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Structure of associative heterarchical memory

Roman V. Dushkin @, Vasilisa A. Lelekova @, Vladimir Y. Stepankov,
Sandra Fadeeva
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Abstract

Objectives. Since the 20th century, artificial intelligence methods can be divided into two paradigms: top-down
and bottom-up. While the methods of the ascending paradigm are difficult to interpret as natural language outputs,
those applied according to the descending paradigm make it difficult to actualize information. Thus, natural language
processing (NLP) by artificial intelligence remains a pressing problem of our time. The main task of NLP is to create
applications that can process and understand natural languages. According to the presented approach to the
construction of artificial intelligence agents (Al-agents), processing of natural language should be conducted at two
levels: at the bottom, methods of the ascending paradigm are employed, while symbolic methods associated with
the descending paradigm are used at the top. To solve these problems, the authors of the present paper propose
a new mathematical formalism: associative heterarchical memory (AH-memory), whose structure and functionality
are based both on bionic principles and on the achievements of top-down and bottom-up artificial intelligence
paradigms.

Methods. Natural language recognition algorithms were used in conjunction with various artificial intelligence
methods.

Results. The problem of character binding as applied to AH-memory was explored by the research group in earlier
research. Here, abstract symbol binding was performed using multi-serial integration, eventually converting
the primary symbols produced by the program into integrated abstract symbols. The present paper provides
a comprehensive description of AH-memory in the form of formulas, along with their explanations and corresponding
schemes.

Conclusions. The most universal structure of AH-memory is presented. When working with AH-memory, a developer
should select from a variety of possible module sets those AH-memory components that support the most successful
and efficient functioning of the Al-agent.

Keywords: artificial intelligence, natural language processing, associative heterarchical memory, Al-agent, abstract
symbols, hypernet, predicate symbol control model, actant role classifier, hypergraph
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HAYYHAA CTATbA

Crpykrypa
ACCOIUATUBHO-TETEPAPXUYECKONH MAMATH

P.B. OywkuH @, B.A. Jlenekosa @, B.I0. CtenaHbkoB, C. ®aneeBa

AreHTCcTBO MickyccTBeHHOro ViHtennekta, Mocksa, 127591 Poccusi
@ ABTOpbI A nepenuckun, e-mail: drv@aiagency.ru, lv@aiagency.ru

Pesiome

Llenn. HaumHaa ¢ XX Beka MeToAbl MICKYCCTBEHHOIO MHTE/NeKTa pas3aensioT Ha ABe napagurmMbl — HUCXOOSLLYIO
1 BocxogsLyto. MeToabl BOCXoAsLLEN NapaaurMbl CIOXKHO MHTEPNPEeTUPOBaTh B BUAE BbIBOAA ECTECTBEHHOIO A3bl-
Ka, a B MeTofax HUCXOAsLWeln napaamrmel 3aTpygHeHa aktyanmaaums nHgopmaumn. ObpaboTka ecTecTBEHHOro
asblka (NLP, ot aHrn. Natural Language Processing) MCKYCCTBEHHbLIM MHTENNIEKTOM OCTaeTCs akTyaibHOM npobne-
MoW coBpeMeHHocTn. OcHoBHas 3agada NLP — cospgaHue nporpaMm, cnocobHbix 06pabdaTtbiBaTb U MOHUMATb ecTe-
CTBEHHbIe A3blkM. C y4eTOM aBTOPCKOIro Noaxoaa K mMoOCTPOEHUIO areHTOB MCKYCCTBEHHOro nHTennekTa (MN-areHToB)
0bpaboTka eCTeCTBEHHOIO s3blka A0JKHA TakKe BECTUCb Ha ABYX YPOBHSIX: HA HUXHEM — MPW NMOMOLLM METOO0B
BOCXOASILLIEN NapagurMbl U Ha BEPXHEM — NPU MOMOLLM CUMBOJIbHLIX METOO0B HUCXOASALWEN napaanrmel. ns pe-
LLEeHNs 3TUX 3a4a4 aBTopaMu NpeasioxkeH HOBbI MaTeMaTnieckuii opmannam — accoumaTUBHO-reTepapxmyeckas
namaTb (AM-namsaTb), CTPYKTypa U GYHKUMOHMPOBAHME KOTOPOW OCHOBAHbI Kak Ha BUOHMYECKMX MPUHLUMMAX, Tak
1 Ha JOCTUXEHUSX 06eunx napagnurM NCKYCCTBEHHOIO MHTeNekKTa.

