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Abstract

Objectives. In view of the currently expanding practice of applying methods for configuring ontologies of designing
information processes and systems, information technology (IT) specialists need to disclose the definition of such a
new concept as functional synergetics. This conceptis actualized by the course of development of virtual information
technologies, forming the system foundation for methods of design ontologies and indicating attributes for the
correct formation of design ontologies of relevant dynamic information processes and systems. In the present work,
this is done by means of analytical review.

Methods. The analytical review is based on the authors’ vision of deepening the concept of synergetics as applied
to a variety of modern information processes and systems. This context concessionally conjugates the combined
use and consideration of such approaches as the method of ontologies (the major component of the resulting
concession of methods), methods of cognitive semiotics, autopoiesis, and other manifestations of synergetics with
related methods and techniques of emergent evaluation of the role and effectiveness of any occurring systemic
changes. It is this combined dynamics of information processes and systems that allows the authors to put forward
a developing treatment of the methods of synergetics as functional.

Results. The concept of functional synergetics was clarified and deepened based on the method of ontologies. In
the theory of information processes and systems, it is manifested in updating ontologies accompanying scientific and
engineering projects that use synergetics as an initial methodological basis. It turns out that the functional features
of synergetics in the context of assessments and functional ordering of modern IT devices give it new opportunities
in highlighting the significant indicators of system changes: properties, attributes, and manifestations of functional-
synergistic nature. It is these three concepts, revealed by synergetics as a functional eyepiece, that distinguish
functional synergetics from the generally accepted definition of synergetics as such. Matching form to content,
autopoiesis, development, and transformations occurring with informational processes and systems with their emergent
consequences are the essence and feature of functional synergetics. Tracing what is happening in dynamics, in the
inseparability of assessments and regulations of the set of properties, attributes, and manifestations of the analyzed
processes to an even greater extent clarifies the essence and role of the concept introduced by the authors in the
general classical theory of information processes and systems. In the related analysis, virtual reality, augmented reality,
mixed reality, expanded reality, composite reality, coupled reality, geoinformation systems, multidimensional computer
graphics, fractal graphics, holographic graphics, computer teletype games, X-reality, etc., which have essential
dynamic characteristics and properties, are included here as objects of research and design.

Conclusions. Improvement of the theory and practice of creating and using information processes and systems from
the position of recognizingthe accelerating speed and dynamics of how their properties and indicators are modified
leads the synergistic methodology of assessments and control mechanisms to the emergence of a clarifying concept
of functional synergy. This is a complex and dynamic concept, which includes its interpretation of the positions of
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classical synergetics and related paradigms of cognitive semiotics, etc. The method of ontologies, which is gaining
more and more popularity, is the main means and tool of such unification. When combined with cognitive semiotics,
functional synergetics becomes a powerful science-intensive tool for further development of the theory and practice
of modern multimedia intensified information systems and their information fields described by both imperative and
convivial paradigms.
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B BUPTYAJIbHOM KOTHUTUBHO-CEMHUOTHYECKOM
KOHCTPYUPOBAHUU UHPOPMAIIMOHHBIX
MPOLECCOB U CUCTEM

P.l. Bon6akos @, B.A. MopnsuHoB, IN.B. BepéskuH, N.U. CuBnLiknii

MUWP3A — Poccurickuri TexHoorm4eckuii yimsepcutet, Mocksa, 119454 Poccusi
@ AsTOp Ans nepenvcku, e-mail: bolbakov@mirea.ru

Pesiome

Llenb. B cBSA3M C pacluMpeHnEM B HACTOsLLEee BPEMS MPAKTUKU NPUMEHEHNA METOL0B OHTOJIOM N NPOEKTUPO-
BaHUS NHHOPMAaLIMOHHbIX NMPOLLECCOB 1 CUCTEM B Kpyry cneumanmctoB NT o6o3Haunnacek NoTpebHOCTb B TOM,
4yTOoObI AaTh M PACKPbITL ONpeAeneHne Takoro HOBOro, akTyasn3MpoBaHHOIr0 CaAMMUM XO40M Pa3BUTUSA BUPTYaslb-
HbIX MHOOPMALIMOHHbBIX TEXHOJIOTNI NMOHATUSA, Kak GYyHKLUMOHANbHas CUHepreTuka, o6pasyloLlero CUCTEMHbIE
Hayasna MeTO0B OHTOJIOrMIA NMPOEKTUPOBaHWUS, 0603HAYMB B pe3dyNibTaTe 9TOro ee Npu3Haku A1 KOPPEKTHOrO
bGOPMMPOBAHNSA OHTOJIOTUIA MPOEKTUPOBAHNA COOTBETCTBYIOLMX ANHAMUYHBLIX MHDOPMALMOHHBIX MPOLLECCOB 1
CUCTEM.

MeTopabl. AHanuTU4eckmin 0630p CTPOUTCA HA 0603HAYEHUM aBTOPCKOrO BUAEHUS YriybneHns CUHepreTukm
Kak CUHepreTnkn OyHKUNOHANbLHON B MPUMEHEHUN K Pa3HOOOpPa3nio COBPEMEHHbIX MHGMOPMaLMOHHbLIX NPO-
LLecCcoB 1 cuctemM. B yka3zaHHOM KOHTEKCTe KOHLECCUMOHHO COMpPAraeTcd COBOKYMHOE MUCMONIb30BaHNE N pac-
CMOTPEHME TakMx METOAO0B, Kak METO[, OHTOJIONMIA (reHepanuMTeTHas cocTaBnsollas o6pasyemMoi KOHLEeccum
MeTOL0B), METOAbl KOTHUTUBHOM CEMUOTUKM, ayTOMNO33UC N UHbIE NPOSAB/IEHUSA CUHEPIETUKN CO CBA3AHHbIMU
C HUMKN MEeToAaMu 1 MeToAMKaAMU 3MEPIXKEHTHOM OLLEHOYHOCTU Ponn N 3ahdEKTUBHOCTM N0ObIX Nponcxoas-
LWMX CUCTEMHbBIX U3MEHEHNN. IMEHHO Takasd COBOKyMNHas AMHAMMKa MHGOPMALMOHHBIX NPOLLECCOB U CUCTEM
NO3BOIAET aBTOPaM BblABVHYTb Pa3BMBAIOLLYIO TPAKTOBKY METOL0B CUHEPIeTUKN, KaK CUHEPTreTUKN PYHKLNO-
HaJIbHOMW.

PesynbTaTbl. YTOUHAETCH 1 yrnybnsaeTcsa NoHATUIAHAS CTOPOHA HOBOBBEAEHUS — PYHKLMOHANBHOM cuHepre-
TUKW (C ONOPOWN Ha METOo., OHTOJIOMNIM) — B TEOPUIO MHPOPMALIMOHHBIX MPOLLECCOB U CUCTEM, 4YTO NPOABIISETCH
0GHOBJIEHNEM OHTOJIOMNIA, CONPOBOXAAILNX HAYYHbIE U MHXEHEPHbIE NMPOEKTbI, UCMOJIb3YIOLME CUHEPTETUKY
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KaK UCXOAHbI MeTogosiornyeckuii 6asmnc. MNMpu 3TOM BLISICHSAETCS, YTO PYHKLUMOHANbHbIE YEPTbl CUHEPIEeTUKN
B KOHTEKCTE OLEeHOK U ynopsagoyeHns dyHKumMmoHana CoOBPEMEHHbIX YCTPONCTB MHPOPMALMOHHBIX TEXHONOMNM
npuaarT el HOBble BO3SMOXHOCTU B BblAEIEHNM 3HA4YNUMbIX NOKa3aTesiert CUCTEMHbIX U3BMEHEHNI: CBONCTB, NPuU-
3HaKOB M NPOSABJIEHUNN OYHKLUMOHANIbHO-CUHEPreTU4eCcKoro xapakrepa. IMeHHO 3T Tpu NOHATUSA, packpbiBae-
Mbl€ CMHEPreTUKOM Kak PyHKLMOHANIbHBIM OKYSPOM, OTINYAIOT GYHKLIMOHANIbHYIO CUHEPreTUKY OT obLLenpu-
HATOrO ONpeaeneHns CUHEPreTUKn kak TakoBon. CooTBeTCTBME POPMbI COAEPXKAHUIO, ayTOMO33NC, Pa3BUTUE
1 npeobpa3oBaHus, NponcxoasLne ¢ MHGOPMaLNOHHBIMU MPOLECCaMN U CUCTEMaMU C UX 3MEPOXKEHTHLIMU
NoCNeACcTBUSAMU, ABSIOTCSH CYTbi0 MU OCOOEHHOCTbIO CMHEPreTUKU, TPAKTYEMON Kak CUHepreTuka OyHKLNO-
HanbHag. NpocnexvBaHne NPONCXOAALLErO B AMHAMUKE, B HEPA3PbLIBHOCTN OLLEHOK 1 PErynpoBaHuin COBOKYM-
HOCTU CBOICTB, MPU3HAKOB 1 NPOSIBEHMIA aHANN3NPYEMBbIX MPOLLECCOB B eLe 60JbLUEN CTENEHM YTOUYHSET CYLLL-
HOCTb 1 POJib BBOAMMOIO aBTOPaMM MOHATUS B OOLLLYIO KITACCUYECKY TEOPUIO MHPOPMALIMOHHBLIX MPOLLECCOB U
cucTeM. B cBs3aHHbIl C 3TUM aHanm3 B Ka4ecTBE 0ObEKTOB UCCNIEA0BAHUSA U MPOEKTUPOBAHNSA 34,ECH BK/THOYEHbI
obnapawume cyuleCTBEHHO AMHAMUYECKUMUN XapaKTePUCTMKAMU U CBOMCTBAMU BUPTYasibHasd, AOMNOSHEHHAs,
CMellaHHagda, paclimMpeHHas, cCocTaBHas, ConpsXeHHas peasnbHOCTU, reOMHPOPMaLMOHHbIE CUCTEMbBI, MHOIO-
MepHas KoMmnbloTepHaa rpaduvka, dpakranbHag, ronorpaduyeckasa rpadmka, KOMMNbIOTEPHbIE TENETaANNOBbLIE
MUrpbl, 4OMNOJIHEHHANA PeasbHOCTb U T.1.

BbiBoabl. COBEPLIEHCTBOBAHME TEOPUM U MPAKTUKU CO30AHUS U MPUMEHEHUS MHPOPMALMOHHbIX MPOLLECCOB U CU-
CTEM C NO3ULMIA yyeTa Bce Boree CyLLIeCTBEHHO BO3PaCTaOLLMX CKOPOCTEN, ANHAMUKN BUOON3MEHEHWI X CBOCTB
1 nokasarenen NpuBOaUT CUHEPreTUYEeCKYD METOL0N0MIO NMPUMEHEHUS OLEHOK U MEXaHU3MOB YINpPaB/ieHNA UMK
K MOSIBJIEHMIO YTOUYHSAIOLLLETO MOHATUA OYHKUMOHANIBHON CUHEPTETUKM KaK MOHATUA KOMIJIEKCHOIO Y AMHAMNYECKO-
ro, BOMpaloLEero B CBOE TONIKOBAHME Kak NMo31LMM CaMOi KNacCUY4eCKOM CUMHEPTeTUKM, Tak U COMPSXEHHbIX C HEN
napagurMm KOrHUTUBHOM CEMUOTUKN U T.MN. BasnCHbIM reHepanmuTeTHbIM CPEACTBOM U MHCTPYMEHTOM Takoro poaa
0b6beavHeHus aenseTca HabuparwLwmii Bce 60/bLUYI0 M3BECTHOCTb METOA, OHTONIOMMIA. B coeiHeHnM C KOrHUTUB-
HOM CEMMOTUKON PYHKLMOHAbHAA CMHEPreTrka CTaHOBUTCH MOLLHBIM HayKOEMKUM UHCTPYMEHTOM JallbHENLLEro
pasBUTUS TEOPUN N MPAKTUKN COBPEMEHHbIX Pa3HOMIaHOBbLIX MHTEHCUMULMPOBAHHLIX MHHOPMALMOHHbLIX CUCTEM
MynibTUMena U nx MHOOPMaLMOHHbLIX NMOJIEN, OMUCLIBAEMbIX KaK MMMNEPaTUBHOW, Tak U KOHBEHLMOHANbLHOM napa-
LNTMOW.

KnioueBble cnoea: GyHKUMOHabHAS CUHeEpreTuka,
3MEpPLKEHTHOCTb, ayTOMN033nc

MPOCTPAHCTBEHHAs CUHEpPreTuka, KOHMIIOIHTHOCTD,

e Moctynuna: 19.02.2021 » Jopa6oTaHa: 13.03.2021 ¢ MpuHaTa kK ony6nukoBaHuio: 24.12.2021

Ons uutupoeaHusa: bonbakos P.I., MopasuHoB B.A., BepéskuH MM.B., Cusmuknin N.1. OHTONOrMs GyHKLMOHANIbHON
CUHepPreTukn B BUPTYaslbHOM KOTHUTUBHO-CEMUOTUYECKOM KOHCTPYUPOBAHUU MHPOPMALIMOHHBIX MPOLLECCOB Y CUCTEM.
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Mpo3payHocTb PUHAHCOBOWN AeATeNbHOCTU: HUKTO 13 aBTOPOB HE MMeeT (GUMHAHCOBON 3aNHTEPECOBaHHOCTM B
npeacTaBfieHHbIX MaTepuanax unm Mmetoaax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMMKTA MHTEPECOB.

INTRODUCTION

The study aimed to give and reveal the definition
of such a new concept, actualized by the very course
of development of virtual information technologies,
as functional synergetics, and identify its signs for
the correct formation of design ontologies of the
corresponding dynamic information processes and
systems. The expediency of introducing this somewhat
updated concept of synergetics into the basic ontology
of the modern theory of information processes and
systems is prompted by two important interrelated
circumstances.

First, the variety of interpretations of the terms
of synergy, synergetics, synergetic effect, and other
similar concepts requires clarification [1-9]. In other
words, it is essential to determine how these terms
are understood in relation to the tasks and procedures

for constructing design ontologies in the information
technology (IT) sphere and its information fields. The
fundamental provisions of synergetics serve as the basis
for the new term functional synergetics. The innovation
creates effective prerequisites and opportunities for
the analysis and ordering of complex information
processes in the information fields of modern dynamic
IT [10-14].

Secondly, synergetics in any of its representations
and interpretations presupposes the possibility of both
a positive synergistic effect with a plus sign (“+17),
and a negative one with a minus sign (“—1”), as a rule,
without fixing intermediate values in the range from
—1 to +1 and, moreover, not illustrating the dynamics
of the sliding of synergy within the limits indicated
here.

The algorithm of actions for the implementation of
the task is transparent:

Russian Technological Journal. 2022;10(1):7-17
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Step one: outlining at least an approximate list of
types of virtualization, to which the definition of the
concept of functional synergetics and its ontological
interpretation are correlated here.

Step two: determination of the boundaries and
parameters of processes, phenomena and properties of the
entire list of virtualizations, to which the modified term
belongs, or, which is the same, the determination of the
continual area, continual boundaries in information fields,
which are subject to the declared paradigms, properties,
and manifestations of those or other processes and
phenomena considered from the standpoint of synergetics.

Step three: clarifying the formulation of the signs of
continuity in line with the functionality of synergetics,
thereby giving a clear idea of the semantic meaning
and setting capabilities of the introduced concept in
the theory and practice of synthesis of ontologies of
certain dynamic information processes and systems.

Step four: assessment of the possibility and prospects
of applying the updated approach in the vast field of
diversity of modern information processes and systems,
including for the prospect of their expected development
from a technological perspective.

In the most pronounced form, this is manifested in
the tasks of research, creation, design, and maintenance
of a wide range of IT multimedia related to a wide range
of virtualization of multimedia objects of high dynamics,
which, for example, are virtualization devices as part of
IT multimedia, such as virtual reality devices and their
various modifications, geoinformation systems, systems
of modern highly dynamic multidimensional computer
graphics, holographic and fractal graphics, computer
teletype games, X-reality, etc.

The formation of basic ontologies of this
kind of IT arrangements based on the emerging
positions and views of functional synergetics is
fragmentarily presented below using examples of
multimedia virtualization objects as a starting point
for development, by analogy with an extensive list of
concepts of the ontology of IT functional synergetics,
intended to serve as an ontology for the design of
information processes and systems.

OBJECTS OF VIRTUALIZATION
AS A PART OF MULTIMEDIA
IN THE VISION OF THE PARADIGMATICS
OF FUNCTIONAL SYNERGETICS

Virtual reality is an imagery created by technical
means, transmitted to the user through his sensations
and perceptions by the senses and his own cognitive
processing. Virtual reality simulates both an exposure
and responses to the exposure. To create a convincing

complex of sensations, close to true reality, the
computer synthesis of properties and reactions of virtual
reality is performed in real time'- 2 [15]. The user can
act on these objects in accordance with the principles,
procedures and technological features of state and
control indications embedded in the information
system (IS) of virtual reality. In this variety, as in all
subsequent components of this ontological assembly,
there are clearly expressed functional synergistic
features, traced in the properties, manifestations,
and signs of information processes and in the system
arrangement of very dynamic (in the most general case)
virtual reality systems, in high continuous dynamics
conjugation of forms and the content of procedural
and displayed signs and manifestations, including
those related to the phenomena of spatial synergetics
and autopoiesis.

Augmented reality is the result of the introduction
of various sensory data into the field of perception and
cognitive processing of the IS of augmented reality in
order to supplement information about the environment
and improve the perception of information’. The
most common element of augmenting virtual reality
that converts it into augmented reality is the input
commentary text.

Mixed reality is functionally complicated
augmented reality, reflecting the explicitness of the
concept of the virtual continuum and the application
of the taxonomy of this classification to the means of
displaying reality® 3 [16].

Extended reality, often referred to as a hybrid
reality, represents the synclide of augmented reality
and augmented virtuality, and is a consequence
of combining the real and virtual worlds to create
new environments and visualizations that have a
synergistic effect in relation to the components, that
is, the effect of the appearance of new properties,

! Isaac J. Step into a new world — Virtual Reality (VR).
Basic Concepts of Virtual Reality along with Research
Challenges explained in simple words. 2016. URL: https://www.
completegate.com/2016070154/blog/virtual-reality-explained.
Accessed August 13, 2021.

2 Astonishing innovations of VR. URL: https://web.
archive.org/web/20200112191904/https://caersidi.net/blog/vr-
astonishing-innovations. Accessed August 13, 2021.

3 What is augmented reality? URL: https:/www.fi.edu/
what-is-augmented-reality. Accessed August 13, 2021.

4 What is mixed reality? URL: https://docs.microsoft.com/
ru-ru/windows/mixed-reality/discover/mixed-reality. ~ Accessed
August 16, 2021 (in Russ.).

> A Taxonomy of Mixed Reality Visual Displays. URL:
https://search.ieice.org/bin/summary.php?id=e77-d_12_1321.

Accessed August 16, 2021.
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signs, and manifestations that are invisible in the
components. It is a highly merged virtualization
implementation®.

Composite reality, in the author’s vision, is
an extended reality with pronounced properties of
confluence, as a result of which the specified variety
can be considered as a set of layers into which it is
dismembered, but it is protected from this via the
principles and mechanisms of confluence within the life
cycle of an IS composite reality.

Conjugate reality, in the author’s vision, is a
composite, augmented reality that has, throughout the
life cycle, general features of the interconnection of
IS layers, nonseparability of the virtuality continuum
and mediality continuum of serviced objects and their
virtualizations [16].

Geographic IS (GIS) is a system for collecting,
storing, analyzing, and graphically visualizing the
spatial (geographical) data and related information about
the required objects [17—19]. The popularity and wide
variety of GIS, methods and technologies for working
with them exclude the possibility of introducing any
detailed description of them into this thematic list. Here,
something else is essential. There is a synergistic nature
of the arising effects, which is quite traceable by an
observer, both during the synthesis, processing of GIS,
and when they are perceived by users. These technologies
are dynamic, multicolored, and multidimensional, and
have pronounced features and scalability, and therefore
should be considered primarily from a synergistic
standpoint.

Multidimensional computer graphics does
not need additional definitions, as a well-known
visualization tool, which is primarily an important
part of data analysis, allowing you to combine several
dimensions in one model representation’ [20]. The
dynamic properties of the processes associated with
it and, especially, the multidimensionality that goes
beyond the boundaries of the conceptual perception
of images (computer graphics models with a large
number of dimensions) are the most difficult,
science-intensive, and promising task for the further
development of the theory and practice of graphics
virtualization. An example of virtual mastering of a
multidimensional space is shown in the illustration
of a six-dimensional tutorial’. This is an elegant but
private solution. According to the authors, the way

© What is mixed reality? URL: https://docs.microsoft.com/
ru-ru/windows/mixed-reality/discover/mixed-reality.
August 16,2021 (in Russ.).

7 Multidimensional graphs in Python — from 3-D to 6-D.
URL: https://habr.com/ru/post/456282/. Accessed August 18,
2021. (in Russ.).

Accessed

of creating and putting into practice a universal
model of virtual adapters, transformers and clones of
multidimensional N-graphics ISs with an unlimited
number of measures should rely on methods
and mathematical descriptions of increasing or
decreasing the complexity measures of infologies and
morphologies of the original virtual layered structure
possessing a certain set of confluent properties and
features that is stable and unchanged in the process
of variation.

Fractal graphics (fractal reality). The fractal
picture itself can be positioned as an image, graphics.
At the same time, the contours, outlines, and color
gamut (RGB) of a fractal image are significantly
dependent and changeable depending both on the
image processing editor and on the technological
means of its screen or print display. Thus, it is
proposed to understand, that computer fractal graphics
directly is a graphic formation, which momentarily in
this particular implementation has the corresponding
particular manifestations of contours and color
gamut. Any editorial influences and/or changes in the
technological package of image processing inevitably
lead to changes in the informative essence of fractal
images. At the same time, there is a synergistic effect
of a negative property in assessing the status of
emergence. The measure and the very possibility of
mixing certain informative features in the graphics of
fractal images can vary widely and most of all depends
on the set of scaling factors and relationships between
the virtualization layers, and the consequences and
results are determined via the confluence function of
the transformations taking place. The dynamics and
implicit discreteness of the ongoing processes bring
to the fore their evaluativeness from the standpoint
of functional synergetics, where the mechanisms and
methods of synergetics are described by appropriate
models.

Holographic  graphics, both flat and
volumetric, manipulates the synthesis, perception,
and transformations of incorporeal images similar
to reality, that is, with holograms and holography.
Holography (ancient Greek: 6loc is whole and
vYpaoo is graph) is a set of technologies for accurate
recording, reproduction, and reformulation of optical
electromagnetic radiation wave fields. Holography
is a special photographic method in which laser
images of three-dimensional objects, extremely
similar to real ones, are recorded and then restored.
A hologram is the acquisition of images using
wavefront reconstruction. All of the above regarding
fractal graphics and multidimensional computer
graphics can be attributed to holographic graphics.
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Here, removing each layer from the system (part of
the hologram) to a certain physical limitation within
a wide range of scaling preserves the integrity of
the images, but with a possible decrease in quality
indicators. This phenomenon is the best illustration
of the presence of a functional synergistic effect in
what is happening. Evaluating and using the essence
of this effect in the synthesis procedures for design
ontologies of information processes and holographic
graphics systems (and in other similar cases)
elevates the traditional ideas about synergetics as a
descriptive entity to the level of a certain function of
analyzing and managing information processes and
systems.

