form of  subjects, 
products, samples, pieces of  rock, etc. (we will 
call them materials), or with shapeless objects 
in the form of  powders of  varying degrees of  
dispersion, liquids or gases (let's classify them as 

substances), or, finally, with field attributes of  
the surrounding world given to us in sensations. 
Both that, and another, and the third are parts of  
a more general philosophical category of  matter, 
which thus represents to Man three types of  
existing objects – objectively rigid, or completely 
formless, as well as field.

Of  all the types (kinds, varieties) of  matter, we 
will here consider only substances and materials 
with which Man constantly deals and voluntarily 
or involuntarily studies (feels, observes, classifies, 
etc.) directly (real, not speculative), with using 
his senses: sight, touch, hearing. Staying at the 
same time in the fields of  the surrounding world 
(gravitational, electromagnetic) and using them 
as far as possible and necessary.
REMARK
Having set foot on another Celestial body, 
the first thing a Man will not be interested 
in is whether he has many electrons, bosons, 
etc. under his feet. First of  all, he will be 
interested in what kind (state) the matter is 
under his feet and whether it is possible from 
it and how to create a material world around 
him that is close to the Earthly one. That it 
is a free-flowing shapeless powder in which 
a heavy object sinks without finding support, 
or is it a solid compact object that you can 
lean on. At the same time, the composition, 
structure, electronic structure, etc. will be of  
interest to him later. On Earth, Man answered 
these questions a long time ago (hundreds of  
thousands of  years ago) using the "trial and 
error" method. On other Celestial bodies, he 
will never have such a reserve of  time. It is 
necessary to know more deeply the properties 
of  matter in various states, the possible 
variants of  its morphological transformations.

3. SUBSTANCE
At the anthropocentric approach, substance is 
one of  the types of  matter perceived by Man 
as such and at the same time as what the entire 
material world perceived by him on Earth 
consists of.
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To the category of  substance, we will refer 
objects of  the surrounding world that do 
not have their own FORM under normal 
conditions – gases, liquids, loose powders and 
other dispersions. Being left to themselves, 
these objects, under the influence of  the 
Earth's force field, spread (scatter) over the 
surface in a thin layer. The constituent parts 
(powders, flakes, drops, etc.) of  a substance 
are too loosely interconnected to resist the 
action of  the Earth's force field, which, when 
freely poured out (pouring out), usually leads 
to uniform distribution (spreading) over the 
surface so that individual parts experienced 
the same force of  Earth's gravity. Such objects 
(substances) usually take the form of  the that 
volume (vessel, can, box, etc.) in which they 
are located.

The key parameter of  a substance is the SIZE 
of  its constituent macro- and microparticles 
(crystallites, molecules, clusters, atoms, 
elementary particles) and their interaction. And 
although the category – substance appeared in 
philosophy quite a long time ago, its current 
definition is completely (without any participation 
of  philosophy) formulated in terms of  modern 
physics.
3.1. nano-condition of substance

The dispersion (and dispersibility) of  
a substance (including spontaneous) is 
determined, depends on the ratio of  the 
energies of  intra- and interparticle interaction. 
At the same time, large material objects (large 
crystals, large ingots, etc.) do not differ in 
properties from smaller samples. In contrast, 
when materials (and substances) are crushed 
to sizes nano-, there comes a moment when 
the properties change, moreover sharply. 
Such a nano-condition of  substance can be 
preserved not only in dispersed media, but 
also in compact materials. Similar discreteness 
is due to energy factors.

Nanosized particles of  substance – 
nanoparticles – one of  the forms of  existence 
of  matter. A person cannot fix the nano-
condition of  matter without instruments 

and equipment, but special properties of  
nanoobjects are detected in some cases.
REMARK
A nanoparticle (NP) is a part of  the whole, 
having dimensions of  several nanometers; 
"whole" is a substance in the form of  a gas, 
liquid or solid body (material). Having the same 
composition, NPs differ in properties (often 
significantly, sometimes radically) from the 
"parent" material (gas, liquid, solid). In other 
words, without changing the composition 
of  the sample, it is possible to transform it 
by grinding into a substance (material) with 
fundamentally different properties. This 
feature requires the separation of  NPs into 
a separate class of  objects that differ from 
atoms, ions, molecules, or clusters, on the one 
hand, and micropowders, granules, crystallites, 
etc. – with another.