MeTopabl. Vicnonb3oBaHbl METOAbI MICKYCCTBEHHOMO MHTENIEKTA U anropuTMbl pacno3HaBaHUsi eCTECTBEHHOIO A3bl-
Ka.

PesynbTaTtbl. PaHee aBTOPCKNUM KOJIJIEKTUBOM Oblfia nccregoBaHa npobnema npuBa3Kn CYMMBOJIOB B NMPUOXEHUN
K Ar-namsaTn. B Helt npmuBaska abCTpakTHbIX CMMBOJIOB OCYLLECTB/IANACh C MOMOLLbIO MYJIbTUCEHCOPHOW UHTEerpa-
umun. MNpn 3TOM NEpPBUYHbIE CUMBOJIbI, NMOJly4aeMble NporpaMmmoit, Npeobpa3oBbLIBAIMCL B UHTEMPUPOBAHHLIE ab-
CTpakTHble CMMBOJIbI. B jaHHOM cTaTbe NprBeaeHo nosHoe onncaHme Alr-namaTtu B Buae GopMys, NOACHEHUI K HUM
1 COOTBETCTBYIOLLIMM CXEMaM.

BbiBOAbl. B cTatbe npeactaBneHa MakCUManbHO YHUBepcanbHas cTpykTypa Al-namaTtu. Mpu paboTe ¢ Al-namsi-
TbiO M3 MHOXECTBA BO3MOXHbIX MOAyJeN cnenyeT BbIbnpaTb Te YacTu Al-namaTtu, KoTopble o6ecneynBatoT ycneLw-
Hoe 1 addekTMBHOE DyHKUMOHMPOoBaHmne NN-areHTa.

KnioueBble cnoBa: MCKYCCTBEHHbI MHTENNEKT, 00paboTka eCTECTBEHHOro A3blka, aCCOLMATUBHO-reTepapxuye-

ckasl namaTb, MM-areHT, abCcTpakTHbIe CUMBOJIbI, FTMNEPCETb, MOAESb YNPaBAEeHUs NpeankaTHOro CUMBOJIA, Knaccudu-

KaTop ponen akTaHToB, runeprpad

e Moctynuna: 16.03.2022 ¢ Aopa6oTaHa: 13.07.2022 ¢ MpuHaTa k ony6nukoBaHuio: 12.09.2022

Ansa uutnpoanua: OywkuH P.B., Jlenekosa B.A., CtenaHbkoB B.1O., ®ageera C. CTpykTypa accoumaTmBHO-retTepap-
xunyeckoiri namaTtu. Russ. Technol. J. 2022;10(5):7-15. https://doi.org/10.32362/2500-316X-2022-10-5-7-15

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aVHTEPECOBAHHOCTM B NPEACTaB/IEH-

HbIX MaTepuanax nin Metogax.

ABTOpr 3aaBna0T 06 OTCYyTCTBUN KOHCDJ'II/IKTa NHTEepeCOoB.

Glossarium

Artificial intelligence (Al) is a set of technological
solutions for simulating human cognitive functions
(including self-learning, finding solutions without a
predetermined algorithm, and obtaining insights) and
yielding specific, practically significant results that are
at least comparable with those gained through human
intellectual activity.

Natural language processing is a subfield of
computer science and Al dedicated to the analysis of
natural (human) languages using computers.

Al-agent is a fully-fledged cybernetic machine
encompassing a control system that continuously
receives information from its sensory systems and
operates on its environment by means of actuators.

Russian Technological Journal. 2022;10(5):7-15
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INTRODUCTION

Artificial intelligence methods [1] can be divided
into two paradigms: top-down and bottom-up [2].
Methods associated with the bottom-up paradigm are
used to build models of cognitive processes that rely
on large amounts of data. Thus, while the accuracy of
results from the thus constructed “black box” model
can be brought to the required value, the relevant
decision-making processes are difficult (or even
almost impossible) to interpret from a human point
of view [3]. Conversely, when using knowledge-
based “white-box” models generated according to the
top-down paradigm, difficulties arise in maintaining
the relevance of the state when the structure of the
problem area changes; moreover, the construction
of such models is an inherently complex and time-
consuming process [4].