This definition is well illustrated by the following
specific case. Windows Mixed Reality is a mixed
reality platform, presented as part of the Windows
10 operating system, and provides a holographic
embodiment of objects in mixed reality in technical
implementations with appropriate helmets (Windows
Holographic)® ?.

Computer teletype games (intellectualized
computer games) are implementations of functional
connections with game partners or a substitution
of a partner by means of IS intellectualization,
optionally implemented on computer displays or
spatially, in holographic performance, in augmented
and other realities based on the initiation of specially
created resource-intensive computer programs for
multivector execution of transactions that serve
to organize the game process (gameplay). The
latter refers to the most popular and promising
area of the development of computer games—to
intellectualized games. It features game artificial
intelligence, i.e., a set of software techniques that
are used in computer games to create the illusion of
intelligence in the behavior of computer-controlled
characters. This development is especially
promising in the actualization of interactive, Bell—
Lancaster, and distance learning and self-study.
There is no need to re-enumerate everything that
is referred above to the abundance of variety of
virtualizations from the standpoint of synergetics.
All these signs and properties are not only present,
but to a large extent exacerbated by a large number
of development trajectories of modern games, and
therefore, by the synergistic effect arising for each

8 A Taxonomy of Mixed Reality Visual Displays. URL:
https://search.ieice.org/bin/summary.php?id=e77-d 12 1321.
Accessed August 16, 2021.

° Multidimensional graphs in Python — from 3-D to 6-D.
URL: https://habr.com/ru/post/456282/. Accessed August 18,
2021. (in Russ.).

option, each “move” of a player, or the IS itself. In
addition, everything that happens in computer games
is carried out in the conditions of their so inflated
dynamics that these effects overlap one another.
This leads to the emergence of new, even more
unexpected emergent consequences. There are signs
of functional synergetics with its emergent dynamic
manifestations, that is, derivatives of certain current
values of emergencies [21-23].

X-reality is a set of orientational images and their
models adding the development of all the varieties of
virtualizations indicated above. X-reality is a kind of
generalization of both already known and practiced
design solutions, and those whose appearance in the
near future can only be predicted, and even then, very
generally.

Let us define a priori: X-reality has the highest
indicators of dynamic properties in transformations
of synergetics, the power and emergence of synergies
from the entire list above, which predetermines the
description of the ontologies of X-realities as a kind
of universe of basic ontology (core of ontologies) of
the entire direction of IT multimedia development
discussed here.

Thus, hereisanassembly ofupdated and systematized
concepts of design ontologies of modern information
processes and systems in the field of virtualized highly
dynamic multimedia from the standpoint of synergetics
in its somewhat updated interpretation—functional
synergetics. This concept, apparently, needs clarification
of its interpretation and additional disclosure of
properties, signs, and manifestations, which is carried
out further in this article in relation to multimedia
information fields.

DEFINITIONS AND PROPERTIES
OF FUNCTIONAL SYNERGETICS
IN THE METHODOLOGY OF VIRTUALIZATION
OF MULTIMEDIA FIELDS

The first thing that needs to be done in the
formulation of the preparation of this section of the
article is to define the updated concept of synergetics.
There are many different interpretations of this
capacious concept in details. Common transcription
is as followes: synergetics (from the Greek cuv- is a
prefix with the meaning of compatibility and &pyov is
energies) is the interdisciplinary field of science that
studies the general laws of phenomena, processes,
and development in complex nonequilibrium
systems (including ISs) based on inherent them
self-organization principles. The main concept
of synergetics is the definition of a structure as a

Russian Technological Journal. 2022;10(1):7-17

12


https://search.ieice.org/bin/summary.php?id=e77-d_12_1321
https://habr.com/ru/post/456282/

Ontology of functional synergetics in virtual cognitive-semiotic design

of information processes and systems

Roman G. Bolbakov,
etal.

state that arises as a result of the multivariate and
ambiguous behavior of such multielement structures
or multifactorial media that do not degrade to
thermodynamic type averaging which is standard for
closed systems, but develop due to openness, energy
inflow from the outside, nonlinearity of internal
processes, and the appearance of special modes with
exacerbation and the presence of more than one
stable state. The conceptual circle of synergetics
also includes the idea of conformity (measure of
conformity) between form and content.

It is to be considered what is true here for the
spectrum of virtualized multimedia systems described
above, and what requires additional rethinking and,
perhaps, rebuilding. Let us list:

o [nterdisciplinarity—the feature and properties are
obvious from the very list of virtualized multimedia
systems.

o Signs of complexity and disequilibrium take place in
an expressed form, since everything opposite in the
theory of information processes and systems is only
partial simplified cases.

e Regularities of phenomena, processes and
development are observed in synergistic
descriptions of approaches to the list given here,
but they require quantitative evaluations and
the construction of appropriate mechanisms and
controls for ongoing or expected information
processes. This position requires development and
most obviously fits into the concept of functional
synergetics.

e Jariability and self-development under the influence
of internal factors and external influences is
characteristic of the multimedia spectrum discussed
here.

o Conformity and measure of conformity of the form to
the content. This is essential, must be uniquely, and
quantitatively, be determined and ordered.

o Determination of the structure as a state. Exactly
like that, but along with this, within the life
cycle of an IS, their state changes repeatedly and
continuously, while the structure, architecture,
and infology at some intervals of the life cycle
trend can remain unchanged, but most likely, are
subject to either drift or abrupt changes up to the
occurrence of collapses. In this view, the question
also fits into the conceptual nature of synergetics
as functional synergetics.

All positions listed here assume adherence to
ergodic principles. Among the most important
principles are the calculability of processes
and phenomena, the repetition of the results
of calculations and their at least conditional
predictability, which should become a supporting

position for the formation of ideas about synergetics
as functional synergetics. The components of
the vision of synergetics named in this way are
responsible, therefore, for the identification,
declaration, model (including mathematical)
description, and application in the procedures of
analysis, modeling, design, and maintenance of all
varieties (separately and jointly) of quantitative
indicators and regulators of all of the above the
synergistic features, properties, and manifestations
inherent in the statics and dynamics of information
processes and systems.

Three obvious additional investments in the
conceptual apparatus of functional synergetics of highly
dynamic multimedia information processes and systems
follow from this capacious universe.

First. Functional synergetics as a tool for
analyzing and influencing these processes and systems
works in interrelated areas signs, properties, and
manifestations in the functioning of processes
and systems and the means of their creation and
maintenance.

Second. Correspondences of forms to contents
from the standpoint of majority (minority),
confluence, and autopoiesis are included in the
evaluative characteristics and tools for ordering
synergetic properties, manifestations, and features
in a quantitatively calculated and simulated form,
thereby representing the functional essence of
synergetics as a tool for creation and management. Let
us clarify: content here is predetermined by the actual
component of virtualization and its object; form is
a consequence, the observed virtual, synthesized,
artificial, and drawn image of an object that displays
content. This is the connection between content and
image in a synergistic view of multimedia virtualized
systems. Functionally, virtualization refers to a real
primordial object as a mirror or pseudo-mirror image
of it, which has a mandatory feature chiral purity in
relation to the source of creation. At the same time,
virtualization must meet a number of additional
attributes and properties assigned to it, which are
not necessarily present in a real source, namely:
meeting the requirements of cognitive semiotics;
ensuring a rationalized balance of harmonization and
standardization of content (especially educational
and scientific content initiating basic subject
ontologies of information processes and multimedia
systems). It is also necessary to analyze the totality
of technical, aesthetic, ergonomic, psychophysical
requirements, etc. The emergence and manifestation
of all these properties and features in virtualizations,
new in relation to the object, is nothing more than
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a polynomial of emergent bursts as a result of
virtualization, the dynamics of which gives rise to the
concept of derivatives of emergent contributions that
form the specified polynomial.

Third. The generalizing idea of the dynamics and
complexity of the changes occurring in the balance of
these signs (architecture, infology, morphology, etc.)
inherent in this approach requires the introduction of
components into the tools of functional synergetics
of the IS that reflect, along with traditionally used
for this purpose, emergent estimates derived from
the aggregate emergencies, which, based on the use
of systems of differential equations or some other
mathematical apparatus (for example, matrices of
a planned experiment, Monte Carlo method, etc.),
allows one to evaluate, improve, and optimize
the indicated synergetic indicators both from the
standpoint of achieving conformity of the form to
the content, and in parts related to the inextricable
triumvirate of signs, properties, and manifestations,
including in dynamics.

CONCLUSIONS

Functional synergetics used in evaluative
and regulatory actions in virtualized multimedia
systems and fields of a wide variety of composition
is designed to display and provide the ability to
influence the signs, properties, and manifestations
of an IS in models of quantitative measures
throughout their entire life cycle, as well as to
assess and organize the necessary conformity of
the form to the content of the ongoing systemic
processes and transformations.
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Abstract

Objectives. The paper deals with the equivalence of program schemes. According to A.A. Lyapunov and
Yu.l. Yanov, the founders of this theory, a program scheme is understood as a program model wherein
abstraction from contensive values of operators and expressions is performed. In this case, the program
structure containing symbolic notation of operators and expressions remains unchanged while maintaining their
execution sequence. The programming language model presented in the paper contains basic constructs of
sequential languages and is the core of the existing sequential programming languages. The paper aimed at
developing an effective algorithm for studying equivalence (nonequivalence) of program schemes of sequential
programming languages.

Methods. An algebraic approach to specifying semantics of programming languages was used for studying the
equivalence of program schemes.

Results. A process semantics being the new algebraic approach to specifying the formal semantics of sequential
programming languages was proposed. The process semantics was specified by matching programs (program
schemes) with a set of computation sequences. The computation sequence was understood as the execution
sequence of actions (commands and tests) of the program. Two types of concatenation operations (test—-command
and command-command) and the merge operation, which properties are given by axiomatic systems, were defined
in the introduced semantic domain. The finiteness of the semantic value representation in the form of systems of
recursive equations was proved. The algorithm for proving the equivalence (nonequivalence) of systems of recursive
equations characterizing semantic values for a pair of program schemes was proposed, which implies the equivalence
(nonequivalence) of programs in the strong sense.

Conclusions. The paper demonstrates the efficient use of the proposed algorithm for proving the equivalence of
sequential program schemes excluding side effects when calculating expressions, i.e., sequential computation of the
expression more than once does not change anything. The example of proving the equivalence of program schemes
by two methods—the well-known de Bakker—Scott fixed-point induction method and the method proposed by the
author—is given. Comparison of the above methods testifies not only to the new method s effectiveness but also
to its significant simplicity, proved in practice by students who performed corresponding tasks when studying the
Semantics of Programming Languages at the Institute of Information and Computing Technologies at the National
Research University Moscow Power Engineering Institute (Moscow, Russia).
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HAYHYHAA CTATbA

IKBUBAJIECHTHOCTh CXeM MPOrpamMm
HAa OCHOBE AJIre0panvdecKoro moaxoaa K 3a1aHuL0
CEMAHTHKH A3bIKOB NMPOTrPAMMMHPOBAHUS

10.M. Kopa6nuu @

HNY M3AU, Mockaa, 111250 Poccus
@ AsTOp AN nepenvicku, e-mail: KorablinYP@mpei.ru

Pe3slome

Lenu. Ctatbs NnocesLleHa BONpocaM 9KBMBaNIEHTHOCTW cxeM nporpamMmm. B cootBeTcTBUM ¢ pabotamum A.A. JisnyHoBa
1 0.1, AHoBa — OCHOBOMOJIOXHUKOB AAHHOW TEOPUK, NOA CXEMO NPOrpaMmMbl MOHUMAETCS ee MOAESb, B KOTOPOM
ocylecTensgeTca abcTparnpoBaHme OT CoaepXKaTeflbHbIX 3HA4YEHUIN ONepaTopoB U BbipaxXeHni. MNpy 9TOM HEN3MEH-
HOI OCTaeTcsl CTPYKTypa NporpaMmbl, BKOHaOLWAA CUMBOIMYECKMe 0003HaA4YEHMSI ONEPaTOPOB U BbipaXXEHN Npu
COXpaHeHU NOCNeaoBaTebHOCTU UX BbIMONHEHMS. [peacTaBneHHas B cTaTbe MOAESb s3blka NPOrpaMMmMpoBaHns
COLEPXUT OCHOBHbIE KOHCTPYKLMW MOCNEeA0BaTeNbHbIX A3bIKOB 1 ABNSETCS AA00M MMEIOLLIMXCA 3bIKOB MocieaoBa-
TeNbHOro NporpamMmmupoBanus. Llenb padoTel — padpadoTka apPeKTUBHOO anropntMa UccieaoBaHns BONpPOCOB 3K-
BWBAJIEHTHOCTU (HE3KBMBANEHTHOCTM) CXEM MPOrpaMm rnocneanoBaTesbHbIX A3bIKOB MPOrpaMMnUPOBaHUS.

MeTogabl. Micnonb3yeTtcsa anredbpanyeckuin noaxon K 3aaaHnio CEMaHTUKM A3bIKOB NPOrpaMMMPOBaHMs Ans uccne-
[,0BaHUS BOMPOCOB 3KBUBAJIEHTHOCTU CXEM MPOrpamm.

PesynbTaTthl. [peanoxeH HOBbIN anrebpanyeckmini Noaxom K 3agaHnio GopmasnibHOM CEMAHTUKN S3bIKOB Mocse-
[0BaTe/IbHOro NPorpaMMnUpoBaHnsa — NPOLIECCHass cemMaHTuka. NpoueccHas ceMaHTuka 3a0aeTcs NocpeacTBOM
COMNOCTaB/IEHNS NporpamMmam (cxemam NporpamMm) MHOXECTBA BbIHUCUTENbHbIX NOceaoBaTensHocTen. oa, Bbl-
YNCNUTENbHOW MOCNea0BaTeNbHOCTBLIO MOHMMAETCS NOCNeA0BaTeIbHOCTb BbINONHEHUS AENCTBUIA (KOMaHa, 1 Tec-
TOB) NporpamMmbl. Ha BBEAEHHOW CeMaHTMYecko 061acT (MHOXECTBE BbIYUCINTENbHbBIX NOCNea0BaTelbHOCTEN)
onpefeneHbl onepaunn KoHKaTeHaumm AByX BUOOB (TeCT-KOMaHaa 1M KoMaHaa-koMaHaa) v onepaums oobeamHe-
HUS, CBOMCTBA KOTOPbIX 3aJaHbl CUCTEMaMKM akCMOM. JlokazaHa KOHEYHOCTb NPeACTaBIEHNS CEMAHTUYECKUX 3HA-
YEeHU B BUAE CUCTEM PEKYPCUBHbIX YpaBHEHWUIA. [TpeanoxeH anropuTm AokasaTebCTBa 9KBUBANIEHTHOCTU (HEJK-
BVBANIEHTHOCTN) CUCTEM PEKYPCUBHbIX YPABHEHUN, XapakTEPUIYIOLLIMX CEMAHTUYECKME 3HAYEHUS OIS Napbl CXEM
nporpamMm, OTKyaa BbITEKAET 3KBMBAJIEHTHOCTb (HESKBMBANEHTHOCTM) NPOrpaMm B CUIIbHOM CMbICHIE.

BbiBoAbl. [MokaszaHa 3pPEKTUBHOCTb MPUMEHEHUSA NPEOI0OXKEHHOI0 anropmTMa a1 AokasaTtenbCTBa 9KBUBASIEHT-
HOCTM CXeM NocfiefoBaTeNbHbIX MPOrpamMm, B KOTOPbIX OTCYTCTBYET NOOOYHbLIN 3PPEKT NPU BbIYNCIIEHUN Bblpaxe-
HUI, T.e. NocneaoBaTesibHOE BblYNCIEHME BbipaXeHus 6onee, 4eM OAMH pas, HUYEro He MeHsieT. B cTaTbe NnpuBeaeH
[NEMOHCTPALMOHHbIM NpUMep gokasaTenbCTBa 9KBUMBANEHTHOCTU CXEM MporpaMm AByMsi METOAaMU: U3BECTHbLIM
METOA0M MHAYKUMN PUKCUPOBAHHOM ToYkM Ae bakkepa — CkoTTa 1 NpeasioXXeHHbIM B cTaTbe MeToaoM. CpaBHeHne
npuBeaeHHbIX METOA0B CBUAETENbCTBYET HE TONIbKO 00 3D PEKTUBHOCTM HOBOrO METOAA, HO U €ro CYLLLECTBEHHOM
MpPOCTOTE, 4TO ObISIO NOATBEPXAEHO Ha NPAKTUKE NP BbIMOJIHEHUM COOTBETCTBYIOLLIMX 3a0aHWNIN CTYAEHTaMU CneLmn-
anbHOCTU «[puknagHaa mateMaTnka n MHpopmaTuka» HaumoHanbHOro nccneanoBaTenbckoro yHusepcuteta MU
B MNPOLIECCE U3YHEHUS ANCLUMUMIINHBI «CeMaHTMKa 13bIKOB MPOrpaMMnUpPOBaHnNS».

KnioueBble cnoBa: cxema nporpamMmbl, CEMaHTU4eCKne obnactu, npoueccHaa ceMaHTka, 3KkBaunOHaJIbHaaA Xa-
pakTepusaumg ceMaHTUYeCKUX 3HaYEHWIN NPOorpamMm, SKBUBASIEHTHOCTb CXEM NPOrpamMm
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npOSpa‘IHOCTb d)MHaHCOBOﬁ neaTesibHOCTU: ABTOp HEe nMmeet d)I/IHaHCOBOI‘/JI 3anHTEepPeCOBaHHOCTW B nNpencTaBJiEH-

HbIX MaTepunasiax nin MmetTogax.

ABTOp 3asBNseT 06 OTCYTCTBUN KOH(INKTA UHTEPECOB.

INTRODUCTION

Program equivalence is an extremely important
aspect of the theory and practice of programming
languages underlying such problems as program
correctness [1-10], program completeness
(incompleteness), and equivalent transformations of
programs for optimizing them [11-13] in one way
or another. It is clear that to solve these problems,
appropriate formal methods for specifying semantics
of programming languages should be developed.
Propositional logic-based methods have been among
the first to be developed, the most known being Floyd’s
inductive assertion method [5] and Hoare’s axiomatic
method [6]. The use of these methods allows proving
partial correctness and completeness (incompleteness)
of a sufficiently large class of programs limited in size.
The denotational approach [7] allows more opportunities
for solving the problem of program equivalence using
methods based on fixed point properties, in particular,
the de Bakker—Scott fixed-point induction method [4, 7].
In the paper, the algebraic method for specifying the
process semantics of programs, matching programs with
a set of computation sequences (execution paths) of a
program as semantic values, is proposed. The algorithm
for analyzing the equivalence of program schemes based
on the idea of representing semantic values in the form
of finite systems of recursive equations with further
analysis for equivalence (non-equivalence) of the
obtained systems of recursive equations developed by
the author in his thesis! and [14] is proposed. In contrast
to the method proposed for proving the equivalence of
program schemes!, the recursive equations obtained in
the systems have a more complex form and require more
detailed analysis. The effectiveness of this method for
proving the program scheme equivalence is shown.

1. FORMAL MODEL
OF PROGRAMMING LANGUAGE

We shall specify the syntax and semantics of
language L used as a programming language model.

I Korablin Yu.P. Semantic methods of analysis of distributed
systems. Dr. Thesis (Eng.). Moscow: MEI; 1994. 40 p. (in Russ.).

1.1. Syntax of Language L

The alphabet of the language consists of the
following:

e the set of elementary commands Com with typical

element a;

e the set of Boolean expressions Exp with typical

element b.

Typical elements of sets may be indexed. In
addition, the following three constants may be
defined: skip is empty command; tt and ff are
identically true and identically false Boolean values,
respectively.

The set of Cmd commands with a typical element ¢
may be defined as follows:

c=skip |a[[ge] | * [ge],

where gc is a typical element of the set of protected
Gcom commands with the following syntax:

gcu=g—clgei{ogey,
gu=tt|ff|b

Parentheses are used to denote zero or more iterations
of the construct enclosed in brackets. A typical element
of the set of protections G is denoted by g.

The symbol o connects alternative program
components, i.e., such constructs are analogous
to switch branching statement in programming
languages.

The set of programs with typical element pr may be
defined as follows:

pr:=c|pr;c.

1.2. Algebraic semantics: mathematical
foundations and semantic equalities

The semantic function matches the program written
in L language with a set of computation sequences (CS)
that may be used for executing that program.

To specify the program semantics, the principle
of constructing semantic value of the entire program
based on semantic values of that program components
is proposed.
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Assuming that any program may be, in turn, a
component of another program, a priori semantics of the
entire program may always be obtained by composing
semantic values of program components.

1.2.1. Semantic domains

1. The set of values of elementary commands ACom
with typical element A.

2. The set of values of Boolean expressions Bexp
with typical element B.

3. The Const set containing the constants 1 (identity
transformation), T (identically true value), and F
(identically false value).

Typical elements of semantic domains may be indexed.

We shall define the set of computation sequences
CPath with typical element cp.

Two additional sets being the Test set with typical
element 3 and the Action set with typical element o may
be predefined, as follows:

B:=T|F|B,
an=T|A,
cp=a|B cp|cpl ocp2,

where cp= is finite CS while cpo is infinite CS. We shall
introduce the set SP = P(CPath) with typical element sp,
i.e., SP is the power set defined as the set of all subsets
of the CPath set.
Then, operations of the set—theoretic union

(spl + sp2), sequential composition (spl o sp2), and the
least fixed point (sp*) are defined in the SP set.

Before determining the value for sp™, two auxiliary
definitions should be introduced.

Definition 1. CS cp is called empty and denoted by ¢ if:

ep=1;

2Dep=T"e.

Infinite sequence of the form gw is denoted by LOOP
(looping).

Definition 2. € € sp if:

Sp=¢;

sp = spl + sp2 and ¢ belongs to at least one of the
sets spl or sp2;

sp = spl o sp2 and & belongs to both spl and sp2
simultaneously.

We shall define sp* as the least fixed point of the
operator F(sp), i.e., sp" = uF(sp), where F(sp) may be
written in the following form:

F(sp) =Agq.sp ° g + Vv, where v =1.

1.2.2. Semantics of language L
The semantic function may be defined as follows:

C[skip] =1,
Cla] = A,

C[tt — pr] = E[tt] * C[[pr],
C[ff — pr] = E[ff] ~ C[pr],
C[b — pr] = E[b] ~ C[pr],

where function E: Exp — TEST defines semantic values
of the expressions.

C[*{ge}] = (ClgeD)™,
Cllgel o ge2] = C[gel] + Clge2],

Clprl; pr2] = Cflpr1] o Cpr2].

Then, the semantic function for the following
expressions may be defined:

E: Exp — TEST,
E[tt] =T,
E[ft] =F,
E[b] =B.

1.3. Axiomatization of semantic
domain properties

The properties of operations on elements of the
semantic domain SPc =P (CPathc) may be described using
an axiomatic system (axiom schemes) and inference rules.
The axiomatic system may be defined as a set of blocks,
each describing certain properties of semantic objects.

The ACTION v TEST set with typical element d’
may be denoted by D’. Metavariables X, Y, and Z may
be used for denoting elements of the semantic domain.