Thus, from the point of  view of  Man, 
the category – substance, denoting the 
corresponding condition of  matter, has 
an ubiquitous character on Earth, but is 
perceived by Man rather abstractly. The 
category substance is broader than what is 
usually called material.

4. MATERIAL
Category material has long been considered as 
part of  a more general philosophical category of  
matter, while materials (of  which there are a great 
many in the environment of  Man) remained 
out of  discussion, as well as their mutual 
transformations.

In classical philosophy, this category is absent.
A material is a kind of  matter that has its 

own FORM under the Earth's p,T conditions 
– the key parameter of  the material. In other 
words, a material is a substance in which the 
individual components interact with each 
other strongly enough to resist gravity and 
not crumble.

When the FORM is lost (during 
crushing, melting, etc.), the material turns 
into a substance, as a rule, of  the same 
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composition. This process is reversible, there 
are a significant number of  techniques and 
methods for giving the substance its own 
form, i.e. transformation it into material.
Material objects can take various forms, the 
role of  which is to distinguish this material 
object from the environment. If  the material 
is in the form of  one or another object, then 
the Person identifies it primarily by its shape, 
structural features and weight (mass).

Unlike a substance, a material, being in the 
form of  pieces, products, etc. objects, usually 
has one or another form of  its own, which 
is able to resist the action of  the Earth's 
force field and keeps the substance contained 
in its composition in the form of  various 
three-dimensional objects – from kilometer-
long mountains to thin films. Individual 
components in the material are linked into a 
single whole.

A person has long learned to give a free-
flowing formless substance one or another 
form he needs, turning it into a material 
object. The substance turned into a material 
begins to show new qualities (properties) 
that are not characteristic of  a shapeless 
mass. For example, quartz single crystals 
(material) are used in spectral experiments, but 
are unsuitable for polish, while fine quartz 
powder (substance) is excellent for polish, but 
it is unsuitable for using in spectral devices. 
In other words, the shape of  a material can 
change his properties when transformed from 
a substance and vice versa; when a material 
is created from a substance, the latter often 
acquires new properties. That is Man in his 
practical activity has long learned to turn 
substance into material and back material into 
substance.

As a result, a Man at any given moment 
can have matter at hand in the form that is 
convenient for his practical tasks (goals). 
The ability to transform the surrounding 
matter into the necessary state is the greatest 
achievement of  Mankind.

REMARK
Herewith we are talking ONLY about inanimate 
nature, biotransformations of  matter are beyond 
the scope of  this consideration.
4.1. form

The substance has a composition and an 
structure, but does not have its own form, while 
any material reality cannot remain formless for 
a long time. The form limits the place in space 
that a given material object occupies. The form 
allocates (isolates, separates) the object in the 
general flow of  matter.

What is new in a substance when it takes 
on a form? Being in a dispersed state, all parts 
of  matter interact equally (equally) both with 
the force field of  the Earth and with the 
components of  the environment – radiation, 
gases, liquids. Giving shape to a formless 
substance is a "fight against entropy", the 
material has better organization and less chaos 
than in the original substance. As soon as the 
transformation of  substance into material has 
taken place, the differentiation of  substance 
into internal and external immediately appears. 
These two parts of  the same substance 
begin to differ not only in morphology and 
structure, but often also in composition. The 
transformation of  a completely homogeneous 
substance into a material is always 
accompanied by the appearance of  a certain 
amount of  heterogeneity (differentiation) in 
it. The original homogeneous substance is 
transformed into a more complex, non-single-
component object. At the same time, one of  
the essential components of  the material is a 
special structure – the shell.
4.2. shell

Any material object exists in the environment. 
Between the material and the environment, 
by definition, there is a border divide where 
the objects in contact interact with each 
other. So, any surface to some extent sorbs 
the components of  the environment. In 
addition, parts of  the material that are on its 
surface are in an asymmetric environment 
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due to energy differences inside the material 
and outside it. At the same time, individual 
structural elements do not stick out on the 
surface as fragments of  broken bonds, but 
find opportunities to interact with each 
other, which leads to the emergence of  a new 
substance – SHELL, covering the surface of  
a material object.
POSTULATE
The shell that separates the material from the 
environment is an integral his component, which 
has its own structure and properties.