Thus, natural language! processing (NLP) by
artificial intelligence remains an urgent problem [5, 6].
The main challenge for NLP is to create applications for
processing and understanding natural languages. Taking
into account the presented approach to the construction
of Al-agents [7], natural language processing should be
carried out at two levels: (1) at the lower level using
methods of the ascending paradigm (deep learning
neural networks for solving linguistic problems);
(2) at the upper level using symbolic methods of the
descending paradigm (semantic networks and an
associated ontology for knowledge representation and
machine inference).

To solve these problems, the authors propose a
novel mathematical formalism referred to as associative
heterarchical memory (AH-memory), whose structure
and functionality are based both on bionic principles
and on the achievements of both paradigms of artificial
intelligence. AH memory is based on this understanding
of the structure of the cognitome. In terms of its
structure, it comprises a hypergraph [8], in which nodes
are comprised of symbols, while links and hyperlinks
between symbols represent a mapping of relationships
between concepts.

This article presents a complete description of the
set-theoretic structure of AH-memory.

STRUCTURE OF ASSOCIATIVE
HETERARCHICAL MEMORY

AH-memory comprises a tuple, i.e., an ordered
set of elements of a fixed length, further presented in
formula (1), between whose elements are five sets of
links shown in Fig. 1 in the form of a graph [9].

! Natural language is a language that human beings speak
or write.

Fig. 1. Graph of links between AH-memory objects

A link between two sets on a graph denotes the entire
set of associative links between their objects.

AG=<S,C,P,H,L>,

where S is the set of abstract symbols, whose
formation scheme is shown in Fig. 2; C is the
AG-hypernetwork of general knowledge; P is the
AG-hypernetwork of particular knowledge; H is the
AG-hypernetwork of personal history; L is the set of
associative links between the objects of the sets S, C,
P, and H.

Sensory Pattern +( Multisensory Integrated
ﬁo—w'O_’ recognition = Integration abstract symbol
Sensor mechanism T Center
Iconic primary
symbol

Fig. 2. Scheme for the formation
of an abstract symbol

The formation of an abstract symbol takes place as
follows:

1. The sensory channel input of the Al agent receives
a discrete or continuous sensory data stream, which
is filtered by the corresponding sensor and sent for
processing to the image recognition mechanism.

2. After selecting and isolating the perceived images
from the sensory stream, the image recognition
mechanism of the corresponding sensory modality
sends them to the multisensory integration center.
Sensory modalities may consist of one or more
sensory systems, each consisting of one or more
sensory channels [10].

3. The multisensory integration center collects selected
and recognized images from all sensory modalities
of the Al agent and builds an integrated abstract
symbol associated with all recognized sensory
perception images. Thus, the Al agent solves the
problem of symbol binding [11].

The S object represents the following structure:

S=1{s}Y,,
where s, is an abstract symbol with identifier i having N

abstract symbols in the set S. Moreover, each abstract
symbol s, is the following object:

Russian Technological Journal. 2022;10(5):7-15
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s, = <UID, R>,

where s, is an arbitrary unique sequence of characters
from the selected alphabet V; UID is a unique
identifier [12] of an abstract symbol; R is a labeled set of
primary sensory symbols to which the abstract symbol
s, is attached.

R =UK R;, wherein R, N R,=0,ifi#].

The Al-agent has K sensory modalities; the sets R,
(i =1, ..., K) are the sets of primary sensory symbols
for each sensory modality i. From a mathematical
standpoint, the AH-hypernets C, P, and H comprise
hypergraphs [13], i.e., generalized cases of a graph, in
which any subset of vertices can be connected by an
edge. AH memory elements C, P, and H comprise the
following tuple:

e=<(s"|m|m’|gKTIN), x, f>, 2

where N is a hyperlink between AH-memory objects
from sets C, P, or H; x is the current level of excitation
of the AH-memory element; f'is the activation function
of the AH-memory element; m is a second-order abstract
symbol m = <UID, Pr, Mt>, where UID is a unique
symbol identifier; Pr and Mt are sets of properties and
meta-properties of symbols, respectively; s* and m” are
a link to an abstract symbol from the set S and a link
to an abstract symbol of the second order from the sets
C, P and H, respectively, which are symbol identifiers
with additional information by which you can identify
the link type and the link itself:

s =<8, UID, UID*>, m" = <M, UID, UID">.