Axioms defining basic properties of operations “o”
“A” and “+” may be written as follows:

(Al) X+X=X,

(A2) X+Y=Y+X,

(A3) X+ +Z2)=X+Y)+Z,
(A4d) X+Y)eZ=XoZ+YoZ,
(AS5) (XoY)oeZ=Xo(Yo2Z),
(A6) T10X=X,

(A7) Xot=X,

(A8) LOOP o X =LOOP,

(A9) ©X=0,

(A10) X+0=X,
(All) (BAX)oY=B"(XoY),
(A12) FAX=0,
(A13) 0~"X=0.

2. EQUATIONAL CHARACTERIZATION
OF A PRIORI SEMANTIC VALUES

In this section, the possibility of representing the
program semantic values in the form of finite systems of
recursive equations is described.

Definition 3. Let o € ACT = ACTION \ {1, @} and
(B € TES = TEST \ {F, @} and PREF = ACT U TES.
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The partial functions prefix: SP — PREF and suffix:
SP — SP may be defined using Table 1:

Table 1. Defining prefixes and suffixes of computation
sequences (sp)

sp prefix (sp) suffix (sp)
ooX o X
To0X prefix (X) suffix (X)
prX B X

It should be noted that prefix and suffix may be not
defined for the expression sp=F "~ X, since F * X =0
(axiom A12).

Definition 4. The CS set of P € SPc may be
equationally characterized if there exists the finite set
P1,P2, ..., Pn € SP such that P=P1 forany i (1 <i < n):

=Y 0 0b+ > By "B +3(R), (%)
jeN keN

where N= {1, 2, ..., n}, o, € ACT, B, € TES,

Vi 8(Pi) < P(ACT' U {LOOP}), where ACT' =
ACTION \ {1},

Vi Vj 3l € N, that Pij =PI,

Vi Vk 3r € N, that Pik = Pr.

Theorem 1. Every SP set matched as a semantic
value with a program may be equationally characterized
using a finite system of equations of the form (¥*).

Proof. The proof'is by induction method for structure P.

Basis. The equational characterization for p = d’,
where d’' € D’ follows trivially.

Inductive step. Let P1 = SP and P2 = SP be
equationally characterizable. Then it is necessary
to prove that P1 o P2, B ~ P1, P1 + P2, and P1" are
equationally characterizable.

We shall prove the expression P=P1 o P2.

By the induction hypothesis, there exist sets P11,
P12, ..., Pln and P21, P22, .... P2m such that P1 = P11
and P2 = P21, and

Pli= Y o 0Pl + 3 By ~Ply +8(Pli), i=1Ln, ()
jeN keN

and

P2i= Y o, 0P2, + ¥ B " P2, +8(P2i), i=1,m, ()
reN PpEN

We shall denote

n,vl,..,vr)=Pl, oP2+P2 +..+P2 ,
1 r (1)

(u=0,n,r20,1$vi£m,i=1,_r).

We shall write P100P2+P2le +"'+P2Vr instead
of P2, +..+P2 .

The number of expressions (1) is finite. By the
inductive hypothesis, the following may be written:

n,vl,...,vr) =

=| X, 0, 0Pl + D B Pl +8(Plu) [0 P2+
JjEN keN

+> o, oP2, ;+ S Bok P2, +8(P2v) + ..+
JeN keN

+, 0, ;0P2, i+ DB, AP2,  +8(P2v,).
jen " ken :

Then, applying axioms Al, A2, A3, and AS, the
following may be written:

nu,vl,...,vr) =

= > &, 0Pl oP2+ Y B, (P, oP2)+
JjEN keN

+> o, ;oP2, ;+ D Buk " P2y g+t
jEN keN

+Y o, ;oP2, i+ D B, P2, +
JeN keN

+ O0(Plu) o P2+ 6(P2v,) +...+ 8(P2v,).

If 8(Plu)= Y 5,,, where duieD', then axiom
JjEN
A4 is applied again replacing summand 6(P1u) o P2 with
expression 2 8, °P2, in n(u, vi,
JjEN

8,; =T, then P2 is replaced by its representation for
P21 from (***).

Then, applying axioms Al, A2, A3, and AS5, the
following may be written:

.., vr), and if

N, vi,...,vr) = z o, © Puj + z By "Pui+
JjeN keN

+Y Z(xqjqu/.+Z ZquAqu+

qeN jeN qeN keN
+ d(u,vl,...,vr),

where all expressions PP, P ;. and P ; are included
in(1). Sincen(1,1)=P1 o P2, then P1 o P2 is equationally
characterizable.

P=pB~P1. This is a trivial case. In this case, only
one equation P =P1 = ~ P11 is added to the finite
system of equations for P1 = P11, which implies
the equational characterizability of the expression
B~PIL.
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Proving the equational characterization of the
expression P=P1 + P2 is analogous, where the following
set is used as a finite set:

E(u,v) = Plu+P2v, u=0,n;v=0,m. )

For proving the equational characterization of the
expression P = P17, the set

CQul,...,ur) = (Pluy +...+ Plu, ) o P17,

r20,1<ui<n, i=1r. 3)

may be used.

The number of expressions (3) is finite.

Thus, the set of execution paths for a program, i.e.,
process semantics allowing studying various program
properties, may be defined as the semantic value of a
program. In particular, as described below, this approach
allows studying the equivalence of program schemes in
a strong sense.

3. COMPARISON OF PROMRAM SCHEMES
IN LANGUAGE L

We shall define a method for comparing systems
of recursive equations of the form (*), thus allowing
obtaining a formal method for comparing program
schemes in language L.

The significant factor of the considered method is
the uniqueness of prefixes of any recursive equation
being achieved through applying the axiom of the
form X o (Y + Z) =X oY + X o Z. The result of
applying this axiom is that any recursive equation
is reduced to the form where all a,; are pairwise
distinct. ‘

Thus, proving the equivalence (or non-equivalence)
of two systems of recursive equations in each step is
reduced to proving the equivalence of expression pairs
having the same prefixes in the considered recursive
equations.

The comparison process ends when new expression
pairs stop appearing, or there is a mismatch of prefixes
or expression sets 6 for a certain expression pair in a
certain step.

The first case of completing the comparison
process implies the equivalence of two systems of
recursive equations, while the second case implies their
noncomparability, and therefore non-equivalence of two
systems of recursive equations.

Let there be two systems of recursive equations of
the form (*) to be tested for equivalence. These systems
contain recursive equations for expressions P1, P2, ..., Pn
u P1’, P2, ..., Pm’, respectively. We shall denote the set
of expressions {P1, P2, ..., Pn} by P, {P1’, P2’, ..., Pm'}

by P’, and the sets of all subsets of P and P’ by P(P) and
P(P’), respectively.

We shall consider the equations for P1 and P1". Here,
the following cases are possible:

a) 8(P1) = 8(P1") and Vj € N Jk € N are such that
alj = alk’ and vice versa, and also Vk e N3p € N
is such that f1k = Blp’ and vice versa. In this case,
the process of writing out equations for all pairs
(P, P ;) having the same prefixes of type o as well
as for all pairs (P,,, P, p) having the same prefixes of
type B should be continued.

b) At least one of the conditions given in paragraph a)
is not satisfied. This is the case of noncomparability
of the prefix set or that of noncomparability of
absolute terms of equations (8(P1) = d(P1"),
whence it follows that computation sequence sets
(CSSs) given by systems of recursive equations are
noncomparable.

The above process of writing equations should be
proceeded for the resulting pairs until obtaining one of
the following results:

e two systems of recursive equations equivalent up to
notations (with only case a) occurred in each step)
are set up. In this case, CSSs given by systems of
recursive equations are comparable, and thus, the
program schemes matched with these expressions
are equivalent;

o the condition given in paragraph a) is not satisfied.
In this case, CSSs given by systems of recursive
equations are not equivalent, and thus, the program
schemes matched with these expressions are not
equivalent.

We shall analyze the effectiveness of the proposed
method for proving the equivalence of program
schemes. In particular, an example of proving the
following statement applying the extensively used
method of fixed-point induction [4] may be firstly
considered:

C [while B do C1 od; while B do C2 od ]| = C [[while B
do Cl od].

Solution. We shall introduce the following notations:
E [E]=w; C [C1] =v1; C [C2] =v2.

C [while E do C1 od;] = fix(Ay.Ac.000c — yylo,0) =
= fix H1 =y1/,

where fix H1 stands for taking the least fixed point of the
operator H1=Ay.Ac.06 — y-yl0o,0.

C [while E do C2 od;] = fix(Ay.Ac.000 — y¥206,0) =
= fix H2 =y2/,

where H2 = Ay.A6.00 — yy20,0.
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The left-hand side (LHS) of the equation is given as
follows:

LHS =C [while E do C2 od;]] - C [while E do C1 od;] =
=y2"yl".

The right-hand side (RHS) of the equation is,
respectively, of the following form:

RHS =v1".

Thus, it is required to prove that: y2" y1'=y1".
For proving, the method of fixed-point induction is
applied.

Letg(x)=v2"-x=x.

lL.g(L)y=y2'-1=1

2. Let g(x) =v2'- x =x is valid.

We shall show that q(H1(x)) = vy2'- Hl(x) = Hl(x)
is valid.

LHS =72"- H1(x) =72" - (Ac.wc — xylo,0) = (left
factoring)

=Ac.06 — y2'- x - ylo, y2'c = (assuming validity
of g(x))

= A0.0G — X *
property)

=A0.06 — x - ylo, H2(y2")o =

=A0.06 — x * ylo, (Ac.0w0c — y2' - y26,6)0 =

=A0.06 — x - ylo, (Ao.wc — y2' - y20,06) = (by the
conditional operator property)

=A0.00 — x - ylo, o.

vlo, y2'c = (by the fixed point

RHS =HI(x) =Ac.0c — x - ylo, o

It follows from paragraphs 1 and 2 that g(fix H1) =
= q(y1l") is valid, and thus,

v2"-y1'=vy1’, as required.

This statement way be written using the proposed
notation, as follows:

*[b— cl]; *[b — c2] =*[b — cl].

Using the above algorithm, the validity of the
following statement may be proved:

Cl*b—cll*b—c2]]=C [*[b—cl]].

We shall denote C [ *[b — cl1]; *[b — ¢2] ] by P1,
and C [ *[b — c1] ] by P2.

Pl =(B"Cl)" o (B~ C2),
P2 =(B"Cl)".

Then, P1 and P2 may be represented by systems of
recursive equations according to the program scheme
comparison algorithm given above. Let P11 = P1 and
P21 =P2. Then:

Pl1=10o(B"C2)"+(B"Cl)o(B"Cl)" o (BAC2)"=

=1+(B" "C2o (B "CH'+(B Cl)e (BACl)" o
o(BANC2)" =

=1+B*{C2o(B*C2)"+Clo(BACl)' o (B C2)"} =

=t+B~"PI2.

P2l=1t+ B~ Cl)o B ACDH*=1+B " {Clo
o(BACl)"}=t+B"P22.

It can be easily seen that the set P12 contains CSs
starting at C2 while the set P22 does not contain CSs
starting at C2, whence it follows that P12 # P22.

At first glance, this result seems contradicting what
obtained above. However, the crux of the problem is
that obtaining this result, the lack of side effects while
calculating expressions (conditions for execution of
protected commands) has been assumed. It follows from
this assumption directly that recalculation of the same
expression would always give the same result. In our
case, however, recalculating the same expression may
give, in general, different results. This may be illustrated
by the following example. Let be a program enabling
side effects, i.e., value changes in variables when
calculating expressions,

x:=1*x:=2xx=4—>cl];[x:=2xx=4—c2].

The initial calculation of the expression x: =2 x x = 4
results in a false value, and thus in breaking out of
the loop *[x: =2 X x =4 — c1] and in proceeding to
calculations of the next instruction. In this case, the
value of variable x before executing is equal to 2.
Recalculating the expression x: = 2 x x = 4 results in
the true value. Obviously, the presence of side effects
is usually an undesirable situation. Therefore, it would
be advisable to create a formalism allowing analyzing
programs excluding side effects. To that end, a number
of notions introduced previously should be redefined, as
well as axioms characterizing their properties should be
added.

We shall first expand the test set by adding negation
and difficult tests.

B:=...]18|B1 * P 2, where the ellipsis stands for
the predefined test sets.

The new test set is characterized by the following
block of axioms:

(G1) P1 * p2 =2 * 1,

(G2)B * 1B =F,
(G3)F+B=F,
(G4H O =0,
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(G5) T+ p=B,
(GO)p =B =P,
(G7) P1 = (B2x B3) = (B1* B2) * B3,
(G8) P17~ (B2 C) = (B1 * p2)~ C.

The expansion of multiple tests results in the need to
modify the predefined notions of prefix and suffix.

Definition 5. The partial functions prefix: SP — PREF
and suffix: SP — SP are defined by Table 2 being the
extension of Table 1:

Table 2. Defining prefixes and suffixes of computation
sequences (sp)

Sp prefix (SP) suffix (SP)
oo X o X
10X prefix (X) suffix (X)
B1 e X1, Bl X1
where X1 # 32~ X2,
and X1 #1 o X,
and X1 = X2*
BL~(P21X) prefix (31 * $2) ~ | suffix (B1 * p2)~
A X) A X)
B~ (teX) prefix (B " X) suffix (B~ X)

It should be noted that when sp = $1 ~ X1 and
X1 =X2%, it would be essential to use first the property
of the least fixed point up to the appearance of one of
the constructs which the suffix and prefix defined for in
Table 2.

Then, the following statement given above should
be proved:

C[*b— cl]; *[b—c2]]=C[*b—cl]].

We shall show that (B~ C1)" o (B~ C2)"=(B"C1)".
Denoting, as before, the left-hand side of this statement
by P1 while the right-hand side by P2, we shall set up
systems of equations using the new formalism.

Then, the value v should be modified. Taking into
account new definition of tests, the value v for expression
of the form (B1 ~ C1 + B2~ C2 +.. .+ Bn " Cn)" may
be defined as v = *t, where = 1B1 * 1B2+. .. * 1Bn.

Thus, the systems of equations may be written in the
following form:

PI1=PI1=(BACl)o(BACl) o (BAC2)" +(1B~1)o
o (BAC2)" =
=BAClo(BACl) o(BAC2)" +(1B~T)o(BAC2)o
o(BAC2)"+(BBAt)o(BAT)=
=BAPI2+1BA(BAC2)o(BAC2)" +1B 1=
=BAPI2+(IB*B)"C20(BAC2)" +1B 1=
=BAPI2+F~C20(B"C2)"+1B~PI3=
=BAPI2+Q+1BAPI3=B~PI12+1B"PI3,

P12=Cl1 o P11,

P13 =T,
P21=P2=B"*Cl)o (B "Cl)+1B" 1=
=BAClo(BACl)"+1IB" 1=

=B P22+ 1B " P23,

P22 =Cl1 0o P21,

P23 =n1.

The following two systems of recursive equations
may be written:

P11 =B~ P12+ 1B~ P13,
P12=C1 o P11,
P13 =T,

and

P21 =B~ P22+ 1B " P23,
P22 =ClI1 o P21,
P23 =1.

The resulting systems of equations coincide with
the accuracy of variable denoting, which implies the
equivalence of expressions P1 and P2.

We shall consider another example of applying the
proposed method to proving another statement. Suppose
we need to prove the following statement:

C [[while E do C1 od; while E do C2; while E do C2
odod] =

C [if E then C1; while E do C1 od; while E do C2
od else e fi].

In our formalism, the above statement may be
written in the following form:

#[b— clJ:4b — e2;*[b — c2]] = (b — [cl;*[b— cl]:*
*[b—c2])o b — skip].

Let: B=E[blp, B=E[} Jp, C1=C[cl]p, C2=C[c2]p.

Pl = C[LHS]p = P11 = (B ~ C1)" o (B » (C2 o
o (BAC2))'=(BACl)o(BACI)'+ BA1)o (B
A(C20(BAC2)) =BAPI2+@+BAPI3=B~API2+
+[B A P13,

P12=Cl o (B~ Cl) o (B"(C20 (B"C2)"))" =
=Cl o P11,

PI3=1.

Thus, the following may be written:
PI11=B~ P12+ B~ P13,

P12 =Cl1 o P11,
P13 =1,

Russian Technological Journal. 2022;10(1):18-27

25



Equivalence of the schemes of programs based on the algebraic approach

to setting the semantics of programming languages

Yuri P. Korablin

P2 = C[RHS]p = P21 =B ~ (Cl o (B ~ C1)" o
o (B~ C2)")+ BA1=B~P22+IB~ P23,

P22=Cl o (B~ Cl)" o (B~ C2)"=Cl o P11,

P23 =1.

Thus, the following may be written:

P21 =B~ P22+ [B ~ P23,
P22=C1 o P21,
P23 =1.

The resulting systems of equations coincide with
the accuracy of variable denoting, which implies the
equivalence of expressions P1 and P2.
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Abstract

Objectives. Digitalization of the economy has led to a situation in which organizations accumulate huge amounts of
digital data, the loss or damage of which leads to irreparable damage to the organizations. The issue of increasing
data safety is relevant. One of the ways to improve the safety of data is backing them up. The study aimed to develop
an effective strategy for backing up data for critical enterprise information systems.

Methods. The method for solving the problem was to create backup copies of enterprise information systems using
a flexible architecture based on the backup—as a service in external cloud structures—in combination with technical
resources of the organization.

Results. This article discussed backup solutions and tools, which include: backup volumes and schedule, target
point and recovery time. The strategies and mechanisms of data backup were analyzed. The most common backup
mechanisms are removable media, backups, external hard drive, hardware, backup software, cloud backup services.
To create backups on a network, a large external hard drive is created and archival software is used to save changes
to local files on that hard drive. This article covered: backup strategy, concept of backup storage, different types of
backup storage methods, including network storage, external hard drives, and cloud storage. The main provisions
and rules for backing up critical information systems were described. The rules for copying servers were given.
Conclusions. This article discusses a data backup architecture for mission-critical enterprise information systems.
The authors believe that there should be at least three backups, two of which are located in the “cloud.” The 3-2-1
strategy developed by the authors gives quite satisfactory results for the safety of critical data.
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Pesome

Llenu. LindpoBnsaumsa akKoOHOMUKN NpuBena kK ToMy, Y4To fitobas opraHn3aLmsi HakananmeaeT OrpoOMHOE KOJINYeCTBO
UMDPOBbLIX AaHHbIX, MOTEPS UK NopYa KOTOPLIX MPMBOANT K HEBOCMOIHUMOMY YLLepOy ans opraHmaauum. AKTyarsb-
HbIM SIBJIIeTCS1 BOMPOC MOBbILUEHNS COXPAHHOCTU AaHHbIX. OAHMM 13 cnocOoOO0B MOBbLILLIEHWS COXPAHHOCTU AaHHbIX
ABNISIETCS pe3epBHOE KonpoBaHue. Llenbio ctaTbu sBnsieTcs pa3paboTka addekTUBHOM cTpaTernn pe3eperpoBa-
HUS AAHHBIX OJ151 KOUTUYECKN BaXKHbIX MHPOPMAaLIMOHHbBIX CUCTEM NPeanpusaTus.

MeTopabli. MeTOOOM pelleHns 3aga4yn SBASeTCS co3faHmne pe3epBHbIX KON MHOOPMAaLMOHHBIX CUCTEM Npes-
NMPUSTUS HA OCHOBE NPUMEHEHUSI TMOKOM apXUTEKTYPbl, OCHOBAHHOW Ha CO4YEeTaHMN Pe3ePBHOro KOMMPOBaHUS Kak
YCJIYr1 BO BHELUHNX 06/1a4HbIX CTPYKTYPax C TEXHNYECKMMU CpeacTBaMm, HAXOASLWMMUCS B pacrnopsiXXeHnm opra-
HU3aunu.

PesaynbTaTthl. B cTatbe 06CyXaaloTcs peLleHns N MHCTPYMEHTbI /151 pe3epPBHOM0 KOMMPOBaHUS, Cpean KOTOpPbIX:
06beMbI 1 pacnmcaHne pe3epBHOro KONMpPOoBaHUS, LiefieBasi Touka 1 BpeMsi BOCCTaHOBIEHMS AaHHbIX. PaccMoTpe-
Hbl CTpaTermm n MexaHn3mbl Pe3epBHOr0 KONMPOBaHUS AaHHbIX. Hanbonee pacnpocTpaHeHHbIMU MexaHU3MaMu
pe3epBHOr0 KOMMPOBaHUSA ABASIOTCA CbeMHbIe HOCUTENW, pe3epPBMPOBaHME, BHELLIHUA XEeCTKMUIA ANCK, anmnapaTHble
cpencTsa, nporpamMmMmHoe obecrnedeHne OJjisi pe3epBHOro KONMpPOoBaHWUS, YCIyr pe3epBHOr0 KOMMPoBaHUs B «06-
nako». ns co3pgaHns pe3epBHbIX KOMWi B CBOEN CETU CO30aeTCsl BHELLHUI XEeCTKUn Auck 60nblioro obbema um
MCMNONb3yeTCcsl apXMBHOE NporpamMmMHoe obecrnedyeHne s COXpaHeHUs UBMEHEHUI B NloKasibHbIX dainax Ha 3TOM
XEeCcTKOM aucke. B ctaTbe pacCMOTPEHbI: CTpaTerusi pe3epBHOIr0 KONMMPOBaHWS, KOHLLEMNLMS XpaHUAMLLA Pe3epPBHbIX
KOMWIA, pasfinyHble TUMbl METOA0B XPaHeHMs pe3epPBHbIX KOMWIA, BKITlOYasi CETEBOE XPaHWUJINLLIE, BHELLHWE XeCTKme
OMCKM 1 obnadHoe xpaHunuie. OnmcaHbl OCHOBHbBIE MOJIOXEHUS 1 NpaBuia pe3epBHOro KONMPOBaHNS KPUTUYECKN
BaXHbIX NHPOPMALIMOHHbIX cucTeM. MNprBeaeHbl NpaBuna KONMpoBaHNS CEPBEPOB.

BbiBoAbI. B cTaTbe 06CyXAaeTcsi apxXUTekTypa pe3epBHOro KONMPOBaHNS AaHHbIX 4151 KOUTUYECKU BadKHbIX MHGOP-
MaLMNOHHbIX CUCTEM MPeanpuaTus. ABTOpPbl CHMTAIOT, YTO Pe3epPBHbIX KOMUA A0SIXHO ObiTb HE MeHee TpeX, OBe U3
KOTOpPbIX pa3mellatoTcs B «obnake». PaspaboTaHHas aBTopamu cTpaterus 3—2—1 naet BroJsiHe yOOBETBOPUTESIb-
Hble pe3yfibTaTbl N0 COXPaHHOCTUN KPUTUYECKM BaXKHbIX OAHHbIX.

KniouyeBble crnoBa: pe3epBHOE KONMMPOBaHMe, BOCCTAaHOB/IEHME AaHHbIX, CETEBOE XpaHunuLe, o6na4yHble TEXHONO-
rnn, 6GaHKOBCKMIA CEKTOP, TMMBpUaHbIE «0bnaka»

e Moctynuna: 13.09.2021 » flopa6oTaHa: 14.10.2021 ¢ MpuHaTa kK ony6nukoeaHuio: 15.12.2021

Ansa untmnpoBanusa: Lantypa C.B., MNMutkesny M.H. MeToabl pe3epBMpOBaHMA OaHHbIX O KPUTUHECKN BaXKHbIX
MHOOPMALUMOHHBIX cuctem npepnpuatua. Russ. Technol. J. 2022;10(1):28-34. https://doi.org/10.32362/2500-
316X-2022-10-1-28-34

Mpo3payHocTb PUHAHCOBOWN AEATENBHOCTU: HUKTO M3 aBTOPOB He MMeeT PUHAHCOBOM 3aUHTEPECOBAHHOCTU B
npeacTaB/IEeHHbIX MaTepuanax niM MeToaax.