Since the shell is an self-dependent 
component of  the system, it is 
counterproductive to neglect its existence. The 
shell of  the material always exists, although it 
may be atomically thin and hardly noticeable, 
or it may be quite perceptible.

The material is in the shell as in a cocoon, 
often it supports it, protects it, determines 
the connection with the outside world. 
The composition and structure of  the shell 
(interface) always differs to a greater or 
lesser extent both from what is inside and, 
of  course, from the environment in which 
the object is located. The shell is always the 
result (product) of  the interaction of  internal 
and external. And the contribution of  each 
of  these two parts of  the material can vary 
from almost 0 to almost 100%, but both of  
these components are always present in any 
sample.

The shell, being atomically thin, is such that 
it is usually considered that it does not exist, but 
it certainly exists and will manifest itself  under 
certain conditions. The shell-core ratio of  the 
material can be arbitrarily small, but there will 
always be a situation in which the influence of  
the shell will be noticeable.

Friction, corrosion, absorption or reflection 
of  energy, and many other processes begin (and 
often are realized) precisely in the surface layer 
(shell) of  material. Thus, the shell is an integral 
part of  the material.

5. SUBSTANCE-MATERIAL 
INTERCONVERSIONS
Within the framework of  Kant's empirical 
realism taken as a basis in this work, matter in 
any form on Earth is a reality given to us in 
direct sensations. This is the first, "SURFACE" 
level of  Man interaction with the material 
world. There is no place for electrons, atoms, 
ions, clusters, nanoparticles, etc. – that is, 
elements with the use of  which they usually 
distinguish, classify, build the structure of  
substances and materials. This second level is 
no already based on the results of  Man direct 
observations.

The reality of  the above elements of  the 
structure of  substance and material is usually 
based on the data of  devices and the results 
of  calculations. A Man cannot directly receive 
information about these structural elements. 
For a Man, this is another, virtual reality, the 
fruit of  our consciousness. Their perception 
is due to the presence of  the necessary 
instrumental base and computer technology 
in the Man. Without them, the presence of  
these structural elements in substances and 
materials remains speculative.

A person was forced to place between matter 
and himself  a certain device (let's call it a device 
in a broad sense), with the help of  which it 
became possible to look inside a substance or 
material. Over time, such "devices" appeared a 
great many.

But any devices to some extent distort 
information about the object. A Man is forced 
to constantly recheck the information received 
in this way in order to confidently navigate in the 
surrounding material world.

From the frequent use of  these virtual 
concepts (nothing more), they are often 
operated on as if  they had become quite real, 
tangible; they are drawn, molded, models are 
built, etc. But it's still a typical virtual reality. 
The boundary between the virtual and real 
worlds in the Man consciousness is gradually 
blurred.

SCIENCE METODOLOGY TRIAD MATTER – SUBSTANCE – MATERIAL
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The internal structure of  substances 
and materials is outside the scope of  our 
anthropocentric research – since the Human 
senses cannot directly and reliably identify 
objects smaller than 10 microns, and even more 
so – their internal structure.
5.1. mutual transformations substance - 
material

Nature knows how to turn materials into 
substances and substances into materials. A 
person has mastered (created new ones) many 
techniques (technologies) that allow such 
transformations to be carried out.

The conditionality of  the substance–material 
boundary is illustrated by the following example: 
a finely crystalline powder of  table salt is a typical 
substance, and a cubic single crystal grown 
from it is a material. Plates are cut out of  it and 
used in spectral studies. At the same time, the 
composition and structure remain unchanged. 
This is a typical transformation of  substance 
into material.