ABTOpbI 3a59BAAOT 006 OTCYTCTBUMN KOHMINKTA MHTEPECOB.
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INTRODUCTION

In the digital economy [1], backing up data [2—4] is
vital for the functioning of an organization [5]. Data can
be stolen, corrupted, or lost. Data backup is a practice
that combines methods and solutions for efficient and
economical data storage with the process of parallel
computing [6, 7], that leads to a synergistic effect [8, 9].
Corporate data are copied to one or more locations at
predetermined frequency and varying capacities.
A flexible backup operation can be set up using either the
company’s own architecture or the available Backup as a
Service (BaaS) solutions, mixing them with local storage
[10-12]. Today there are many technical solutions for
corporate storage [13], which allow the company to
protect data [14—16], avoid their loss, prevent leakage,
and calculate costs [17-19].

Data backup is the practice of copying information
from a primary to a secondary location to protect it in the
event of a disaster, accident, or malicious act. Data is a
vital resource of modern organizations, and its loss can
cause serious damage to security [20, 21]. Therefore,
backups are critical for all businesses.

The most common causes of data loss are hardware
and system failure (31%), human error (29%), viruses
and ransomware (29%) [14, 22, 23].

METHODS FOR SOLVING THE PROBLEM

Typically, backup data is essential information for
workloads running on a corporate server. These can
include documents, media files, configuration files,
computer images, operating systems, and registry
files. Basically, any data that needs to be saved can be
backed up.

Backing up data
concepts.

Backup solutions and tools. While it is possible to
manually back up the data, in order to ensure that this is
done regularly and consistently, most organizations use
technology-based solutions to back up their data.

Backup administrator. Each organization should
designate a backup administrator. This person verifies
that the backup systems are configured correctly, tests
them periodically, and ensures that critical data is
actually backed up.

The volume and schedule of backups. An organization
should choose a backup policy, specifying which files
and systems are important enough to back up and how
often to back it up.

Recovery Point Objective (RPO). This is the amount
of data that an organization is prepared to lose in the
event of a disaster, and it is determined by the frequency
of backups. If the systems are backed up once a day,
the RPO is 24 h. The lower the RPO, the more storage,

includes several important

compute, and network resources are required for frequent
backups.

Recovery Time Objective (RTO). This is the time
it takes for an organization to restore data or systems
from a backup and resume normal operation. For large
amounts of data and/or backups stored off-site, copying
data and restoring systems can take a significant amount
of time. Reliable technical solutions are required to
ensure low RTO values.

DATA BACKUP MECHANISMS

There are many ways to back up a file [3, 24, 25].
Choosing the right option can help an organization to
create the best backup plan. The most common backup
mechanisms are: removable media, backups, external
hard drive, hardware, backup software, cloud backup
services.

An easy option is to back up the files to removable
media such as CDs, DVDs, Blu-Ray discs, or USB
drives.

An additional hard drive can be configured, which
will be a copy of the drive of critical information
systems of the enterprise. It is possible set up a large
external hard drive on your network and use archive
software to save changes to local files on that hard drive.
The archiving software allows you to recover files from
external hardware in just a few minutes. However, as
data volumes grow, a single external drive will not be
enough.

Many vendors provide off-the-shelf backup
devices, typically 19” rack mountable. Backup devices
come with large storage capacities and pre-integrated
software. Backup agents are installed on the systems
for which you want to run the backup, a schedule and
backup policy are defined, and data are transferred to the
backup device. As with the other options, you can place
the backup device isolated from the local network and,
if possible, in a remote location.

Backup software solutions are more difficult to set
up and configure than hardware appliances, but they
provide more flexibility. They allow you to determine
which systems and data will be backed up, place the
backups on the selected storage device, and automatically
manage this process.

Cloud providers offer BaaS solutions where you can
send on-premises data to the public or private cloud, and
in the event of a disaster, recover the data back from
the cloud. BaaS solutions are easy to use; their great
advantage is that the data are stored remotely. However,
when using the public cloud, you must comply with
applicable regulations and standards, and bear in mind
that over time, the cost of storing data in the cloud will
be much higher than the cost of setting up similar storage
locally.
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STRATEGY 3—2—-1 BACKUP
FOR CRITICAL CORPORATE
INFORMATION SYSTEMS

The authors proposed a 3—2—1 backup strategy for
critical corporate information systems. This strategy is
to ensure that systems are adequately backed up and
recovered reliably. The essence of the strategy is that
three copies of important information systems of an
organization are created on at least two different media,
and at least one copy is stored remotely.

Three copies of the data include the original data
and two duplicates. This ensures that a lost backup or
damaged media will not affect your ability to recover.

Two different storage types reduce the risk of media-
specific failures by using two different technologies.
Common options include internal and external hard
drives, removable media, or cloud storage

In this case, one copy is stored directly in the
organization. Incremental or differential backups are
performed daily. There are two backups in different
remote locations (“‘cloud”). Once a week, a full copy
of the computer disks is made and sent to “cloud”
No. 1. Additionally, once a month, another full copy is
made, the results of which are sent to “cloud” No. 2.
The composition of the daily and weekly set is constant.
Thus, compared to simple rotation, the archive contains
only monthly copies and the latest weekly and daily
copies.

One remote copy eliminates the risk of a single
point of failure. External copies are essential for robust
disaster recovery and data backup strategies, and can
provide failover during local failures when needed.

BACKUP OF CRITICAL IT SYSTEMS

The easiest way to back up a server is the solutions
proposedin [10, 11]. This is a full server backup. It can be
performed weekly, monthly, or quarterly and performed
using compression techniques. These solutions are
usually designed to help back up server data to another
on-premises server, cloud server, or hybrid system. In
particular, backups to hybrid systems are becoming
increasingly popular. This is because such systems can
optimize resources, support simple redundancy across
multiple regions, and can provide faster recovery and
failover.

Typically, server backup solutions should include
the following functions.

Support for various file types. All kinds of files
must be supported. In particular, solutions must support
documents, spreadsheets, media files, and configuration
files.

Backup location. 1t should be possible to specify the
backup locations. The solution should support backups

to multiple locations and media, including internal and
external resources.

Scheduling and automation. In addition to be able
to perform manual backups, solutions must support the
automation of backups through scheduling. This ensures
that the user always has the most recent backup and that
the backups are created in a consistent manner.

Backup management. You need to be able to manage
the lifecycle of your backups, including the number and
length of storage. Ideally, solutions also make it easy to
export backups for transfer to external resources.

Section selection. Partitions are isolated segments of
a storage resource and are often used to separate data on
a system. Solutions should allow users to self-back up
and recover partitions.

Compression of data. To minimize the amount of
storage required for multiple backups, solutions must
compress the backup data. This compression must be
lossless and maintain the integrity of all data.

Selecting the type of backup. 1t should be possible
to create various types of backups, including full,
differential and incremental. Differential backups
contain a copy of the changes since the last full backup,
while incremental backups contain a record of the
changes since the last incremental backup. This can help
reduce the size of backups and speed up backup times.

Scaling. Backup capabilities should not be limited by
the amount of data on users’ servers. Solutions must be
scaled as well as data and support backups of any size.

BACKUP TECHNOLOGY

Backup storage is the physical location or device
for storing copies of data for recovery in the event of a
disaster or data loss. Backup storage systems typically
include both hardware and software for backup and
recovery management. This includes everything from
simple flash storage to hybrid local physical storage and
remote cloud storage.

Whichever method is used for backup, in the end, the
data must be stored somewhere [12—14]. The technology
used to store the backup data is very important. The
more economical the technology, the more data can be
stored and the faster that data will be retrieved. The more
reliable the storage technology, the more reliable will be
the safety of backups.

Network resources and NAS. You can configure
centralized storage such as Network Attached Storage
(NAS), Storage Area Network (SAN), or regular hard
drives connected as a network share using the Network
File System (NFS) protocol. This is a convenient option
for providing local devices with a large amount of
backup storage. However, it is susceptible to threats
such as fire, flooding and other threats of destruction
affecting the entire data center, as well as cyber attacks.
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Cloud storage of objects. When using cloud
providers, there is access to a variety of storage services.
There are tools that allow you to automatically create
backups of data, both from the “cloud” and from local
machines. The most popular are:

AMANDA (Advanced Maryland Automatic Network
Disk Archiver) is a system for backing up and archiving
information.

Bacula is a client/server software that allows you to
manage backup, recover and validate data over the network
for computers and operating systems of various types.

Duplicity is backs up encrypted volumes in tar-
format locally or to a remote host.
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Abstract

Objectives. The most important distinguishing feature of satellite communication networks (SCNs) is topology,
which consolidates the scheme for combining nodes and communication channels into a single structure and largely
determines the main characteristics of communication systems. The following topologies are used in SCNs: fully
connected, tree-like, ring-shaped, and radial (“star” type). The topology can be changed depending on the tasks
being solved; for example, to ensure high reliability rates. The most frequently used indicator characterizing the
reliability of communication networks is the readiness factor. Considering the SCN as a complex recoverable system,
it is advisable to analyze the operational readiness factor along with the readiness factor. This paper investigates the
influence of the network topology on the reliability of the SCN.

Methods. Queuing theory was used to analyze the flow of events, that is, the flow of failures and recoveries.
Results. Assuming that the exponential Mean Time Between Failures (MTBF) model can be used for a central
node with a radial network topology, the time dependences of the operational readiness factor were obtained. The
reliability of networks with ring and radial topology was compared in terms of the operational readiness factor.
Conclusions. To achieve a higher reliability, it is necessary to use an SCN with a radial structure. For example, on a
time interval of 12000 h, the operational readiness factor of a two-node SCN with a radial structure is 0.9, and for an
SCN with aring topology with the number of nodes 2, 3, 4, itis 0.7, 0.59, and 0.5, respectively. The study also showed
that radial topology is more efficient even with less reliable nodes, that is, with higher failure rates. The advantage of
a radial network topology increases as the number of nodes increases. However, in an SCN with a radial topology,
failure of the central unit leads to complete degradation of the entire system.
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HAYYHAA CTATbA

Ko3gpuuueHT oneparuBHOM rOTOBHOCTH
CIIYTHUKOBBIX ceTeil CBA3H
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Pe3iome

Llenun. BaxHENLLIMM OTANYUTENBHBIM MPU3HAKOM CMYTHUKOBBIX ceTel cBA3n (CCC) aBnaeTcsa Tononorus, xapakrepu-
3yloLlasi cxeMy 06beMHEHMS Y3II0B U KaHANIOB CBA3W B €AMHYI0 CTPYKTYPY Y BO MHOFOM OMpeaensioLas OCHOBHbIE
xapakrepuctukm cuctem ceasn. B CCC ncnonb3yloTca cnenyoLme Tononormm: NOAHOCBA3Has, APEBOBMAHAS, KOJb-
LeBas v pagmanbHag (Tuna «3sesga»). Tononormo MOXHO M3MEHATb B 3aBMCUMOCTU OT PeLLaeMblxX 3a4a4, Hanpumep,
nna obecneyeHns BbICOKUX nokasatenei HaaexHocTn. O6LmMM, Hambonee 4acTo NPUMEHSIEMbIM Noka3aTeneMm, xa-
PaKkTEPUIYIOLLNM HAOEXHOCTb CETEN CBA3U, ABASETCA KO3ddUUMEHT roToBHOCTU. Paccmatpuas CCC kak CoXHy0
BOCCTaHaBNMBAEMYIO CUCTEMY, LienecoobpasHo Hapsay ¢ KOAPMULIMEHTOM rOTOBHOCTU aHannM3npoBaTb koadohuum-
€HT ornepaTrBHOM rOTOBHOCTU. B paboTe nccnenyetcst BIMsIHUE TOMOMIOMMMN CETU Ha HaaexHocTb CCC.

MeTopabl. Vlcnonb3yeTcs Teopms MaccoBOro 06CNyXnMBaHUS Af1 aHann3a notoka cobblTuii, TO ECTb NOTOKA OTKA30B
1 BOCCTaAHOBJ/IEHUIA.

Pe3ynbTarsl. [Tonaras, 4to ons LEHTPaNbHOro y3na Nnpu pagananbHOM TONOAOrMY CETU MOXHO MCMOb30BaTh 9KC-
NOHEHUManbHY0 MoAe b HapaboTkKM [0 0TKa3a, Nosy4eHbl 3aBUCUMOCTU KOG DULMEHTA ONEPATMBHOW FOTOBHOCTH
OT BPEMEHMW. BbINONHEHO CpaBHEHWE HAAEXHOCTU CETEN C KOMbLEBOW N paguasnbHOM TOMOJIormen no KoadouumeH-
Ty ONepaTMBHOM rOTOBHOCTMU.

BbiBoAgbl. [TokasaHo, 4TO 4N OOCTUXEHUs 6onee BbICOKOW HaOeXHOCTU Heobxoammo mcnosb3oBate CCC ¢ pa-
AVanbHOM CTPYKTypor. Hanpumep, Ha nHtepeane sBpemenn 12000 yacoB k0adPULUMEHT onepaTnBHOM FOTOBHOCTH
nByxyanoson CCC c pagmanbHon cTpykTypor paseH 0.9, a gna CCC ¢ KonbLeBOW TONOMOrMEN NP KONYECTBE
y3noB 2, 3, 4 cooTBeTCTBEHHO paBeH 0.7, 0.59, 0.5. MiccnepoBaHmne Takke nokasasno, YTo pagmanbHas Tononaorus
addekTnBHEE faxKe NP MEHEE HAAEXHbIX y3n1ax, TO eCTb NPU YBENYEHUN NHTEHCMBHOCTN OTKa30B. [Npenmyuie-
CTBO pPaanasnbHON TOMOOrMM CETM BO3pacTaeT No Mepe yBennyeHus yncna y3nos. OgHako B CCC ¢ paguanbHoi
TOMOJIOTMEN BbIXO, U3 CTPOS LLIEHTPANbHOMO y31a NpuBOAMUT K NOIHOW AerpagaLmmn BCen CUCTEMBI.

KnioueBble cnoea: HageXHOCTb, CIYTHMKOBasA CBSA3b, CETb CBA3U, TOMNONOMNS CeTU, KOIDDULIMEHT onepaTnBHOMN

rOTOBHOCTUN

e Moctynuna: 30.09.2021 » Aopa6oTaHa: 31.10.2021 ¢ MpuHaTa kK ony6nukoeaHuio: 07.12.2021

Ana umtupoBaHua: lenbpman T.9., Mupxaska A.MN. KoapduumeHT onepaTnBHOM rOTOBHOCTU CMYTHUKOBbLIX CETEl CBA3MN.
Russ. Technol. J. 2022;10(1):35-40. https://doi.org/10.32362/2500-316X-2022-10- 1-35-40

MpospayHocTb PUHAHCOBOWN AEATENbHOCTU: HUKTO 13 aBTOPOB He MMeeT PUHAHCOBOM 3aMHTEPECOBAHHOCTU B

npencTaBJZIEHHbIX MaTepunasiax nin metogax.

ABTOpr 3asBnat0T 00 OTCYTCTBUA KOHd)J'II/IKTa NHTEepeCOoB.

INTRODUCTION

It is extremely difficult to increase the reliability
of satellite communication networks (SCNs) during
operation. This is due to the fact that expected reliability
is mainly based on the design of networks and the
manufacture of equipment. During operation, reliability
only decreases [1, 2]. The rate of decrease in reliability
depends on the operating methods, the qualifications of
the maintenance personnel, and the operating conditions.

There are effective methods to improve the reliability

of communication networks:

redundancy [3, 4],

simplification of the system,

use of the most reliable elements,

standardization and unification of elements and
assemblies,

built-in checks,

automation of checks.
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The effectiveness of these methods lies in that
they allow building reliable systems from unreliable
elements. These techniques can reduce system failure
rates, decrease mean time to recovery, and increase the
system’s duration of continuous operation. The issues of
assessing the reliability of communication networks and
analyzing the effectiveness of methods for increasing
reliability are relevant for INFOCOM communication
networks [5-9].

The general indicator characterizing the reliability
of any equipment (including communication networks)
is the readiness factor—the limit of the instantaneous
readiness factor when the considered moment of
time tends to infinity. The instantaneous readiness
factor (readiness function) is the probability that an
object will be in a working state at a given time!. The
readiness factor is one of the main reliability indicators
of the communication network [10]. When formulating
the requirements for the reliability indicators of
communication networks, the readiness factor is usually
standardized [11].

Considering the SCN as a complex recoverable
system, it is advisable, along with the readiness
factor, to analyze the operational readiness factor—
the probability that the object will be in a working
state at an arbitrary point in time, except for the
scheduled periods during which the use of the object
for its intended purpose is not provided, and, starting
from this moment in time, will work flawlessly for a
specified time interval'.

The operational readiness factor K. is determined
by the formula [1]:

K o(0) = KP(). (1)

where K is the readiness factor; P(7) is the probability of
failure-free operation of the system at time ¢, provided
that the system is ready for operation at an arbitrary
moment in time.

The most important distinguishing feature of a
communication network is the network topology?, the
properties of which can be changed during the operation
depending on the tasks being solved, for example,
ensuring high reliability indicators [12]. The following
network topologies are used in the SCN [13].

Fully coupled topology provides the highest
reliability of the SCN functioning, since in case of a
dedicated communication channel failure, information
can be transmitted along bypass paths through

1 GOST 27.002-2015. Nadezhnost’ v tekhnike. Terminy i
opredeleniya (Dependability in technics. Terms and definitions).
Moscow: Standartinform; 2016. 30 p. (in Russ.).

2 Gol’dshtein B.S., Sokolov N.A., Yanovskii G.G.
Communication networks: textbook for universities. St.
Petersburg: BHV-Petersburg; 2010. 400 p. (in Russ.). ISBN: 978-
5-9775-0474-4

intermediate nodes. However, the implementation of
such technology requires the organization of direct
communication among all nodes, which leads to an
increase in the cost of SCN.

The tree topology is characterized by low reliability,
since the failure of even one of the communication
channels can lead to separation of the network into two
isolated subnets. Therefore, the most commonly used
topologies are the ring and radial topologies.

The ring topology (Fig. 1a), like the tree topology,
has low reliability, since the failure of any one channel
leads to a network failure. However, redundancy can
improve the reliability of a ring topology by using
multiple rings.

The radial topology (“star” type) (Fig. 1b) has a
fairly high reliability compared to other topologies,
since the peripheral nodes operate independently of each
other. The failure of the central node leads to the failure
of the entire network. Therefore, it is necessary to use
the redundancy of this node.

(a) (b)
Fig. 1. Main SCN topologies: (a) ring, (b) radial (“star”)

If a node or communication channel fails, the
system should automatically recover in a set (usually
very short) time. In this case, one of the backup routes
of data delivery from the sender to the recipient should
be used. Redundancy of communication channels allows
you to minimize delays in data transmission, while at
the same time significantly increase the values of the
system’s MTBF parameters.

Let us compare the reliability of the ring and radial
topologies in terms of the operational readiness factor.

DETERMINATION
OF THE OPERATIONAL READINESS FACTOR
FOR THE “STAR” STRUCTURE

An SCN with radial topology is operational if at
least one peripheral node is working while the central
node is working. If all nodes or the central node fail, the
network is inoperative.

As an example of a star structure SCN, consider a
network consisting of a central node and 2 peripheral
nodes. Then the operational readiness factor is
determined according to the basic structural diagram of
reliability by the following expression [1]:
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2T;
KOT star (t) = P

T.+2T. " (Z)[Ze_m - e—2kt], (2)
r f

1
where Ty = — is the mean time between failures of the

A

1
peripheral unit; 7. = E is the average recovery time of

the peripheral node; P_ () is the probability of failure-
free operation of the central node; A is the rate of failure
of the peripheral node; p is the rate of recovery of the
peripheral node.

Assuming that an exponential model of MTBF
can be used for the central node, we will transform
expression (2) to the following form:

27,
K 1) = f e_x‘cnt Ze—lt _ e—27ut , 3
orstar () T +27; [ ] 3)
where A is the failure rate of the central node. Usually,
the central node is more reliable than the peripheral
nodes, so we set A = M2,

The dependencies of K, (f) for p = 0.04 and
different values of A (1.5 - 107, 2.5 - 1073, and 5 - 1079)
are shown in Fig. 2.

K

or star

1.0
0.8
0.6
0.4

0.2

0O 4 8 12 16 20 24 28 32 36

Hours - 1038

Fig. 2. Operational readiness factor
of an SCN with radial topology

DETERMINATION
OF THE OPERATIONAL READINESS FACTOR
WITH A RING TOPOLOGY

An SCN with a ring topology is operational if all
nodes are operational, which corresponds to a sequential
reliability model. If one of the nodes fails, the network
is inoperative.

The operational readiness factor of the SCN with
the “ring” structure is determined by the following
expression [1]:

Tf e—n?x,t

Kor ring (t) = T + Tf > (4)
r

where 7 is the number of nodes.
The dependencies K, ;. (1) forA =5 - 1072, u=0.04
and the number of nodes n = 2, 3, 4 are shown in Fig. 3.

Kor ring

1.0
0.8
0.6
0.4

0.2

0O 4 8 12 16 20 24 28 32 36

Hours - 103

Fig. 3. Operational readiness factor
of an SCN with ring topology

Figures 2 and 3 show that to achieve higher
reliability, it is necessary to use an SCN with a “star”
topology. For example, at £ = 12000 h, the operational
readiness factor of a network with a radial topology is
0.9, and for an SCN with a ring topology at n =2, 3, and
4,1t s 0.7, 0.59, and 0.5, respectively.

CONCLUSIONS

The operational readiness factor determines the
probability that the network is in operational state during
the given time interval starting from a certain moment in
time. The comparison of the ring and radial SCN topologies
made in terms of the operational readiness factor showed
that the radial topology, even with less reliable nodes,
features for any time interval higher reliability than that
of the ring topology. The advantage of a radial network
topology increases as the number of nodes increases.
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Abstract

Objectives. Phase-shift keyed (PSK) signals are widely used in many telecommunication, communication, and
cellular information transmission systems. Phase-shift keying provides a higher noise immunity than amplitude and
frequency modulations do. An increase in the modulation order of such a signal leads not only to an increase in its
spectral efficiency, but also to a certain decrease in the noise immunity of reception. To ensure a high noise immunity
of reception of multiple phase-shift keyed (MPSK) signals, a demodulator should provide the coherence of the
reference oscillation with the carrier. Ignorance of the frequency and phase of the received signal leads to significant
energy losses. The purpose of this work was to synthesize and analyze algorithms for receiving MPSK signals with
phase fluctuations caused by changes in the carrier frequency due to the Doppler effect against the background of
white Gaussian noise.

Methods. The problem was solved using the apparatus of optimal nonlinear filtering and methods of statistical radio
engineering.

Results. A demodulator was synthesized, which includes two interconnected units. One of them is a discrete symbol
estimation unit, at the output of which a decision on the received symbol is issued, and the other is a phase-lock
circuit. Analytical expressions were derived to estimate the characteristics of the receiver noise immunity as functions
of the signal-to-noise ratio and fluctuation parameters. It was shown that the synthesized quasi-coherent algorithm
compensates well for the MPSK signal phase fluctuations caused by the instability of the master oscillator and the
Doppler effect.

Conclusions. Comparison of the results of this work with results obtained in the case of the absence of fluctuations
in the initial phase showed that, at a high relative speed of the transmitter and the receiver (satellite radio channel),
the energy loss is no more than 1 dB, and at lower speeds of the objects, it is about 0.2 dB and less.

Keywords: multiple phase-shift keying, Doppler effect, optimal nonlinear filtering, noise immunity, bit error
probability
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Pe3iome

Uenu. CurHanel ¢ ¢pasoBoi maHunynsumen (PM) LIMPOKO MPUMEHSIOTCS BO MHOMMX TENEKOMMYHUKALMOHHbIX,
CBSA3HbIX M COTOBbIX CUCTEMAx nepenayn nHdopmaumn. Mo cpaBHEHMIO C aMMAUTYAHON 1 YaCTOTHOM MaHUNYAUM-
eli npumeHeHne AM obecneunBaeT 6onee BbICOKYIO MOMEXOYCTOMYMBOCTb. YBENYEHNEe NO3ULMOHHOCTU Takoro
CuUrHana NpMBOAUT K NOBbLILLEHWUIO ero CnekTpasibHoM ad@PEKTUBHOCTU, HO B TO Xe BPEMS K HEKOTOPOMY CHUXEHMIO
NMOMexoyCTONYMBOCTU npuema. Ona obecrnedyeHns BbICOKOM MOMEXOYCTOMYNMBOCTY NPU NpuemMe MHOMOMO3ULMOH-
HbIX curHanos (M-®M) B aemoaynsaTope TpebyeTcs o6ecnedmTb KOrepeHTHOCTb ONMOPHOro KoIeGaHUs C HeCYLLIEN.
Hes3HaHve 4acToTbl 1 dasbl NPUHUMAEMOrO CUrHana NPMBOANT K CYLLLECTBEHHbIM 3HepreTnieckum notepsam. Liens
paboThbl — CUHTE3 N aHaANN3 aNIrOPUTMOB NpremMa curHanos M-®M c dnykTyaumsamm dasbl, BbI3BaHHLIMU U3MEHEHM -
SAIMU €ero HecylLen 4acToThl, CBs3aHHbIMU ¢ 3addekToM Jonnepa, Ha poHe Benoro rayCCoBCKOro Lyma.

MeToabl. 3agaya pellaeTcs ¢ NPMMEHEHNEM annapaTa ONTUMasbHON HENMHENHON GunbTpaumm n METOLOB CTaTU-
CTUYECKOWN PaaMOTEXHUKN.

PesynbTatbl. CUHTE3NPOBAH AEMOLYNATOP, BKIOYAOLWMIA B cebs B3aUMOCBA3aHHble 610K OLEHKM AUCKPETHOro
CUMBONA, Ha BbIXOAE KOTOPOro BblAAETCH PELUEHME O NMPUHMMAEMOM CUMBOJE, 1 610K Ga30BO aBTONOACTPOMKM
4acTOoTbl. [TONy4eHbl aHANMUTUYECKNE BbIPAXEHUS, MO3BONSIOLLME OLEHUTb XapakTePUCTUKM MOMEXOYCTONYNBOCTU
NPUEeMHMKa B 3aBUCUMOCTM OT OTHOLLEHUSI CUTHAJT/LIYM U NapamMeTpoB GnykTyaumin. NokasaHo, 4TO CUHTE3NPOBaH-
Hbll1 KBA3VMIKOrE€PEHTHbIV aNIFOPUTM XOPOLUO KOMMNEHCUPYET dnykTyaumm ¢asbl curHana M-®M, Bbi3BaHHblE HECTa-
OGUNBLHOCTbLIO 33aI0LLEN0 reHepaTopa 1 A0MNIEPOBCKMM 3D EKTOM.

BbiBoabl. CpaBHEHWE NOMYYEHHbIX PE3YNbTATOB C pe3ynbTaTtaMu B Cllydae 0TCYTCTBUS QIIYKTyaLmy HauasibHOM asbl, Mokadbl-
BaET, YTO IHEPrETUYECKUIA MPOUTPBILL MPY GONBLLOK OTHOCUTENBHOM CKOPOCTM ABUXEHUS NepeaaTynka v npuemMHuKa (cnyT-
HVKOBbI pafimokaHan) coctaBnsieT He 6onee 1 ab, NPy MeHbLUMX CKOPOCTSX ABUXEHNS 06bekToB — okono 0.2 ob 1 meHee.

Kniouesble cnoBa: MHOronosnumoHHaa dasosasd MaHunynauusa, apdekt [onnepa, ontumasnbHad HelnHenHas
dunbTpaumsa, NOMEXOYCTONYMBOCTb, BEPOATHOCTb OUTOBOM OLLNGKU

e Moctynuna: 08.10.2021 » fopa6oTaHa: 15.10.2021 ¢ MpuHaTa K ony6nukoBaHuio: 22.12.2021

Ana uutuposBaHusa: Kynukos I.B., o Y.T., YcmaHoB P.P. OntumanbHas HenuHenHas ounbTpaums curHanos M-OM
npy HaNNYMK OOMJIEPOBCKOr0 CMeLLEHMs YacToTbl. Russ. Technol. J. 2022;10(1):41-49. https://doi.org/10.32362/2500-
316X-2022-10-1-41-49

Mpo3spayHocTb PUHAHCOBON AEATENbHOCTU: HMKTO U3 aBTOPOB He nMeeT PUHAHCOBOW 3aMHTEPECOBaHHOCTU B
npencTasBfieHHbIX MaTepuanax nnn MeToaax.

ABTOpbLI 3a9BNSI0T 06 OTCYTCTBUN KOHONNKTA MHTEPECOB.

INTRODUCTION receiver, in which the reference oscillation is frequency- and
phase-locked with the carrier frequency oscillation [3]. The

One of the most known classes of complex signals used  absence of information on the phase of the received signal

widely in digital information transmission systems are multiple
phase-shift keyed (MPSK) signals [1, 2]. In so modulated
signals, the phase of the carrier changes stepwise, depending on
the transmitted signal. The maximum gain in noise immunity
in reception of such signals is reached by using a coherent

inevitably leads to losses of noise immunity [4—9]. This can be
caused by the instability of the frequency of the basic oscillator,
the Doppler shift of the signal carrier frequency, and others. In
these cases, the problem of signal reception is solved using the
apparatus of optimal nonlinear filtering [10—16].
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The purpose of this work was to develop an
algorithm of reception of MPSK signals based on optimal
nonlinear filtering theory in the presence of a Doppler
frequency shift and to estimate the noise immunity of the
synthesized quasi-coherent receiver.

SYNTHESIS OF AN ALGORITHM
OF THE OPTIMAL NONLINEAR FILTERING
OF MPSK SIGNALS

Letthereceived signal be the sum of two components:

x(1) = 55(Cy. 1, 9) + n(0); 1 € (0, kT];
C,=1{Cy, ..., il (1

where SZ(C o &> @) is an MPSK signal with random initial
phase ¢ that, in the kth digit-time slot, has the form

5, (Cp =1,1,0) = Ay cos(wyf + @; + ),

27

L (2)
¢ :V,te((k—l)T,kT],zzO,M—l;

i

and n(?) is a noise interference with parameters

N,
(n())=0;(n(t)n(ty)) = 706@2 —1). 3)

We assume that the random initial phase ¢ of the
signal is determined by the instability ¢ (¢) of the ba-
sic oscillator and the Doppler shift of the signal carrier
frequency [10]:

t
(1) = [(0(1) = 0 )dT+ ¢y (0).
0

The processes w(f) and ¢(7) can be described by the
system of the stochastic differential equations [11]

('p=oo—030+n(p ),
mo , (4)

O =—0,(0—0))+n, (1),

where a  is the Doppler frequency fluctuation spectrum
band; and Mo (t) and ny(7) are mutually independent
processes with delta-function correlation, zero means,
and single-sided spectral densities NV, - and N, re-
spectively.

The mixed a posteriori probability density of
sZ(Ck, t, 9)is

Pps(t Cps @) =w, (1, @) po(t, Cilo)
where wps(t, ©) is the a posteriori probability density of

the parameter ¢, and pps(t, C,lo) is the conditional (on ¢)
a posteriori probability of the vector C,.

The conditional a posteriori probability of
pps(t, C,lo) is found from the equation [12]

pps (tsck |(P) =
= Pp (CL O {F(1.CL.o) ~ (F.O)}, (5

where

k
F(1,C,9)= Y, F;(1,.C;,9),

j=1
2
Fy(6.C1.0) = x5y (Cot.0) (6)
M-1M-1 M-1

(Ft,on=>Y > .Y F(1,C1,0)pp (1,C |0).

C=0C,=0 C;=0

We assume that the a priori probabilities of the val-
ues of the channel symbols for MPSK are equal and are
1/M. If it is also taken into account that the probabilities
of the transition of a symbol from one state to another
are also equal, then the solution of Eq. (5) at time = kT
can be represented as

ko JT
explY, [ F(.C;.C,.0)dr]
J=1(-nT

B Kk JT '
YexplY, | Fi(t.C;.C;.0)d]
C,  JElG-OT

)

The a posteriori probability of the value of the
symbol C, is determined by averaging relation (7) over
M possible values C|, C,, ..., C;_ under the assumption
of a good quality of the signal reception. As a result, the
symbols received before the time 1= (k — 1) T are replaced
by their estimated values, and the terms independent of
C}, can be combined into coefficient K. This coefficient
will contain all the time history, which allows one to
simplify relation (7):

T
expl [ F, (6.C;..@)dr]

— 0
=K 7

M-1 '
>, expl[ £ (6.Cp )]
Ck:0 0

A channel symbol estimation rule is found from the
condition of maximum of the a posteriori probability at
time ¢ = T:

(Cy=1) = max{p, (T, C; | o)} (8)
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Let us introduce the notation

T
Jo =] F(6.C, =0,9)dt,
0
©)
T
Jypo = | F(t.C = M =1,¢)dt,
0

where the integrands are determined from expressions (6).
Rule (8) can be written differently, using the
monotonicity of the exponential function:

(C, = i) = max(J)). (10)

Transformation of integrals (9) using expressions
(1)—(3) gives

T
2
Jo=r [x(0)s, (0.C; = 0.9)d:
09

(11)

T
2
Jy1= A [x(0)s5,(1.C, = M =1, ¢)a.
0

The structure of channel symbol estimation of a
receiver that implements algorithm (10) is classical for
MPSK signals and is characteristic of reception against
the background of white Gaussian noise [1, 2]. This
receiver is a multichannel correlator, which determines
the degree of similarity between the received process
x(7) and the reference signals corresponding to all the
possible values of the channel symbol C,.

Equations of the optimal nonlinear filtering of the
random quantities ¢ and ® are derived by the Gaussian
approximation of their a posteriori probability densities
[13, 14]. Equations for the expected values (marked with
asterisks *) in the steady state form the system

P =" -0, + Ky, <F >,
09 ¢ (12)

.k

. .
O =-0,(0 -0+ Km(p <F, >0

and the a posteriori variances of the approximating
distributions can be found from the relations

2
1
§N<Pmo+2 K<Pw+(K<P(PJ . <Fk>q)(p =0,

2
1
EN‘*’+[ K(pw J - <k > 00 =20, Ky, =0, (13)

K. .-o. -K  + K - K

o) ® 0w o0 ow <F; Z 00 =0,

A(Fy(1,0")) (R (1,0")

and
* expJ,
< Fk(l,(p ) > = Fk(t,Ck = O,@)F'i‘
2 expJ;
i=0
expJ, J,

1 exp
Tt B (.G = 2,9)

M-1
Z expJ; 2 expJ;
i=0 i=0

expJ

M-1
2 expJ;
i=0

+F . (4,C, =1,9)

+ .+ F0,C =M-1,9)

In view of expressions (6),

2 M1 .. expJ;
<Fk >¢=N—A(;)x(t);) s]lg(tsck =10 )1\4—1—1’
=

2 expJ;
=0
here,
_ ds (.G = i,o") _
do*
=—A, sin(0yf + @, +¢").

sP(t,C, =1,9")

At a high signal-to-noise ratio, the latter expressions
can be simplified. If the parity and symmetry of the
constellation diagram of the MPSK signal are also taken
into account, then,

24, M/2-1
<Fj >g= (1) > sp(t,C, =i,0")thJ,.
0 i=0

Making statistical averaging and assuming that, in
the steady-state mode, at small filtering error,
cos(@—¢") =1,
we obtain

<Fk >(p(p =

2 2
—;L(chﬂ]. (14)

N, 2N,

Solving the system of Egs. (13) gives [11]

o, (Vi+2G+L-1)

Kop == ’

<Fk >q)(p

o, (1+G-VI+2G+L)

Koy == , (15)

< Fk >(p(p

0 VI+2G+L(1+G-\1+2G+L)

[0]0] ’
< Fk >(P(p
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where
—r < 2N
B N(pmo <Fk >(p(p AO Ormo AOZT
L=— 1+ th R
201, 4N00c0)2 2N,
N_+o 2N
G= |-——2 Fm s =
2(Xm4 ()
AZ(N, + 02N, ) 27
= o 1+t 0"
4Ny, 2N, )

Thus, algorithms (12) of filtrating of the random
phase of the signal in the presence of a Doppler frequen-
cy shift have the form

S. K+K t
9" =54 ITDX()X

where S is the transconductance of the control element

2K(p(p
(CE) in the phase-lock channel, K= ,
NyS
2K 1 d
K2:$’ T,=—, and D=—.
NySo, Oy, dt

Figure 1 presents the circuit diagram of the receiver
in which interrelated algorithms (10), (11), and (16) are
implemented. The synthesized receiver contains two
main units: a channel symbol estimator, a phase-lock
unit of reference oscillator O, and cross couplings
between them. The phase-lock unit includes a
proportionally integrating filter with transfer function

K, + The linear branch of the filter tracks

2
1+T,D
phase fluctuations. The second (integrating) component
of the filter tracks frequency fluctuations. The
integration time constant should be chosen depending

M/2-1 on the average rate of frequency change due to the
X z sfg(t,Ck =i,(p*)th Jis (16) Doppler effect.
i=0
e s Discrete symbol estimator |
5,(.C.=00) 'o[ W
3 Maximum
1\} ® j selection Chant?ell
Ny 5.(.C =L¢) T 2 r—1 circuit Symbo

x()

(S ——

5, (t,C,=M-10")

,,,,,,,,,,,

5.(0.C, =i.0").i=01 M-1]01 [0

[50]

CE1

S

Signal phase-lock circuit

Fig. 1. Circuit diagram of a quasi-coherent receiver of an MPSK signal
in a presence of a Doppler frequency shift
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ANALYSIS OF THE NOISE IMMUNITY
OF THE SYNTHESIZED RECEIVER

Let us analyze the noise immunity of the synthesized
quasi-coherent receiver of MPSK signals using a pub-
lished procedure [7]. The symbol and bit error probabil-
ities P, and P, ., respectively, which are conditional on
the phases ¢ and ¢" and the frequency o, can be found

(d)

by algorithm (10) using the symmetry of the constella-
tion diagram (e.g., provided that the transmitted signal
has a phase of ¢, = 0 (2)):

M-1
Re=1=T1 pJy=7;>0),,
i=1

P.= Pse/logzM,

100 T I i o :
= g ::;7“*::‘::t::’t e
. = ] 10
o 1 0_4
o
ol
1076
10-8
-10 ‘ ‘
10 2 ' 6 |
SNR, dB
100 @
10-2 a ‘\
~\~,\~\5
o 1 074
Ee)
Q.
106 \
N\
10-8 :
-10 ‘ | ‘ ‘
10 2 ' 6 12
SN R! ds
1 00 75 1 00: T 7;
| : 3
- -3 0T
8 1 02 T >"-»<\\ 8 1 0_27
Q [ \%\ ) | ‘
108 - ™S 103 :
: \ :
1 04 7 1 0_4 \\\
: ‘ ‘ | | 10-5! . ‘ ‘ ‘
0 2 4 6 8 10 12 0 2 4 6 8 ° ’
T SNR, dB
(c)
&
1071 1071 = ;;\;\\\\ ‘
g | ~—_
Q | ~>\\\\,-
10-2 102 =
-3 ‘ ‘ ‘ | ‘ ‘ ‘ ‘
10 0 2 4 6 8 10 12 10 0 2 4 6 ° ’ 12
: R, dB SN R, dB

Fig. 2. Dependences of the bit error probability (P,.) on the signal-to-noise (SNR) ratio
atM=(a) 2, (b)4,(c)8,and (d) 16
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where

- m;
pUy=J; >0 =1-®

\/Hi b

1 T—tz/z
e dt.
V21 .

O(x) =

Using expressions (1)—(3) and (11), we obtain
my=(Jy—J;)=
2E

[cos(@— ¢ )(1—cos (i2/M)) —

0
—sin(¢— ¢")sin(i2n/M)],

D —4ES 1 21/ M
i_N_( —cos(i2m/ M)).

0

To obtain the unconditional probabilities, including
the bit error probability, the corresponding expressions
should be averaged under the assumption that the a
posteriori probability density of the random phase ¢ is
Gaussian:

_(o=¢")?
1 2K
e

W) =——= e
IZnK(p(p

In such an averaging, one can use the approximate
formula [14]

<m.>
on
-] — ¢

<p(Jy—J;>0)>

where [17]

2F 2T K
<m >=— 1 - cos =~ -exp -
N, M 2

The a posteriori phase variance K_qxp is found from
the first of expressions (15) and depends on both the
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Abstract

Objectives. The study aimed to construct and analyze a computational model of an electro-optical repeater of radio
pulses, capable of reconstructing a pulsed radio image with subnanosecond resolution in a single reception under
conditions of additive noise.

Methods. Numerical methods of network analysis were used, which are the basis of specialized computer-aided
design systems, numerical methods of statistical radio engineering.

Results. A radiophotonic radio pulse repeater scheme was constructed, which is implemented based on the principle of
fractional multiplexing with delayed feedback. Software simulation of infrared repeaters in the Simulink environment (Trial
Version Soft) was developed, which allows for analyzing and investigating the efficiency of the optical reconstruction method
of radio pulses using a fractional multiplexing with delayed feedback. It is shown that repeaters schemes, implemented
on the principles of fractional multiplexing with delayed feedback, are able to effectively solve the scientific and practical
problems of multiple probing of objects with ultrashort pulses (USP) for obtaining a radio image of a target with reliable
reproducibility. In the course of numerical simulations, it was found that the two- and four-cascade schemes of delay lines
with feedback do not provide reliable reproducibility in the case of reconstruction of an ultrashort pulse with a complex
time profile. At the same time, the scheme with a cascade of 8 delay lines showed good results, providing a correlation
reproducibility of more than 0.9. In this case, the scheme of an electro-optical repeater with a cascade of 16 delay lines
did not make a significant contribution to increasing the accuracy of the USP reconstruction if compared to the scheme
with a cascade of 8 lines; therefore, the latter can be determined as an optimal solution. An electro-optical method was
proposed for solving the radio engineering problem of stroboscopic registration and reconstruction of subnanosecond
radio pulses, which represent the signature of the radio image of dynamic objects for active radio imaging systems.
Conclusions. It was found that an electro-optical repeater with 8 delay lines is able to recover a complex pulse
reflected from a target in 30 iterations with a correlation coefficient greater than 0.9 between the reference and
reconstructed pulses at a signal-to-noise ratio of at least 9 dB.
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HAYHYHAA CTATbA

MogesupoBaHue JIEKTPOONITHYECKOI0 MOBTOPUTEJIS
CYOHAHOCEKYHIHBIX PAJIUOUMITYJIbCOB
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MUP3A — Poccuiickuii TexHosiorm4deckuii yamsepcutet, Mockea, 119454 Poccus
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Pe3iome

Llenu. Lienbto gaHHoM paboThbl ABASIETCA MOCTPOEHME U aHANN3 NPOrpaMMHO-YMUCIIEHHO MOOENIN 3NEKTPOOMNTUYECKOrO
NOBTOPUTENS PaAMOUMITYJIbCOB, 06ECMNEYMBAIOLLENO BOCCTAHOBIIEHME UMIMYSIbCHOIO PaaMon300paxeHs 3a OLHOKpaT-
HbI1 MPVEM B YCNOBUSIX BO3AENCTBUS a0 AUTUBHbIX LLIYMOB C JOCTUXEHMEM CYOHAHOCEKYHAHOrO Pa3peLLeHIs.
MeTopapl. MIcnosnb30oBaHbl YACEHHbIE METOAbI CXEMOTEXHMYECKOr 0 aHaIM3a, fiexallime B OCHOBE Creumnann3npoBaH-
HbIX CUCTEM aBTOMaTU3VPOBAHHOIO NMPOEKTUPOBAHNSA, YACTIEHHbIE METOAbI CTATUCTUYECKON PAANOTEXHUKN.
PesynbTaTtbl. [locTpOoeHa paanodOTOHHAA CXema NMOBTOPUTENS PaguouMnynbCOB, peanudyemMasa Ha NpuHUm-
ne ApPoBHOro MynbTUMNIEKCUPOBAHUSA C 0OpaTHOWN 3aaepKaHHOM CBA3b. Pa3dpaboTaHbl NporpaMMHbIe MOAENN
nHbpaonTnyeckmx nogToputenen B cpeae Simulink (Trial Version Soft), no3sonsiowme aHanM3npoBaTthb 1 Uccne-
noBatb 3P PEKTUBHOCTbL METOAA OMNTUYECKONM pPEereHepauun pagnuoumMnynbCoB MPU MOMOLLM CXeMbl APOOHOro
MYJbTUMNIEKCUPOBAHUS C 3a4epPXXaHHO 06paTHOI CBA3bI0. [Toka3aHo, YTO CXEMbI MOBTOPUTENEN, peanmayemMble
Ha NpuHUMnax ApobHOro MynbTUNIEKCUPOBAHMS C 3a4epXXaHHO 06paTHOM CBA3bI0, CNOCOOHbI 3D dEKTUBHO pe-
WNTb HAy4YHO-MPaKTMYECKYD 334a4y MHOMOKpPaTHOrO 30HANPOBaHUS OOBHEKTOB CBEPXKOPOTKUMU UMIYbCaMMU
ONs NoNyYyeHns paanonsobpaxeHuns Lenn ¢ 4OCTOBEPHOW BOCMPON3BOAMMOCTbLIO. B xoae 4McneHHoro moaenm-
pOBaHNS YCTAHOBIIEHO, YTO ABYX- N YETbIPEXKACKAZHbIE CXEMbI JIMHNI 0OPaTHOWN 3a4epXKM HE 06ecneynBatoT Ha-
LEXHOWM BOCNPOV3BOANMOCTU B C/ly4ae BOCCTAHOBEHMS CBEPXKOPOTKOro nmnynbca (CKW) co CnoxHbiM BpeMEH-
HbIM Npodwunem. B To xe Bpems cxema € KackagoMm 13 8 nMHUIM 3a4ep>KKy CNPaBnseTcs C NOCTaBAEHHON 3a0a4en,
obecneyrBas KOPPENSLNOHHYIO BOCNPon3BoaAnMOocTb 6onee 0.9. Mpu aToM cxema 31ekTpoonTUYECKOro NnoBTo-
puTens ¢ Kackagom 3 16 NMHUIM 3a4epXKu HE AaeT BECOMOro Bk/aaa B MOBbILLEHME TOYHOCTM BOCCTAHOBIEHUS
CKW oTHOCHUTENBHO CXEMbI C KACKagoM 13 8 NNHWIA, MO3TOMY NOCAEAHIO MOXHO ONpeaennTb B Ka4eCTBE ONTU-
ManbHOro pelueHus. NpeanoxeH aneKTPOONTUYECKNIA METO, PELLEHUS PAANOTEXHNYECKON 33424 CTPOOBOCKO-
NUYecKol perncTpaumm 1 BOCCTaHOBNEHNS CBEPXKOPOTKUX PAAMONMITYSIbCOB CYOHAaHOCEKYHOHOM AINTENbHOCTU,
COCTaBNSOLLMX CUTHATYPY Paanon3obpakeHns AMHaMUYeCckx 06 beKTOB A1 CUCTEM aKTUBHOMO PAANOBUAEHUS.
BbiBOAbI. YCTAHOB/IEHO, YTO 3/1EKTPOONTMYECKUI MOBTOPUTENB C 8 NMHMAMY 3aaepxkkn 3a 30 ntepaumii cnocobeH
BOCCT@HOBUTb CJIOXHbI/ UMMYNbC, OTPaXEHHbIN OT Lenu ¢ koabduumeHTom koppensumm 6onbiie 0.9 mexay aTa-
JIOHHBIM 1 BOCCTAHOBJIEHHbLIM UMMYNIbCOM MPY OTHOLUEHUW CUrHaU/LWyM He meHee 9 ab.