On the other hand, you can take a microcrystal 
of  salt from a salt shaker and print an electronic 
circuit of  nanoscale on it. In this case, the 
microcrystal, remaining a substance, turns into 
a substrate for the circuit – a typical material, 
while the composition and internal structure 
remain unchanged. This example illustrates the 
conventionality of  the boundaries between the 
categories substance and material. Any material is 
a substance, but not all substance is a material.

With such reasoning, it is necessary to 
introduce one or another coordinate system. 
Such transformations are constantly taking place 
in the material world surrounding Man. They are 
divided into natural and artificial. The first occur 
without the participation of  Man. Materials 
once created by Nature in the form of  massive 
ridges, mountains, plates and other similar 
material objects over time (billions of  years) 
spontaneously transform from shaped materials 
into shapeless fine dispersions of  various types – 
sands, water dispersions, solutions, etc.

But Nature is able not only to transform 
materials into substances, but also to transform 
substances into materials. Most often these are 
thermal processes under pressure, etc.

From the moment of  his formation, man 
has existed in the environment of  substances 
and materials created by Nature, but gradually 
their "range" ceases to satisfy him. Man began to 
master techniques that allowed him to give the 
substance the shape and functionality he needed, 
and to mold various material objects from loose 
substances. A person has mastered (created) 
many techniques (technologies) that allow such 
transformations to be carried out.

Such transformations occur only under 
certain conditions: for example, a liquid 
substance – water (a typical formless substance) 
turns into a material – ice below 0°C, CO2 gas 
(substance) below minus 80°C turns into a fairly 
strong material, the so-called dry ice. These 
typical materials with increasing temperature 
(changing p,T conditions) pass from materials to 
matter. These are phase transitions of  the first 
kind. Many other types of  such transformations 
are known.

Thus, the matter surrounding Man on Earth 
appears to him in the form of  two categories of  
substance and/or material, which are in constant 
mutual transformations.
5.2. enerGy

Matter in the form of  a dispersed substance has 
a large reserve of  internal energy compared to 
that which has a compact material of  the same 
mass and composition. The transformation of  
a compact material into a dispersed substance 
(chaotization of  matter) is accompanied by an 
increase in the internal energy of  the system, 
while when an object is ordered (for example, 
when a substance is transformed into a crystalline 
monolith), excess energy is released in one form 
or another.

When solving the problems that arise 
before it, Nature makes extensive use of  this 
regularity in the processes of  conservation and 
reconservation of  energy not only on a local, 
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but also on a planetary scale. A person is still 
(thank God!) too weak technically to effectively 
participate in these processes.

Note, however, that as the Earth ages, the 
processes of  dispersion of  materials on its surface 
gradually begin to prevail over compaction: in 
other words, there is more and more matter in 
the dispersed state on the surface of  the Earth; 
perhaps this is a temporary phenomenon.

Man, together with the matter surrounding 
him, being on the surface of  the Earth, is 
exposed to the environment of  the force 
and magnetic field of  the Earth, thermal 
radiation of  the Earth and the Sun, cosmic 
rays, atmosphere, pressure, aggressiveness of  
the environment, etc. The types of  matter 
surrounding Man –substances and materials 
– react differently to the action of  these 
environmental factors. In a compact material, 
the main "impact" is taken by the surface 
layer (shell). Under the influence of  the 
factors listed above, the shell can change not 
only the structure, but also the composition, 
continuity, etc. The change in the phase state 
of  matter (melting, dissolution, evaporation), 
which is in the form of  a substance or material, 
occurs differently, the boundaries of  phase 
stability depend on the degree of  dispersion 
of  the object. Since matter in the form of  a 
substance has a much larger surface area per 
unit mass than that of  a compact material, the 
results of  external influences are manifested 
more intensely, distinctly, brightly.
5.3. about sizes and dispersion

Human interaction with the material world is 
limited by the capabilities of  his senses. Most 
of  the micro- and the entire nano-world remain 
outside the limits of  direct perception by Man.