KnioueBble cnoBa. cTpo6-ppeinm ANCKPeTN3aTop, CBEPXKOPOTKUI paanonMnysibC, paamonsobpaxeHue, anek-

TPOONTUYECKMIA MOBTOPUTENb, 0OpaTHasn 3aaepxaHHas CBs3b C APOOHbLIM MynbTUNNEKCNPOBAHNEM

e Moctynuna: 22.10.2021 » Aopa6oTaHa: 28.10.2021 ¢ MpuHaTa k ony6nukoeaHuio: 10.12.2021

Anauntnporanus: LLinnbumH A.B., KoctH M.C. MogenvpoBaHue 301eKTpoonTUYECKOro MOBTOPUTENS CYOHAHOCEKYH/ -
HbIX pagmonmMnynbcoB. Russ. Technol. J. 2022;10(1):50-59. https://doi.org/10.32362/2500-316X-2022-10-1-50-59

MpospayHocTb PUHAHCOBOWN AEATENbHOCTU: HUKTO M3 aBTOPOB HEe MMeeT PUHAHCOBOM 3auHTEPECOBAHHOCTU B

npencTaB/IEHHbIX MaTepunasiax nin metogax.

ABTOpr 3asBng10T 00 OTCYTCTBUA KOH¢J'II/1KT3. NHTEepPEeCOB.

INTRODUCTION

The wide bandwidth of subnanosecond pulses
makes it possible to extensively study the parameters
of the irradiated media and surfaces of objects by pulse
characteristics [ 1, 2]. Mastering the subnanosecond range

opens up new possibilities in the study of radiophysical
properties of materials in the area of laser optics and
electrodynamics. The scientific interest in the radio
wave features of the change in shape of ultrashort optical
pulses in infrared range or subnanosecond radio pulses
reflected from irradiated surfaces or transmitted through
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various media makes the search for high-speed methods
of receiving ultrashort pulse (USP) signals relevant for
their reconstruction [3] and further digital processing.
Since a laser pulse can be easily converted into a radio-
frequency one, the work is devoted to the development
of new methods for the shape-time recuperation of USP
in the problems of high-speed digitization of these pulses
by adding an electro-optical repeater to such systems,
which provides fractional cloning of USP.

The technology of strobe-frame-sampling (SFS)
used in this work eliminates the disadvantages of analog
reception, including high-frequency clocking of the USP
signal for taking digital samples [4, 5].

THE STROBE-FRAME DISCRETIZER MODEL

The proposed SDF model was previously
implemented in the Simulink software environment [6].
The model consists of a generator to produce pulses of
a given shape, an array of elementary signal time delay
lines, an array of counters, a comparator, and an output
system for displaying the results.

The main disadvantage of this model is the need
for stroboscopic reception to reconstruct the USP signal
scattered by the signature of a dynamic object. In this case,
the pulse is emitted as many times as the number of the
comparator levels we need to reconstruct the USP signal [7].

An arbitrary 1 ns pulse (Fig. 1), consisting of the
superposition of several bipolar Gaussian pulses (1)
with different amplitudes, phases and time delays, was
chosen as the probing USP signal.

AV
1.0 T T T
0.9 e . - SRS
08l . (o : -
DL UGHENS. S OV WU W E W SN S WA -
0.6
0.5
0.4
0.3r
0.2+

0'10 0.1

02 03 04 05 06 07 08 09 10
Fig. 1. Probing pulse; A, V, is the signal
amplitude in volts, tis time in ns
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+0.250(t — T)eBI-D? -
— 0.230.(f —1.257)e BU-1251)7 _
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— 0.630/(t — 2.75T)e BU-2751) _
— 0.250(f - 31)e BU307 4
+ 0.130c(t—3.251:)e—[5(t—3.251)2 +
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where, A(¢) is the signal amplitude as a function of
time, ; a=5-100; 3 =102 t=10"19; ¢ = 2.718.

To evaluate the value of correlation coupling
between the reference and reconstructed pulses, we use
the Chaddock scale [8].

The correlation coefficient between the reference
and the reconstructed pulses is calculated by the formula

Z(xj _f)(yi -y)
=== @)

l"x,y n n ’
\/2 (x; =) Y (v, = 7)?

i-1 i-1

where 7, is the correlation coefficient between the
original and the reconstructed pulse, x; is the ith value of
the initial pulse, X is the average value of the sample of
the original pulse, y; is the ith value of the reconstructed
pulse, and y is the average value of the sample of the
reconstructed pulse.

THE MODEL OF ELECTRO-OPTICAL USP
REPEATER WITH FRACTIONAL MULTIPLEXING
AND DELAYED FEEDBACK

As one of the solutions of the radio engineering
problem of registration and reconstruction of ultrashort
radio pulses of subnanosecond duration, which represent
the signature of the radio image of dynamic objects for
active radio imaging systems, the authors propose a
model of an electro-optical repeater (Fig. 2). This model
combines the advantages of fractional multiplexing and
delayed feedback schemes [9—11]. This makes it possible
to more effectively solve the problem of spectral-
temporal iterative degradation of the received USP
signal due to the accumulation of amplifier noise as the
number of reconstruction iterations increases [12, 13].
In addition, the proposed scheme architecture eliminates
the main disadvantages of fractional multiplexing
associated with the overall bulkiness of the scheme [8].

The model shown in Fig. 2, consists of an optical
signal forming unit, an optical amplifier, a delayed
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feedback scheme, an optical beam divider, a cascade
of optical delay lines, an optical multiplexer, and a
photodetector.

The USP signal is delivered to the optical signal
forming unit (OSFU), where it is amplified to the
values required for its detection, and modulates the
optical carrier. After that, the optical pulse is sent
to the optical beam divider. Part of the pulse is split
off the divider and sent to the cascade of delay lines,
while the other part of the pulse is sent to the feedback
loop. The chain of units consists of an amplifier that
amplifies the input signal to the value required for
digitizing the USP signal, and a delay line. The delay
time is equal to the duration of the pulse reconstruction
iteration in the scheme. In the cascade of delay lines,
each copy of the pulse is delayed for a time from 7 to
NT, where T is the delay time, which is equal to the
duration of the frame; N is the number of delay lines.
Further, all optical beams/pulses are combined by an
optical multiplexer and sent to a photodiode, where
the signal is demodulated and sent to a strobe-frame-
discretizer.

The transfer functions W(p) of the USP electro-
optical repeater schemes with different delay lines
cascades can be described by formulas (3.1-3.5).

1

1+e u?

W(p)=——"—
2d — ’
1= Kyppe 847

(3.2)

1+e P +e 2P 4732

_ ~Tgld?
1 Kampe g

W4d(p) = > (3.3)

7
1+ e WP
=
ng (="

_ ~TgaP’
1 Kampe g

(3.4)

15
1+ e7tP
i=1

- > (3.5)
—Ts14P
1— Ka pe gld

Wiea(p) =

where W(p) is the ratio of the Laplace image of the
output signal to the Laplace image of the input signal at
zero initial conditions; W (p) is the transfer function
without delay lines; W,,(p), ..., W 44(p) are the transfer
functions with a particular number of delay lines; Kamp
is the gain (for how many times the input signal was
amplified); 7, is the length of the ith delay line; Tgid is the
length of the global delay line.

When modeling this scheme, we will consider the
frequency distortions introduced by the Mach—Zehnder

modulator, optical amplifier, and photodetector to

Waod (P) = (3.1
wod —T .
— 1dP
1-K amp© g
—

Multiplexer ~ Optical
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Fig. 2. The model of the USP electro-optical repeater with delayed feedback and fractional multiplexing

Russian Technological Journal. 2022;10(1):50-59

53



Simulation of subnanosecond
radio pulse electro-optical repeater

Artem V. Shiltsin,
Mikhail S. Kostin

A, dB A, dB
5 . - 40
UL 5
0 “‘l
‘.‘\""‘""ﬂ-—-_ | | I 'I 30 o o o —t—
5 [1]] PP T Tty o5 1
| 2
-10 15
| 10
_15 E &
I 5
-20 0
0 5 10 15 20 25 30 0 2 4 6 8 10 12 14 16 18 20 22 24
F, GHz F, GHz
(a) (b)
Nf, dB A, dB
8 1
7 04
6 /_ —11
24
5
-
RN Pl -3
3 \__\ / -4 4
_54
S —
2 N
1 -
0 - S
6 2 4 6 8 10 12 14 16 18 20 22 0 10 20 30 40 50 60 70 80 90 100 110
F, GHz F, GHz

(c)

(d)

Fig. 3. Characteristics of the devices used in the model of the electro-optical repeater:
(a) frequency response of the electro-optical Mach-Zehnder modulator, (b) frequency response of the optical amplifier,
(c) Nfis the noise figure of the amplifier, and (d) frequency response of the photodetector

be insignificant, since they do not exceed 1 dB in the
selected range. The noise figure of the amplifier is
assumed to be 4 dB (Fig. 3).

MODELING AN ELECTRO-OPTICAL USP
REPEATER WITH FRACTIONAL MULTIPLEXING
AND DELAYED FEEDBACK OF DIFFERENT
CONFIGURATIONS

In the course of modeling, different configurations
of electro-optical repeaters with 2, 4, 8, and 16 delay
lines were investigated, as well as a scheme with only
delayed feedback as a reference (Fig. 4). Electro-optical
repeaters were investigated with a different number
of reconstruction cycles, which strongly affected the
correlation coefficient between the original and the
reconstructed pulse. The modeling was carried out with a
signal-to-noise ratio (SNR) in the range from 3 to 18 dB.
The graphs below show the mathematical expectations
of 100 measurements for each point (Fig. 5 and Fig. 6).

The scheme, in which only the feedback was used,
performed the worst as compared to other schemes. This
is due to the accumulation of amplifier noise during
pulse reconstruction and a complex pulse shape, which
requires a large number of quantization levels to achieve

the required correlation coefficient, and, accordingly, the
reconstruction cycles.

The schemes with 2 and 4 delay lines (Fig. 5)
demonstrated the best results relatively to the reference
scheme, however, they did not provide the required
threshold value of 0.9 for the correlation coefficient.
Also observed in these schemes, was a negative
interrelation between the correlation coefficient and
the number of reconstruction cycles, therefore their use
with an increase in the number of comparator levels is
impossible.

Schemes with cascades of 8 and 16 delay lines
(Fig. 6) showed better results in comparison with other
configurations of USP electro-optical repeaters. The
correlation coefficient between the reconstructed and
reference USP signals was more than 0.9 at SNR of 9 dB.
The best configuration was a scheme with 8 delay lines
and 30 pulse reconstruction cycles. A further increase
in the number of reconstruction cycles does not lead
to a significant increase in the correlation coefficient
between the original and restored pulses. The 16-line
delay scheme also does not offer significant advantages
over the 8-line delay scheme. At the same time, it has
disadvantages associated with greater complexity and
the pulse attenuation.
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Fig. 5. Correlation coefficient between the original and reconstructed USP signals obtained
for schemes with 2 and 4 delay lines as a function of the number of reconstruction cycles

at different SNRs
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Fig. 6. Correlation coefficient between the original and reconstructed USP signals obtained
for schemes with 8 and 16 delay lines as a function of the number of reconstruction cycles
at different SNRs

Figure 7 shows the dependence of the correlation
coefficient between the reconstructed and reference
pulses on the SNR of the reconstructed pulse
with confidence intervals for each point. The
configuration includes a cascade of 8 delay lines
and requires 30 iterations to reconstruct the pulse
because of 30 comparator levels. We can see that
at the point corresponding to the SNR of 9 dB,
the mathematical expectation of the correlation
coefficient exceeds 0.9, which meets the condition
of strong correlation!. So, with a probability of
0.95, all values of the correlation coefficient lie in
the confidence interval, the lower value of which is
greater than 0.9. This configuration of an electro-
optical repeater of subnanosecond pulses is the
most advantageous in terms of the reliability of the

I Alibekov 1.Yu. Numerical Methods: tutorial. Moscow:
MGTIY; 2008. 220 p. (in Russ.).

reconstruction of a noisy pulse reflected from the
target, if we take into account such parameters as the
complexity of the scheme, its power consumption,
and operating time.

CONCLUSIONS

The schemes of electro-optical repeaters of
subnanosecond pulses considered in this work make
it possible to reconstruct an USP in a single reception.
The analysis of the schemes of electro-optical repeaters
including 2, 4, 8, and 16 delay lines showed the following
results:

e the schemes with 2 and 4 delay lines do not provide
reliable reproducibility in the reconstruction of an
USP radio image with a complex time profile;

o the scheme with 8 delay lines was good in modeling,
providing a correlation reproducibility of greater
than 0.9;
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Fig. 7. Experimental dependence of correlation coefficient between the reference and reconstructed pulses
on an SNR at the receiver input (with confidence intervals shown by brackets)

the scheme with 16 delay lines does not offer significant
advantages over the scheme with 8 delay lines, while
it has disadvantages associated with the greater
complexity and attenuation of the registered USP.

The results of modeling obtained in this work solve
problem associated with the necessity of multiple
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Abstract

Objectives. The study aimed to examine vortex structures formed during the interaction of incident and reflected
shock waves in a cylindrical channel. The shock wave was described by the Hugoniot relations, which make it possible
to determine the parameters of the gas behind the shock front by a given Mach number and the values of the gas-
dynamic parameters ahead of the pressure jump. The propagation of a strong shock wave (Mach number was 20) in
argon was simulated.

Methods. The methods of mathematical modeling were used. A parallel algorithm for solving two-dimensional
equations of gas dynamics in cylindrical coordinates (r, z, t) was developed and a new version of the NUTCY ps
program created. The calculations were performed on an MVS-100K supercomputer.

Results. Two methods of parallelization when solving a system of equations were considered. Using a specific task as
an example, a comparison of the effectiveness of these methods was conducted. A parallel algorithm was developed
and a program was upgraded for solving two-dimensional equations of gas dynamics in cylindrical coordinates (r, z
are spatial coordinates, t is time). Numerical calculations were performed to simulate: 1) the shock wave incidence
to and reflection from a metal screen; 2) the propagation of the shock wave through a hole in the screen; 3) the
propagation of the shock wave through a cylindrical channel and its reflection from the bottom of the channel and
interaction with the incident wave.

The results obtained by the parallel supercomputer with different numbers of processors are presented. It is shown
that using 16 processors, it is possible to reduce the computation time for getting a solution for the test problem by
approximately 12 times.

Conclusions. It is shown that the interaction of incident shock wave and the one reflected at an angle leads to the
formation of regions with low and high gas densities, as well as vortex flows. The vortex interaction area (turbulence
zone) gets a complex shape. The article discusses the possibility of carrying out full-scale experiments in shock
tubes or using a laser shock tube. Such studies would make it possible to compare experimental data with the results
of numerical simulation and, on their basis, to develop more advanced models of turbulent motions.

Keywords: numerical simulation, supersonic flows, vortices, two-dimensional gas dynamics in cylindrical

coordinates
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HAYYHAA CTATb4A

MogeaupoBaHne IBYyMEPHbIX BUXPEBbIX Te4eHU
B HIWJIHHAPUYIECKOM KaHaJIe ¢ TOMOUIbIO
napa/uieJibHbIX BLIYMCIEHU HA CYIIePKOMIILIOTEpPeE

W.T. Jle6o @,
N.B. O6pyueB

MUWP3A — Poccuiicknii TeExXHOsIorn4eckuii yamsepceutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: lebo@mirea.ru

Peslome

Llenun. M3yyaeTcs aBonoLNS BUXPEBLIX CTPYKTYP, GOPMUPYIOLLMXCS NPY B3aMMOLENCTBMN NaSAIOLLEN N OTPaXEH-
HOW MOA, Yr/IOM yAapHbIX BOJIH B LMAMHAPUYECKOM KaHane. Cama yaapHas BOSiHA 3371aeTCs C MOMOLLbIO COOTHO-
weHun MNoroHmo, No3BONSIOLWMX ONPESENMTb NapaMeTpbl rada 3a GPOHTOM yAaPHOM BOJIHbI MO 3a4aHHOMY YUCy
Maxa 1 3Ha4YeH1aM ra3oiMHaMMYeckx NapaMeTPOB nepep, ckavkom gasneHns. Moaennposanocb pacnpocTpaHe-
HME CUJTbHOM yOapHOWM BOMHbI (41cno Maxa paBHsnock 20) B MHEPTHOM ra3e aproHe.

MeTopabl. Vicrnonb3yloTcs MeToabl MaTeMaTMieckoro MoaenMpoBaHms. Pa3paboTaH napanniesnbHblii anroputm pe-
LLEHMS ABYMEPHbIX YPAaBHEHWIA ra30BOI AMHAMUKM B LIUIVHAPUYECKMX KOOPAMHATax (r, z, t) n cosgaHa HoBasi Bep-
cusg nporpammbl NUTCY _ps. PacyeTbl BbINOIHEHLI HA cynepkomMnbioTepe MBC-100K.

PesynbTaTtbl. PaccMOTpeHbl ABE MeETOAVKM pacnapanfiennBaHns NpoLLECCOB NPU PELUEHUN CUCTEMbI ypaBHE-
HUN. Ha npymMepe KOHKPETHOM 3a4a4n NPOBEAEHO CPpaBHEHME 9P DEKTUBHOCTU 3TUX MeToamK. Pa3eut napan-
NENbHbIA aNropUTM 1N MOAEPHU3NPOBaHA NporpamMMa Ajis pelleHns ABYMEPHbIX YPAaBHEHWN ra30BON ANHAMUKMN
B LMIMHOPUYECKMX KOOpAMHATax (r, Z — NPOCTPAHCTBEHHbIE KOOpAUHaThl, t — Bpems). [MpoBeaeHbl YNCTIEHHbIE
pacyeTbl, Mogenupylowme: 1) nageHne n oTpakeHne yoapHom BOJIHbI OT METaNINIMYECKOro aKpaHa; 2) NPoXoxXae-
HMe yaapHOM BOJIHbI YHEPE3 OTBEPCTME B 3KpaHe; 3) NPOXOXAEHME YOAPHOM BOJIHbI YEPES LMANHOPUYECKNA KaHan
M ee OTpaxeHue OT AHa KaHana, B3aunMogencTBme ¢ nagarouwein BoNHON. MNMpeacrtaBneHbl pesynbTaTbl TECTOBbIX
peLleHnin Ha napannefibHOM CYNepKOMMbIOTEPE C UCMOJIb30BAHNEM Pa3NMYHOro Yncna npoueccopos. lNokasaHo,
4TO NpY NCNoNb3oBaHUM 16 NpoLeccopoB yaaeTcs NpubnnanTensHo B 12 pa3 cokpaTuTb BpeMs pacyeTa TecTo-
BOW 3aga4u.

BbiBoAbl. [Toka3aHo, 4TO NPy B3aUMOAENCTBUM NaJaloLEen N OTPaKEHHOW Nog, yriioM yaapHbIMK BOoSIHaMn $op-
MUPYOTCS 061aCTW C MOHMXKEHHOW 1 MOBbILLEHHOM NMIIOTHOCTbLIO rada, a Takke BUXpPeBble TedeHus. O6nacTb B3au-
MoAeincTBus BUxpel (3oHa TypOyneHTHOCTM) NnpruobpeTaeT crioxHyo dopMy. B cTtatbe 06cyxaaeTcsi BO3MOXHOCTb
NPOBEAEHMS HATYPHbIX 3KCNEPUMEHTOB Ha YAAPHbIX TPYHAxX MM C NOMOLLBIO Ta3ePHO yaapHon TpyOsl. Takme nc-
crnefoBaHns No3BonnAn 6bl CPABHUTL SKCMEPUMEHTASbHbIE [aHHbIE C Pe3Y/ibTaTaMu YUCIIEHHbIX PACYETOB U HAa UX
OCHOBE pa3BUTb 60JiIee COBEPLUEHHbIE MOAENM TYPOYNEHTHbIX JBUXEHWNIA.

KnioueBble cnoBa: YMCieHHOe MOAENNPOBaHNe, CBEPX3BYKOBbIE TEYEHUS, BUXPU, ABYMEpHas ra3oBas AMHaMuKa
B LIMIMHOPUYECKNX KOOPAMHATAX
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I'Ipoapatmocn» d)l/lHaHCOBOVI pearenbHoOCcTU: HWKTo 13 aBTOPOB HE nMeeT CbI/IHaHCOBOI71 3aMHTEepPeCOBaAHHOCTU

B nNpencTaBJIEHHbIX MaTepuranax nin metogax.

ABTOpPbI 329BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

The study of complex turbulence in supersonic
gas flows is a demanding problem of modern gas
dynamics and high energy density physics. Such
phenomena occur when flying vehicles enter the
Earth’s atmosphere, in astrophysics, when analyzing
the consequences of collisions of our planet with
space objects, and in researches in the field of laser
thermonuclear fusion.

Methods of mathematical modeling are used for the
numerical solution of such problems [1—4].

In [5], the peculiarities of the interaction of two
vortices in a gaseous medium were studied. To simulate
this phenomenon, a parallel algorithm and a 2D program
NUT 2D were developed to solve the equations
of dynamics of a two-component gas in Cartesian
coordinate system on MVS-100K supercomputer
at the Joint Supercomputer Center of the Russian
Academy of Sciences (JSCC RAS)!. To solve the
equations, TVD-difference schemes of a higher order of
approximation are used [6, 7].

The next step is the development of a 2D program
for solving the equations of gas dynamics in cylindrical
coordinates and an algorithm for solving problems using
a parallel supercomputer MVS-100K.

In this article we present the results of
calculations performed using the advanced 2D
NUTCY program in cylindrical coordinates (7, z are
spatial coordinates, ¢ is time) [8]. The mathematical
model of the program is based on the equations of
gas dynamics along with the Hugoniot conditions,
which make it possible to set the parameters of the
gas behind the shock front [9].

An algorithm for parallel computations was
developed and a new version of the NUTCY ps program
was created to find the solution to two-dimensional
equations of gas dynamics in cylindrical coordinates.
The calculations were conducted on the MVS-100K
complex using a large number of processors.

There are two main types of parallelization:
algorithmic (through control) and geometric (through
data). Due to significant potential of the NUTCY
program in data parallelization, a geometric method was
chosen to solve the problem: 1) to be computed region

I www.jsce.ru

in the form of a cylinder in the section orthogonal to
the cylinder’s axis was divided by planes perpendicular
to the axis into subregions of equal linear dimensions;
2) the division was conducted in two directions—
along the Oz axis and into cylindrical layers of equal
thickness along the Or! axis (x = r, Fig. 1). The
boundaries and locations of the subregions computed
by the processor were calculated using their indexes,
which were assigned by the MPI communicator
during initialization. Each processor stores in memory
the values of only those cells that are included in its
subregion; the control processor has additional buffers
for data input and output. At each computational node,
the calculation was conducted according to the same
scheme. In the course of the calculations, we used
both variants of partitioning the region: along two axes
(Fig. 1a) and along one axis (Fig. 1b).

XA

X

=
Z

(a) (b)
Fig. 1. Schemes of parallelization
in the new version of NUTCY ps:
(a) along two axes, (b) along one axis. In Fig. 1, x=r

~\

To keep the uniformity of the computational scheme
for each new subregion, two layers of fictitious cells
were introduced on each of the four (two in the case of a
one-dimensional distribution) boundaries. The values in
these cells were determined in two ways, depending on
the position in the grid:

1) based on the boundary conditions (if the boundary
of the new subregion coincided with the boundary
of the entire computational region);

2)data were transferred to the boundary of the
next subdivision from the processor that
processes the previous subregion (for internal
subregions).

A special procedure has been written for data
exchange. Each processor maintains indexes of its
“neighbour processors.” The procedure implements
the transfer of the values of the gas-dynamic values
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of the boundary cells to the “processors—neighbours”
and the receipt of the values of the fictitious cells from
the neighbours. If we consider the “left” boundary of
the subregion, then the values of cells with indices 1
and 2 will be transferred to the neighbour “on its left,”
the values of cells 0 and —1 will be received from the
latter. For non-uniform operations (for example, data
input and output) the processor with index zero acts
as the manager and exchanges data with the rest of
the processors. All data transfer operations between
computational nodes are implemented using MPI
tools.

TASK STATEMENT

The NUTCY program enables to numerically solve
the equation of gas dynamics in a 2D cylindrical config-
uration in the Euler coordinate system:

8_p+18rpu N orpw _
ot r or oz
2
8ﬂ+larpu +8pu0)+8_pzo,
ot r or oz  or
opw N 1 druw N opu® +8_p _o,
ot r or oz oz
%+laru(e+p) N d(e+ p)® _
o r or 0z

0,

o

0.

Here p is the density; p is the pressure; V. =u, V= ®
are the components of the velocity vector, V;
V2

e=p|e+ > is total energy. In addition, the following

equations are added to (1):
1) gas law:

p=(v-1)pe,

where, ¢ is specific internal energy, y is adiabatic gas
constant.
2) the continuity equation for each gas component
(total number of components is 7):

ap . J—
Ezdlvin=0, e i=Ln-1 2

If the gas contains two components, then it is
convenient to solve the continuity equation for the
mixture (the upper equation of system (1)) and the
equation for one of the components (2). Next, the
concentration of the first component C is determined,
and the concentration of the second component is found
as 1 — C.

The shock wave (SW) was given by the Hugoniot
relations:

2yM?% —(y -1 P
o D) g B
y+1 Fy

Cszzy 0’ D:chs’

_ Y+1+(y-1)/zP ®)

Y-1+(y+1)/ZP’

2 il y-1+(y+1)/zP
i :
] 2y

Here P,(0), p,(0) are the pressure and density
behind the shock front (ahead of the shock front) of
the SW; C{ is the speed of sound; D is the velocity of
the shock front in the laboratory frame of reference.
It is sufficiently to set the Mach number (M,) and the
thermodynamic parameters of the gas ahead of the shock
front to determine the corresponding parameters behind
the shock front. The gas velocity behind the shock front
in the laboratory frame of reference is determined by the
formula w; =D —u,.

The propagation of a SW in a region filled with gas
and its interaction with an aluminum screen (density
p = 2.7 g/lem?) located in this region were simulated.
The computational region (0 <7 <R, 0 <z < L_, where
R, L, are the sizes of the region) is filled with an inert
gas—argon; adiabatic exponent y = 5/3; initial pressure
P, = 0.5 atm; density p, = 0.804 mg/cm3.? The task
statement is illustrated by Fig. 2a. The SW specified
by the Hugoniot relations in the region 0 <z < b, (the
initial boundary of the subregion, disturbed SW, Mach
number M = 20) propagates from the top to bottom.
The gas velocity behind the shock of the incident SW is
V,=—4.817 km/s.

TASK 1:
SW REFLECTION FROM THE SCREEN

In Task 1, an aluminum screen with the initial density
p = 2.7 mg/cm? is placed in the computational region. In
the first run of calculations, the solution to the quasi-one-
dimensional problem was checked, and the propagation
of the SW along the channel and its reflection from the
screen were simulated. The parameters used in Task 1:
R=0.25cm, L,= 0.5 cm, gas velocity behind the shock
front v_=-4817 m/s.

The calculations were performed on a difference
grid (250 x 500 nodes) on a personal computer. Below
are the results of the calculations.

The shock wave has reached the screen and
reflected off. By the time ¢ = 0.0005 ms, the reflected
wave propagates towards the upper end of the shock

2 The NUTCY program uses the CGS system
to operate, however, here the time scale is given in
milliseconds.
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Fig. 2. Density distributions at (a) t = 0; (b) t = 0.0005 ms, (c) instantaneous density distribution along axis Oz
att=0.0005 ms; r=0.248 cm is the radius value for which the “density profile”
is plotted along axis Oz (R, = p(z) [g/cmq])

tube. Figure 2¢ shows the “density profile” near the
outer boundary of the cylinder » = 0.248 cm. The
gas velocity behind the shock front of the reflected
SWiis V, = —0.198 km/s at time ¢ = 0.0005 ms, that
is, the shock front of the reflected SW propagates
upward towards the incident shock, and the gas keeps
compressing.

TASK 2:
SW PROPAGATION THROUGH A HOLE
OF THE SCREEN

In the second run of calculations, a hole was added
to the aluminum screen located in the computational
region. Partial propagation of a SW through the hole and
its diffraction at the edge of the hole were simulated.
Because of complex physical phenomena involved in
this process, it was necessary to use high-resolution

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

(a) (b)

grids. The calculations were carried out in two stages:
on a personal computer with a grid of 250 x 500 nodes
and on one processor of the MVS-100K complex with
a grid of 1000 x 2000 nodes. The obtained data showed
similar results for both cases.

A diffraction region of the SW appears in the
vicinity of the “hole-screen” boundary. Refraction of the
wave leads to the formation of vortices. Note that the
gas velocity behind the shock front of the SW reflected
from the screen (red line in Fig. 3¢) is V, = —0.198 km/s,
that is, equal to the gas velocity in the reflected wave in
Task 1.

The increased number of grid nodes allows for, in
principle, to study in more detail the processes occurring
in the diffraction region. This, however, significantly
increases the time required for these calculations. A
version of the NUTCY program was developed for
calculations on a multiprocessor supercomputer complex

3 —e— r=0.002
Ry, r/cm ) —e— r=0.248
. |
" |
|
0.1
0.014 -
|
\
1E-34 ., . ,J J
1E-4
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(c)

Fig. 3. Density distributions (at t = 0.0005 ms), obtained on (a) personal computer with a grid of 250 x 500,
(b) MVS-100K (8 processors, grid 1000 x 2000). (c) density profiles at t = 0.0005 ms near the axis (r = 0.002 cm)
and near outer boundary (r=0.248 cm)
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Fig. 4. Density distributions at (a) t = 0.0005 ms, (b) t = 0.00085 ms, and (c) t = 0.00135 ms

(NUTCY _ps program). Using the multiprocessor version
of the program, the calculations were performed for the
previous task (Task 2); the obtained results were similar
to those shown in Fig. 3a (see Fig. 3b). The calculations
were performed on 8 processors. This computation
served as an errors-free test for the new version of the
NUTCY ps program.

TASK 3:
SW PROPAGATING INTO A LONG CHANNEL

Calculations for the third task were conducted
on a multiprocessor complex MVS-100K using the
NUTCY ps program.

As part of the third task, the aluminum screen
was replaced by an aluminum wall with an extended
channel. At its bottom end there was an absolutely
elastic wall. We studied the propagation of the SW
along the channel downward and reflected off—up to
the time it escaped the channel. The density distribution
across the computational region was studied. Due to
the increased “time-consuming” calculations on the
grid 1000 x 2000 nodes, the program was launched on
16 processors of the MVS-100K complex in two modes:
distribution along one axis and along two axes.

The graphs illustrating the SW dynamics are shown
below.

Figure 4a corresponds to the point in time when the
SW enters the channel; Fig. 4b—the front of the SW
reaches the bottom and is reflected off; Fig. 4c—the
reflected SW escapes the channel.

The graphs show the appearance of zones of
increased gas density and “bubbles” arising behind the
refraction front of the SW when it enters the channel and
escapes it.

The results obtained by this technique as well
as the effectiveness of two approaches to geometric
parallelization of computation are given in Table 1.

Table 1. Comparison of consumed time for calculating
one step and 6000 steps in different modes of
parallelization

Calculation mode Average time | Total time consumed
(grid 1000 x 2000 | consumed for one by the program
nodes) step, s when calculating
6000 steps, s
Single processor 1.982 12462
Multi-processor in a 0.155 1175
configuration 4 x 4
Multi-processor in a 0.167 1234
configuration 1 x 16

It turns out that with the same number of processors,
two-dimensional parallelization is more effective
due to reduced total number of intra-processors’
exchanges. The table shows that the computation time
was decreased by about 10—13 times when switching
from a single-processor program to a 16-processor one.
With two-dimensional parallelization, a gain of 7-8%
relative to the one-dimensional one is obtained. With an
increase in the number of processors, this gain can be
further increased; however technical and organizational
disadvantages are possible.

DISCUSSION OF RESULTS
AND CONCLUSION

Three runs of calculations were conducted.
In the first run, the numerical solution to the quasi-
one-dimensional problem was verified. It is shown that

Russian Technological Journal. 2022;10(1):60-67

65



The modeling of two-dimensional vortex flows in a cylindrical channel

using parallel calculations on a supercomputer

Ivan G. Lebo,
Ivan V. Obruchev

the results agree with the analytical solution for the
propagation of a SW in gas.

In the second run, two-dimensional phenomena
associated with the refraction of a SW propagating
through a hole in the screen were observed. It is shown
that when developing a parallel computation algorithm
(NUTCY ps program) and switching to grids of
increased resolution, the results of calculations for Task
2 are identical to the results obtained by the calculations
when a single-processor version was used.

In the third run of calculations, the propagation
of a SW along an extended channel and reflection
from its bottom were studied. It was observed that the
interaction of the incident and reflected waves leads to
the appearance of zones with increased gas density and
zones of low density. In this case, the vortex interaction
region gets a complex shape.

Comparison of the two methods of geometric
parallelization supported the theoretical assumptions
about the greater efficiency of the two-dimensional
computations. In conclusion, we note that further
reduction of the computation time is possible by
modifying the way of operation with data input and
output (multiprocessor reading and writing to a file).

At the beginning of the article, it was noted that the
study of the development of hydrodynamic instability
and the transition to turbulence is of great importance for
researches on laser thermonuclear fusion. In Russia [10]
and overseas [11—13], high-power multichannel lasers
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Abstract

Objectives. Recently, interest in studying local nonequilibrium processes has increased in the context of the
developmentoflasertechnologies, the possibility of reaching ultrahigh temperatures and pressures, and the need fora
mathematical description of various physical processes under extreme conditions. In simulating local nonequilibrium
processes, it becomes necessary to take into account the internal structure of investigation subjects, which
significantly complicates the classical transport models. An important stage here is to construct mathematical models
of various physical fields in which their spatiotemporal nonlocality should be taken into account. For these purposes,
hyperbolic equations are used for a wide class of phenomena and, first of all, for unsteady-state heat conduction
processes based on the generalized Maxwell-Cattaneo-Luikov-Vernotte phenomenology. Mathematical models
in the form of boundary value problems for hyperbolic equations are called generalized boundary value problems.
These problems differ significantly in solving difficulty from the classical ones based on Fourier phenomenology. The
specificity of these problems is the relative simplicity of the initial mathematical models, together with the difficulty of
solving them in an analytically closed form. Hence, very little success has been achieved in finding exact analytical
solutions to problems of this kind. The most acceptable approach to solving them is operational calculus. However, it
gives analytical solutions in the Laplace transform space as complex functional structures, the inverse transforms of
which are not available in well-known reference books on operational calculus. On this path, serious computational
difficulties arise. The study aimed to analyze a set of nonstandard transforms arising from the operational solution of
mathematical models of local nonequilibrium heat transfer and to obtain their inverse transforms.

Methods. Methods and theorems of operational calculus, methods of contour integration of complex transforms,
and the theory of special functions were used.

Results. Operational calculus was developed for mathematical models of local nonequilibrium heat transfer in terms
of the theory of unsteady-state heat conduction for hyperbolic equations (wave equations). Nonstandard operational
transforms, the inverse transforms of which are unavailable in the literature, were considered. It was shown that the
presented transforms are common to operational solutions of a wide class of generalized boundary value problems
for hyperbolic equations in the theory of heat conduction, diffusion, hydrodynamics, vibrations, propagation of
electricity, thermomechanics, and other areas of science and technology. Partially bounded and finite domains
were explored. lllustrative examples were given, namely, the results of numerical experimental studies of a local
nonequilibrium heat transfer process that took into account the finiteness of the heat transfer rate, which had a
wave character. The latter was expressed by the presence of the Heaviside step function in the analytical solution of
the problem. The physical meaning of the finiteness of the heat transfer rate was substantiated. The isochron was
constructed for the temperature function in a partially bounded domain. It was shown that the temperature profile
has a discontinuity on the surface of the propagating wave front. This leads to the retention of heat outflow beyond
the discontinuity boundary. This is a characteristic feature of the analytical solutions of the wave equations, along
with the possibility to describe the analytical solution of the problem as equivalent integral relations, which noticeably
simplify numerical calculations.
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Conclusions. The inverse transforms of nonstandard operational (Laplace) transforms were presented, which are
contained in the operational solutions of a wide class of problems of local nonequilibrium (heat, mass, momentum)
transfer processes, electrical circuits, hydrodynamics, oscillation theory, thermomechanics, and others. lllustrative
examples were given, and the possibility of transition from one form of an analytical solution to another equivalent
form was shown. The presented analytical solutions of hyperbolic heat transfer models in canonical domains are new
in classical thermal physics.

Keywords: nonstandard operational transforms, inverse transforms, mathematical models of local nonequilibrium
heat transfer, analytical solutions
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HAYYHAA CTATb4A

HoBble onepaniuoHHbIe COOTHOLICHUSA
IJIS MaTeMaTH4YeCKUX MoJieJien
JIOKAJIbHO-HEPABHOBECHOI0 TEILIO00OMEHA

3.M. Kaprawos ®

MWP3A — Poccuiickuii TexHos1Iorm4eckmii yamsepcutet, Mockea, 119454 Poccus
@ AsTOp AN nepenvicku, e-mail: kartashov@mitht.ru

Peslome

Uenun. B nocnenHmne rogpl yCunnncsa MHTEPEC K N3y4EHMIO JIOKallbHO-HEPABHOBECHbIX NPOLLECCOB B CBA3M C Pa3Bu-
TUEM NIa3ePHbIX TEXHONOIMIN, BO3MOXHOCTbIO MOJIy4EHNSA CBEPXBLICOKUX TEMMNEePaTyp U AaB/EHN, a TaKXe BBUAOY He-
06X0AMMOCTM MaTEMATUYECKOrO ONUCaHMS Pa3fnyHbIX GU3NYECKMX NPOLECCOB B 9KCTPEMasibHbIX ycnoBusx. Mpu
MOJENMPOBaHNN NTOKaSIbHO-HEPABHOBECHbIX MPOLLECCOB BO3HMKAeT HEOOXOAMMOCTb yYeTa BHYTPEHHEN CTPYKTYpbI
nccnenyemMbix 06bEKTOB, YTO MPUBOAMUT K CYLLLECTBEHHOMY YCIOXHEHUIO KJlaCCUYEeCKMX Moaenel nepeHoca. Bax-
HbIM 3TarnoM B Pa3BUTUN yKa3aHHOW 0651acTy SABASETCS NMOCTPOEHNE MaTeEMATUYECKUX MoAeNel pa3HoobpasHbIX
dU3NYECKNX MOJSIEN C Y4ETOM UX NPOCTPAHCTBEHHO-BPEMEHHOW HENOoKasibHOCTU. ONng 3TuX uenen Ncnonb3yTcs
ypaBHeHUs rnnepbonmMyeckoro Tmuna Ass WUPOoKOro Kiacca siBNeHni 1, Npexae Bcero, A8 NpoLeccoB HecTaumno-
HapPHOW TEMNJIONPOBOAHOCTM Ha OCHOBE 00606LeHHO peHomeHonorum Makceenna — KatraHeo — JlbikoBa — Bep-
HoTTa. MaTtemartumyeckne Moaenu B BUAE KpaeBblx 33434 AN YPaBHEHWI runepboanyeckoro Tmna HoCAT Ha3BaHue
KpaeBbIx 3a4a4 06006LLEHHOM0 TUNa. 3TN 334241 3HAYUTENIBHO OT/IMYAKOTCS OT KJIaCCUYECKMX HA OCHOBE DEHOMEHO-
norumn Mypbe Nno CNoXHOCTU UX peLleHus. Vix cneundurika 3akitoyaeTcs B OTHOCUTENIbHON MPOCTOTE UCXOAHbIX MaTe-
MaTUYECKUX MOAENEN N TPYOHOCTU PELLEHNS B aHANNTUYECKM 3aMKHYTOM Buae. OTCloaa BeCbMa HE3HAYUTESbHbIE
yCrexu B HAX0XOEHMN TOYHbIX aHAMTUYECKNX PELLIEHNI TaKoro poaa 3afaady. Hanbonee npyemnemslii MeTo ux pe-
LLIEHMS — OMepauMOHHbIiA, HO OH NPUBOAUT K aHANIMTUYECKMM PELLEHMSIM B NMPOCTPaHCTBE N306paxeHnii no Jlannacy
B BMAE CJIOXHbIX QYHKUNOHAJIbHBIX KOHCTPYKLMA, OPUTMHATbI KOTOPbLIX HE COLAEPXATCS B U3BECTHLIX CNPaBOYHMKaX
Mo onepauyioHHOMY UCHUCTIEHNIO. Ha 3TOM NyTX BO3HUKAIOT Cepbe3Hble TPYAHOCTU BbIYMCINTENBHOIO Xapakrepa.
Llenb paboTbl — paCCMOTPETb CEPUIO HECTAHAAPTHLIX N306PAXKEHN, BO3HUKAOLLMX NPU ONEPaLMOHHOM peLleHnmn
MaTeMaTU4eCKMX MOLENEeN NnokanbHO-HEPABHOBECHOIO TEMI00OMEHA U NMOJTYHUTb UX OPUTMHASbI.
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MeToabl. /icnonb3oBaHbl METOLbI M TEOPEMbI OMNEPALIMOHHOIO UCYUCTIEHUS, METOLbI KOHTYPHOIO MHTErPUPOBaHUS
CJI0XHbIX N306paxeHUin, TEOPUS crneLmanbHbiX GYHKLNIA.

Pe3ynbTaTbl. [lpeacrasneHo passutne ONEPaUVOHHONO MCHUCEHUA OIS MaTeMaTUY4eCKUX MOLenen nokasb-
HO-HEPaBHOBECHOIO TEMJI0NepeHoca B TEpMUHAxX TEOPUU HECTALMOHAPHOM TEMIONPOBOAHOCTM /19 YPABHEHUIN M1~
nep6onnyeckoro Tuna (BoSHOBbLIX ypaBHEHWI). PACCMOTPEeHbl HeCTaH4aPTHbIE OMNePaLIMOHHbIE M306paxeHus, Opu-
rMHasnbl KOTOPbIX paHee OblIM HEM3BECTHLI. [1oka3aHo, YTO NPUBEAEHHbLIE N300PAXEHS ABMSIOTCS XapakKTePHbIMN
D)5 onepaLumoHHbIX PELLEHWI LLMPOKOro knacca 06006LLEHHbIX KpaeBbIx 3a4a4y AJ1s ypaBHEHUN runepbonmMyeckoro
Tvna B TEOPUN TEMONPOBOAHOCTU, ANDDY3NK, TMAPOANHAMUKN, KONebaHuii, pacnpoCTPaHEHUS 3NEKTPUYECTBA,
TEPMOMEXaHUKN 1 APYrMX HaNpPaBieHUIA HAYKN U TEXHUKU. MI3ydeHbl YaCTUYHO OrpaHMYEeHHbIE N KOHEYHble obna-
cTu. [NpuBeaeHbl MAKCTPATUBHBLIE MPUMEPDLI B KAYECTBE YNCIIEHHbLIX 3KCNEPUMEHTOB J1I0Ka/IbHO-HEPaBHOBECHOIO
npouecca TernsioobmMeHa ¢ y4eTOM KOHEYHOW CKOPOCTU PacnpOCTPaHEHMS TEMMOThI, MMEIOLLIEN BOJTHOBOW Xapak-
Tep. [NocnegHee BbipaxaeTca HaMYMEM CTyneH4YaTon QyHKUMK XeBucarnga B aHaIMTUYECKOM peLleHnn 3a8a4u.
0O60CcHOBaH GUINYECKUI CMbICTT KOHEYHOW CKOPOCTU PacrnpOoCTPaHEHWS TEMOTbI; MOCTPOEHA M30XPOHA AN TEM-
nepaTypHoi GyHKLUMW B YaCTUYHO OrpaHMyYeHHon 06/1aCT1 U NokKa3aHo, YTO Ha MOBEPXHOCTM (GPOHTA MAYLLEN BOSHbI
TemMnepaTypHbIri NPodPUIb MEET PaspbiB. ATO NPUBOAUT K 3a4epPXaHM0 OTTOKA TEMOThI 32 rPaHuLy paspbiBa —
xapakTepHasi 0COOEHHOCTb aHANIMTUYECKMX PELLEHUIA BOSIHOBbIX YPABHEHUI, K KOTOPOW cneayeT A06aBUTb BO3MOX-
HOCTb OMNUCaHUA aHaJIMTUYECKOrO peLleHns 3a4a4m B BUAE IKBMBAIEHTHbIX MHTErPasibHbIX COOTHOLLEHWUN, CyLle-
CTBEHHO YMNpPOLLAKLWMX YACIIOBbIE PacyeThl.