The properties of  the material do not change 
when the dimensions of  the sample are changed 
up to certain limits. A giant (weighing tens of  
kilograms) sample of  quartz in the form of  a 
single crystal and a small quartz plate have the 
same set of  properties. On the other hand, 
the material in the form of  one or another 

three-dimensional object loses its shape during 
grinding and turns into a powder (substance), 
as a rule, without changing its composition (in 
this case, into quartz powder). But in the usual 
sense, the object ceases to be a material and 
passes from a real quartz to a virtual state, when 
a Person is no longer able to directly (without 
any auxiliary devices) identify it as quartz, and 
not table salt. In other words, it is difficult for a 
person to distinguish fine quartz powder from 
other equally dispersed powders. The sample 
loses its individuality.

Changing the size of  an object first of  all 
changes the ratio of  the surface layer (shell) to 
the total mass of  the object. For the majority 
of  real material objects surrounding Man, these 
changes are insignificant and, as a rule, they are 
neglected. The size of  objects from 100 to 10 
microns is the limit where the possibilities of  
direct (only using touch and vision) interaction 
between a Human and the outside world end. 
Deeper – only with the help of  auxiliary devices 
(devices, etc.).
AXIOM
All auxiliary research devices to some extent 
distort information about the object under 
study. Therefore, when creating a picture of  an 
object less than 10 microns close to reality, a 
combination of  instruments and methods and a 
cross-analysis of  the results are used.

Based on the above, the following definition 
can be given.

Materials science is a branch of  science 
about a substance that is in the form of  compact 
materials of  various shapes, and about the 
relationship between their structure, physical 
and chemical properties and performance 
characteristics.
REMARK
The term "materials science" is widely 
represented in educational, scientific and 
technical literature. As usual, each author gives 
his own definition; their diversity reflects the 
versatility of  the topic and the relative youth 
of  this branch of  science.
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6. CONCLUSION
Being in the Earth conditions, a Man from 
all types of  matter primarily interacts 
(communicates) with substances and materials 
that ensure his existence not only as a person 
(subject), but also allow him to claim the role of  
a global player in the UNIVERSE, while still not 
far from the Earth, but in the future this role is 
quite definite. In this regard, it can be assumed 
that having ever been on another celestial 
body, where other chemical (composition of  
the surface and gaseous shell) and physical 
(p,T, gravitational and electromagnetic fields) 
conditions on the surface, Man, as well as on 
Earth, first of  all, will meet matter in the form 
of  a formless mass of  substance and various 
compact material objects of  various shapes 
and hardness. It will be necessary to know in 
what form the matter is on the surface of  a 
given celestial body (substance-material ratio) 
and how these types of  matter will interact 
with Man. Later, it will be necessary to know 
how the conditions of  substance-material 
interconversions on a given celestial body 
differ from those on Earth. Without this, it will 
hardly be possible to gain a foothold in the new 
territory. Transporting matter (substances and 
materials) from the Earth is counterproductive. 
Matter is everywhere – Man needs to learn how 
to turn it into substances, materials and vital 
objects that he needs at a given point in the 
Universe.

If  we figure out how such transformations 
take place on Earth, the translation of  these 
regularities to extraterrestrial objects will become 
more reliable.

It can be assumed that the two types of  matter 
discussed above will, just as on Earth, constitute 
the main environment of  Man. And he will 
need not only to understand, but also to manage 
the processes of  their mutual transformations 
in conditions different from those on Earth. 
It is quite possible that matter exists on other 
celestial bodies in other forms than on Earth, 

but the essence of  their primary anthropocentric 
perception is unlikely to be different.

The quite natural desire of  Man to 
understand the internal structure of  material 
objects diverted attention from the "lying on 
the surface" properties of  matter. It can be seen 
that even before "looking inside" it is possible 
to investigate the interaction between Man and 
matter.
REMARK
Biological materials and, in general, issues of  
materials science of  biological systems are not 
considered here. The main attention here is paid 
to the issues of  compatibility of  "ordinary" 
materials with biological (including living) 
systems. Solid parts of  living organisms such as 
bones, shells, shells, corals, etc. are not usually the 
subject of  materials science research, although 
their role in the formation of  the earth's crust 
can hardly be overestimated. When considering 
these phenomena, one would inevitably have 
to touch upon the philosophical aspects of  the 
"living-non-living" problem, which is beyond 
the scope of  this essay.
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