BbiBoabl. MpeacTtaBneHbl OpurnHanbl HECTaHAAPTHBIX ONepaumoHHbIX n306paxeHuii (no Jlannacy), Bxogasiimne B
onepaumMoHHbIE PELLEeHUa WKMPOKOro kjacca 3ajad JlokasbHO-HEPABHOBECHBLIX MPOLLECCOB rnepeHoca (TensoThl,
Macchbl, UMMybCca), SNEKTPUYECKUNX LIENEN, rMOpOoaMHAMMKA, TeOpUN KonebaHni, TEPMOMEXaHNKW 1 Apyrux obna-
cTten. [prBeaeHbl NNIOCTPaTUBHBIE NPUMEPDI 1 NMOKa3aHa BO3MOXHOCTb Nepexona OT 0O4HOW GOpMbl aHannTuye-
CKOrO peLLeHns K Apyron akBuBaneHTHol dopme. MNpeactaBieHHble aHaNUTUYeCckne peLleHns rmnepbonmyeckmx
MoJenel TennonepeHoca B 061aCTsiX KAHOHNYECKOro TUMa SBASOTCSH HOBLIMU B KNTACCUYECKOWN TeNNopuanke.

KnioueBble cnoBa: HeCTaHOAPTHLIE ONEPALMIOHHbIE VI306pa)KeHVIF|, opurnHasibl, MatemMatn4eckme Moaenn JIokKasibHO-

HEepaBHOBECHOIO TernJionepeHoca, aHaanTnyeckmne peeHna

e Moctynuna: 08.09.2021 » Mopa6oTaHa: 20.09.2021 ¢ MNMpuHaTa kK ony6nukoBaHuio: 27.12.2021

Onsa uutupoBanus: Kaptawos 3.M. HoBble onepauyoHHble COOTHOLUEHUS A1 MATEMATUYECKUX MOAENEN NoKanbHO-
HepaBHoBecHoroTernnooomeHa. Russ. Technol.J.2022;10(1):68-79.https://doi.org/10.32362/2500-316X-2022-10-1-68-79

Mpo3payHoCTb GUHAHCOBOI AeATeNbHOCTU: ABTOP HE NMeeT PUHAHCOBOW 3aMHTEPECOBaHHOCTY B NpeAcTaB/eH-

HbIX MaTepunanax nin MmetTogax.

ABTOp 3asBNseT 06 OTCYTCTBUN KOH(DINKTA UHTEPECOB.

INTRODUCTION

The classical models of the analytical theory of heat
transfer originated from Fourier’s linear gradient relation

q(M,t)=—\gradT (M,t),

presented by Fourier in his Mémoire sur la propagation
de la Chaleur dans les corps solides (On the
Propagation of Heat in Solid Bodies) in Paris in 1807.
Fourier finalized his theory in 1822 in the essay Théorie
analytique de la chaleur eur (The Analytical Theory
of Heat), which Kelvin called “the great mathematical
model” [1]. Together with the energy equation for
isotropic solids,

JoT(M,t)
o

Fourier’s law leads to parabolic unsteady-state heat
transfer equation

cp —divg(M,t)+ F(M,1),

—aT(aAf”) = GAT(M, 1)+ —F(M,0), MeD, 10, (1)
cp

and to boundary value problems for equation (1) under
initial condition

T(M,t)‘ —o=Dy(M),M €D )
and boundary conditions

JdT (M, 1)
on

Here, D is a finite of partly bounded convex domain
of M(x, y, z), S is a piecewise smooth surface bounding
the domain D, and 7 is the external normal to S (a
vector, continuous at points of S). The parameters of
problem (1)—(3) are thermophysical characteristics of
the medium, which are constant in arange of temperatures
within the transition points [2]. Some paradoxes of using
model concepts (1)—(3) were repeatedly noted. One of
them is the absence of inertia of the process of heat
conduction in Fourier’s law because of the ignorance of
the mechanism of heat transfer by constituent particles
of matter (electrons, molecules, ionic lattices) and the
relaxation time related to the mean free time of

B, +B,T(M,1)=B;0(M,t), MeS,t>0. (3)
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microparticles. A consequence of this is the conclusion
of the infinity of the heat transfer rate, which follows
from the analytical solutions of models (1)—(3). Another
paradox is the singularity of the heat flow and the
velocity of motion of isotherms at x > 0 and 7 > 0 as
x — 0 (t — 0). Nonetheless, these circumstances do not
limit the applicability range of mathematical models
(1)—(3), which encompasses more and more substantive
subjects of investigation and a wider and wider variety
of applications [3—7].

Recently, theinterestin studyinglocalnonequilibrium
processes has increased in view of the wide potential of
their practical application [8—14], namely, creation of
new technologies to obtain nanomaterials and coatings
with unique physicochemical properties (binary and
multicomponent metal alloys, polymer materials,
amorphous metal semiconductors, nanoliquids, and
colloidal and bio- and cryosystems); optimization of
laser application conditions; intense heating and cooling
of nanoelectronical and nanotechnical components; and
heating, melting, and ablation of matter on exposure to
ultrashort laser pulses; etc. To describe the intensification
of thermal processes under these conditions, it was
required to refine Fourier’s hypothesis. This was done
by taking into account the local nonequilibrium using
relation

dq(M,1)

q(M,t)=—hgradT(M,t) -7, 5

“)

which implies the conclusion of the finiteness of the heat
transfer rate. Here, the time 7, is a measure of the inertia
of the heat flow, which is related to the heat transfer rate

by the expression vy =./a/T.. The necessity to take
into account the effect of the finiteness of the heat (mass)
transfer rate was indicated by Maxwell in gas dynamics
theory [15], Luikov in investigation of the heat and
moisture transfer in capillary porous bodies [16], and
Cattaneo [17] and Vernotte [18] in heat conduction
theory. The energy equation and relation (4) lead to
hyperbolic heat transfer equation

% = aAT(M, 1) -

)

2T(M,t) T.|0F(M,r) 1
-1 +— +—
oo cp| ot T

T

F(M,t)]

and to the corresponding generalized boundary value
problems of unsteady-state heat conduction. In the
mathematical formulation of these problems, the
corresponding local nonequilibrium boundary conditions
should be used. Using standard local equilibrium
boundary conditions (3) (which is quite frequently done
in publications on analytical thermal physics) can lead
to physically contradictory results (e.g., to negative

values of absolute temperature [19]). These issues were
considered in detail previously [20]. Correct generalized
boundary conditions were formulated based on relation
(4) in the integral and equivalent differential forms. For
example, for thermal heating (cooling) conditions, the
Neumann boundary condition has the form

t

1 faT(M,7) t-1
2 e,y L
rr£ s eXp( T, J NG

=1(qy / MS, (1), 20,

and in the case of heating by the medium, one should

write
[ —
exp [— —T) dt =
0 MeS Tr (7)

={T(M,1) ;g —[ Ty + S, (XT, - Ty) |} 2 0.

1 j AT(M,7)

T, on

Here,
1,t>0,

S (0= 8
+ ) {0, t<0. ®
As (1/h) — 0 (h — o), from relation (7), the
boundary condition during thermal heating is obtained:
TM, D)y e g= Ty + ST, — T), t=0. ©)
Note that hyperbolic equation (5) for local
nonequilibrium heat and mass transfer processes was
obtained for the first time by Fock [21] and Davydov
[22] under the assumption of the finiteness of the velocity
of energy- or mass-transferring particles. Equation (5)
was also derived by Predvoditelev [23] by analyzing
the velocities of isothermal surfaces using Riemann’s
concepts, i.e., after completely abandoning the use of
relaxation formula (4).

NEW OPERATIONAL RELATIONS FOR
HYPERBOLIC MATHEMATICAL MODELS

Generalized transfer problems for Eq. (5) differ
significantly from classical problems (1)—(3) because
analytical solutions of the former are more difficult to
obtain. The specificity of these problems is the relative
simplicity of the initial mathematical models together
with the difficulty of solving them in an analytically
closed form. Hence, very little success was achieved
in finding their exact analytical solutions, which were
mostly found within partially bounded domains. The
main approach to solve these problems is operational
calculus, which is, however, accompanied by two main
challenges. Whereas solving a problem using operational
calculus is not too difficult, the inverse transforms are
difficult to obtain because of their absence in operational
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calculus tables. The formal application of operational
calculus theorems to finding the inverse transforms
can lead erroneous results because the sought inverse
transforms should contain the Heaviside step function
[24], the formal appearance of which not always can be
ensured. A natural way out of this situation is to develop
artificial techniques or a complex transition to the inverse
transforms by contour integration of the transforms [24].

Partially bounded domain
Let wus consider the operational solution

of homogeneous equation (5) in the domain
Q= {M(z,1): z>0,¢> 0} in the dimensionless variables

§=vpz/a, ‘szgt/a, B
W& =

= /vr>
[T(z,0)-Ty)/(T, - Tp),

V1 = a/Tr’

where v, = \/ZG(I -Vv)/[p(1-2v] is the expansion
wave velocity in an elastic medium, G is the shear
modulus, v is Poisson’s ratio, and p is the density. The
problem has the form

W _°W ., O*W
o B = ,E>0,1>0, (10)

BW@T)
WED) g =3 7|z = 0,620, o

W (&,7)| < e, &2 0,7>0

Let W(E,p)= Jexp(— pOW (E,1)dT be the Laplace

0
transform of the function (&, 7). From Eq. (10), one can

find
W(Ep)=f(p) eXp(—ixlﬁzpz + p)-

The transform written for W(i, p) determines the
further purpose of this study, which is to obtain the
inverse transforms of a set of transforms of the form

7(pyexp -&J(p+2a)(p+2B) | = 7 (p)exp[~ER(p)],

where W(p)=(p+2a)(p+2p),
with the Heaviside step function.
Let us emphasize once again the specific features
of the further calculations. The pioneering publications
on the simplest hyperbolic transfer models in 1970s
showed [25, 26] that the heat conduction according to
the mathematical models for Eq. (5) is characterized by
the wave behavior, which is expressed by the presence
of the step function n(t — &) in the analytical solution

at various f(p)

of Dirichlet boundary value problem (10)—(11) at
W(0, 1) = 1, T > 0. At any time, there is a thermal wake
region at § <t and an unperturbed region at & > t (Fig. 1)
(at points of the region at & above & = 1, the temperature
value remains unchanged and equal to the initial value).
On the surface of the front of the propagating wave, we
have & = 1, and the temperature profile on the front has a
discontinuity, the amplitude of which rapidly decreases
with increasing heating time. It is in the region behind
the front of the heat wave that there is a significant
difference between the solutions of hyperbolic equation
(5) and parabolic equation (1) (in the latter case, the
solutions are smooth and considerably exceed the initial
value). It is these features that are explained by the
presence of the step function in the analytical solution
of the heat problem.

W, (€, 1)

1.0R,
09 I ‘.:'.n' ",
0.8}
0.7y
0.6
0.5}
0.4
0.3
0.2
0.1

.

R
HFle &
P

=25

-
1]
—_
[6)]

3
1
1
1
1
1

- &
e e e
I3

be
OO 0.5 10 1.5 20 2.5 30 35 40 45 5.0
Fig. 1. Isochrone calculated by (29) (B=1)

Below, only operational calculus relations are
considered; therefore, let the time variable be denoted as
t (as it is accepted).

Consider the function ¢(x) = x2] (x!2), where
1 m(xl/ 2) is the modified Bessel function. In the theory of
Bessel functions, there is relation

d" 1 _mtn 1
o [(P(x)]=2—nx 2 Lnl X2 | (12)

which enables oner to write the Maclaurin series for
o(x +xp):

1 1
O(x+xy) = (x+x0)_5mlm [(x+x0)2] =
(13)

Set x, = 2xt, x = 2
Then, we obtain

o) =1, I:Jt(t + 21<)] =y Kn—}:ln (0).

n=0

, and m = 0 in expression (13).
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Take the Laplace transform using the published
tables [27]:

o(p) = TeXp(—pt)Io [Vt +2x) Jae =

1 2 (kp — K\/Pi_)n

\/p _an n!

exp(Kp Ky p? —1).
/p _

Hence, it follows

eXp(—K\/p2 -1)

@(p)exp(—kp) =

I
Vp* -1

and, further,

\/;_1 exp(—Kq/p? —1) «
p? -
< oU—mr—K)=

= I,(N2 —x2)n(r —x).

Let us replace x by 9, and ¢ by o¢ in relation (14) and
make transformations using the similarity theorem [2];
let us then introduce the notation & = &/c. We find

%exr)(—&\/pz -0%)
\p© -0
—Iy(o\r? &> m(t-&).

Set p — p + p on the left-hand side of relation (15)
and apply the shift theorem:

(14)

(15)

1
J(p+p+o)p+p-o0)

 exp(-pn)], (c,/ﬂ g2 )n(t %),

Denote p + =20 and p — 6 =2, whence p=a +
and ¢ = a — B. Now, we finally arrive at the necessary
result:

exp[&J(p+p+o)p+p—0) |«

! c
J(p+20)(p+2B)

1 —
=y Pl ] <

— exp(—pt)] (o2 =&2)m(r - &).

xp| ~&(p+200(p+2B) | =
(16)

From relation (16), we find

1 —
) exp| -Eu(p) | «

t
| [exp(—pr)Iy (o2 —E2)dt |n(r - &).
d

(17)

Application of the convolution theorem to relation
(16) gives

exp[-EL(P)]f (p) <

1
1(p)

t
| [1t-vexp-pn)1, (o\/zZ 2 )dt N -8,
:

(18)

Differentiation of relation (18) with respect to &
gives

exp| —EW(p) |/ (p) /(1 =€) exp(—pE) +

I,(oyt? - E2)
+ ot f(t —1)exp(-p1) F——="d1, (19)
J o

t>E,0,t<C&.

Set f(p)=1 in relation (19), whence f{£) = 3(¢) is
the Dirac delta function, and relation (19) takes the form
exp| -Eu(p) |«

I (o\t> —E%)
[2_e2

| exp(—p&)d(r — &) + & exp(—p?) x (20)

xn(-§).

- 1
Let then f(p)=— in relation (19); then, A7) = 1,
p

and the inverse transform has the form
1 _
;exp[—&u(p)] «

£ I,(c1%? -E2)

| exp(—p&) + o | exp(—p1) T———Z="dt | x (21)
g /T2 _ ;32

xn(t =).

A number of problems in thermal shock theory [2]
lead to the transform

1 [p+2B

A pr2a exp| -&u(p) |

Find the inverse transform. From relation (17), we
have
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1 exp| -Eu(p) |
P J(p+20)(p+2p)

t
— jexp(—pt)lo (ot —E2)dr, t>E.
g

(22)

Multiply relation (22) by 2 and add the result term
by term with relation (6) to obtain

1 |p+2B —
A /m exp [‘iH(P):I “—
—exp(—pt)]y(oy1? &)+
t
+2B[ exp(—pr)ly(oy12 —E2)dt.1 > €,
g

Transformation of relation (23) using the expressions
(dldx)ly(x) = I,(x) and 1,(0) = 1 gives

! J% exp[ ~E(p) | &~ exp(-pE) +

! ot (oy1? —&2)
+ —or)| — 2 _g] 2 _£2)|4q,(24)
%[exp( pr)[ - 6l (012 —E2) |dr

t>E&.

Using the above operational calculus relations
and theorems, let us write the inverse, important for
applications, of the more general transform:

(23)

p+28
p+20

‘ o1l (cy12 - E2)
+| f(t—- —pn)| — =gy, 2_E2)|an,
gf( T)exp(—pT |: ) = ol,(oy1* &%) |dt

t>E&.

exp| ~Eu(p) | £ (p) & /(1 —E)exp(—p&) +

(25)

Expression (25) has a number of practically

important special cases at given f(f) = f(p).

The above operational relations have resolved the
problem of finding analytical solutions of Eq. (10) under
generalized boundary conditions. However, this problem
has an interesting continuation, which is the possibility
to represent one and the same analytical solution as
different functional expressions. It is significant in this
case that a certain cumbersomeness of the analytical
writing of solutions can be simplified using special
transformations leading to new, previously unknown,
analytical solutions. Let us demonstrate this by the
example of the Dirichlet boundary value problem for
Eq. (10) (the boundary conditions are presented above).
An analytical solution of the problem based on relation
(21) has the form

W(E,t) =
AT x"(zlﬁ“x2_§2]
ool 5 Lol

xn(t-ER) =¥, (&, (T —EP).

dx |x (26)

The transform of sought function (26) has the form
WEp) =1/ prexp| -Bep(p+1/8) |

the inverse transform of which can be written using the
Riemann—Mellin integral as follows:

%exp[—ﬁ&\/p(pﬂ/ﬁ%] «
Y+ico

o [ Sew| pe-Belpe 1) = @7)
i p

y-ivo
=¥,E,).

The integrand in relation (27) satisfies the conditions
of Jordan’s lemma [2] and has two points of branching.
Calculation of contour integral (27) gives

1/p2 sin&f P(Blz— )
¥,En=1-= [ exp(-pv)
T 0

dp. (28)

Let us now show that the analytical solution of
the Dirichlet boundary value problem in the form

W(E, 1) ="Y,(& tn(t — EP) are W(E, 1) =¥, (&, tin(t — EP)
equivalent; i.e., ¥ (&, 1) = ¥,(&, 1). We have

/B
w3 ol 5[5

Differentiation of both sides with respect to t gives

oo 1 T 1|7
[\Pl]‘c = i[—gexp(—ﬁ)lo (E B—Z_éz J] =
Jd| 1 1
5ol )
Let us now use the (quite rare) integral
amcosc\/ay—yzdyz
gw—yz
= nexp(—%),}o (ﬂ [c2 —pz).

2
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We find
[(¥En], =
9 11/Bz exp(—pT) B
4T e en T

1
()
11/[32
== J. exp(—pT)sin B /p(BZ JdP

Integration with respect to T gives

| VB sin Bi,/P(Blz - P]
o dp+C.

¥E&0=-— [ exp(-pD
0

Under the conditions of the problem, ¥,(0,7)=1;
therefore, C = 1, and we finally obtain

Y€)=

1
1/p2 sin 3§ P[—P)
1 \ pBZ J

=1-— { exp(—p1)

p:

=¥,

Thus, it was shown that

WE 1) =1, om(t —P) = Fp (& ot —&P). - (29)

Figure 2 presents the curves W(E, 1) in the section
& = 2; both curves calculated from formulas (29)
virtually coincide. The above reasoning can also be
extended to the Neumann and Cauchy boundary value
problems under generalized boundary conditions, which
emphasizes the specificity of hyperbolic transfer models.

W(E, )
0.67

0.5/
0.4}
0.3} 2
0.2}

0.1+

0 ‘ ‘ ‘ ‘ T
0 1 2 3 4 5 6

Fig. 2. Results of calculating the function W(E, T) in the
section £=2 (B = 1): point 1—by (26), point 2—by (28)

Canonical finite domains

Mathematical models for Eq. (10) in the domain
€ € [0, &l, © = 0 under generalized boundary
conditions hardly constitute a necessary apparatus of
operational calculus, which significantly complicates
the determination of their exact analytical solutions.
Let us consider a number of operational relations that
are characteristic of this case. Find the inverse of the
transform

(H-pp)"
(H + )™

Use the reference formula [27]

(30)

a-p"

n
i z (_1)k C’lchk—n—l —
P k=0
n
=" X (e
m=0

— (-1 2 (- 1)mcmitm —

m=0

=(=D"L,(®),

where L, (1) = exp(t)—[t” exp(— t)] is the Laguerre

polynomial [27]
Sequentially using the operational calculus theorems

(L k) f(pk) < f(kt),  f(p—k)<«exp(kt)f(£), and

F(pyexp(=ply) = f(t=1g)N(~1)), we find the
sought inverse transform

(H —Bp)” (=" _H H
Hippy B exp( B’)L”[ZB’)' GD

By similar reasoning, one can show that

<—Bexp(][;[ ]EZ(2%Z], (32)

n
1
where L (1)=(-1)"1 Y C” "

m=0

(H +Bp)”
(H —Bp)™*!

is the Kartashov

polynomial.
Let us find the inverse of the transform

S (p+a)?=b2, if f(p)< f(1). Use the Efros

theorem

t
718 (»]8,(0) « [ F¥(E.ndx,
’ (33)
W(t.0) - exp| =10, (p) |0, ().
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We find
FW(p+a@—p?)
LoNE—y?) |G
—exp(-at)| f(1)+b] yf () F—- }
{ ot

Similarly, we find

Ll a0t esp [ -niprar 5 |

! ’ L(byy? 12 }
— | f(t=7)| exp(=at) + bt| exp(—ay) —A—=—dy |dr
{ [ J vy -7

(35)

Relation (35) has a number of special cases,
including the practically important expression

%7(\/[32192 + p)exp(—yyB2p? + p) <

. T
«— gexp(—ﬁj o(y,1)dr,
o(v.0)=f"t—-B)+
1
]1(2[-}2 tz—yzjd .
\/12 _yz ya

%f(t/B)n(t)-

(36)

2B2 fyf (vy=B)

1r0=

Let then §(p)= JB2p% + p. From the previous

relations, one can find

H-5(p)| _
ﬁexp [—YS(P):I —
eeXP( Bz][f( -8+

(37

ﬂl(zéz NI —’CZJ
d
V2 —12

el o

As applications of the obtained results, let us consider
two model that are characteristic of thermal shock:

T,

t
+$If(r—vﬁ)
0

f()=

oW, aZW oW,
2L 0<E<E,,1>0,(=12), (38
W)._o=@W,/0t),_;=0,0<E<E,
W\‘: 0= 1 W|é £ =0,7>0, (39)
Wle—o=1,(@W,/08),_y=0,7>0.  (40)

In the Laplace transform space, we find

_  1sinh[G-9)S(p)]
Wl@’p)_p sinh[ &, S(p)]

1 cosh[ E—5)S(p) ]
P cosh[&S(p)]|

Transform the hyperbolic functions in the fractions:

W&, p)=

> %{exp[—vlk S(»)]-exp[ -5 ]}
k=0

W&, p)=

i Dk {eXP[_Ylk E(P)] +exp [_Vzk E(P):I} )

where
Vi =2kE, +&, ¥y =

=2(k +1)&y +&, S(p) =B2p% + p.

Calculation of the inverse transforms using the
above relations gives

&= {¥[v,©.1]-¥[vy©]} @D
k=0

WyEn) =Y, (=DF{W[vy, €.t ]+ ¥[ 15, E)7 ]} @)
k=0

where
\P(Yik’T):
©/2p? 11( ( zk/zﬁ) )
= exp(—vzikj+yzﬂ‘ J exp(—y) > dy |x
B B ik /2B —(Yik/zﬁ)
XN =7, B). (43)

Note that solutions (41)—(43) were previously
unknown in analytical thermal physics. All the nine
boundary conditions for W(E, 1) in the domain & € [0, §],
T > 0 can be analyzed similarly, and the studied problem
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for a finite domain can thus be considered resolved.
At the time, here, as above, analytical solutions can be
obtained as other functional expressions, equivalent to
the presented ones. This is one of the specific features of
hyperbolic transfer models. Numerical implementation
of'the obtained relations seems to involve no fundamental
difficulties in view of the potential of the existing
analytical thermal physics software.

CONCLUSIONS

The inverse transforms of nonstandard operational
(Laplace) transforms are presented. These inverse
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