Here S’ and M’ are labels confirming the relevance
of links; UID is the unique identifier of s and m, to
which there is a corresponding link; UID" is the unique
identifier of the link itself.

Meta-properties from the set Mt comprise a
semantic set of properties reflected in the patterns of the
Al agent and directly embedded in the code. Properties
from the Pr set are purely syntactic constructions, whose
semantics are unknown to the Al agent at the program
level and which are revealed only during the functioning
of the AH memory, taking into account the binding of all
symbols to sensory information. Both sets comprise a set
of elements of the following form:

p = <name, value, type, unit>,
where all the objects that make up the p property are

strings: name—name of the property; value—the value
of the property must be non-empty; type—the type of the

property; unit—the unit of measurement of the property
(value can be empty).

A property of a particular AH-memory element can
be identified by a unique identifier such as UID.name,
i.e., there cannot be two properties having the same
name in a single element of AH-memory.

In (2) g is a functional symbol designated for those
elements of knowledge of the Al-agent that have special
behavioral responses or special processing procedures,
such as quantifiers or logical propositional connectives
(conjunctions “and,” “or,” etc.). Function symbols
used to describe arbitrary relationships between some
elements of the AH-memory represent the following
tuple:

g ={UID,ID, {¢]}2,),

where UID is the unique identifier of the functional
symbol; ID is the identifier of the type of functionality,
necessary to indicate which behavioural pattern of the
Al agent corresponds to the selected functional symbol;
ef is the ith reference to the AH-memory element from
the set of operands (value, variable or expression
located to the left or right of the operator) of the function
symbol; Z is the number of operands of the function
symbol.

The symbol k in (2) denotes a list of AH-memory
elements for grouping AH-memory elements into
a single object: this is necessary for the formation
of hierarchies and heterarchies. In actuality, k is an
identified and ordered set of references to arbitrary
AH-memory objects, expressed in the following tuple:

k =<UID,{e;}\|,Pr,Mt>,

i=1
where UID is a unique identifier of the list of AH-memory
elements; e;k is the ith link to the AH-memory element;
Y is the number of elements in the list; Pr and Mt are sets
of properties and meta-properties of the list of
AH-memory elements, respectively, defined similarly to
symbol m.

In (2), the control model template of the predicate
symbol T [14] is the following tuple:

T=<UID, s*, A>,

where UID is the unique ID of the predicate symbol
control model template; s is a reference to an abstract
symbol from the set S, which corresponds to the predicate
of the described control model template; A = {al-}i%l is
the set of actants in the control model of the predicate
symbol, consisting of the ith number of actants of
valence Q (the total number of actants) of the predicate
symbol. The actant in the control model of the predicate
symbol a represents the role of the element that occupies

Russian Technological Journal. 2022;10(5):7-15
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a vacant place in the case of the implementation of the
control model template [15].

For a specific Al-agent, a classifier of the roles of
elements in control models of predicate symbols should
be compiled. The proposed classifier of the roles of
actants (language expressions that fill the valence of a
predicate symbol), which solves the problems of natural
language processing, is given as follows:

1. SUBJECT is the actant role that performs the
action of a predicate symbol, whose control model
is described by a template. In natural language,
this can be expressed as a subject in the syntactic
construction of a predicate.

2. OBJECT is the actant role on which the action of the
predicate symbol is performed, whose control model
is described by the template. In natural language, this
can be expressed as a direct object in the syntactic
construction of the predicate.

3. LOCATION is the actant role indicating the place
of the action execution of the predicate symbol,
whose control model is described by the template.
In natural language, this can be expressed as an
adverbial place in the syntactic construction of
the predicate, or as an object in some grammatical
locative. This role can also be divided into
several sub-roles, among which there can be
such frequently used ones as LOCATION-FROM
(LOC-FROM) and LOCATION-TO (LOC-TO),
denoting places—source and destination—of the
motion realized by the action of the predicate
symbol.

4. TIME is the actant role indicating the execution time
of the action of the predicate symbol, the control
model of which is described by the template. In
natural language, this can be expressed as a time
circumstance in the syntactic construction of the
predicate.

5. CAUSE is the actant role indicating the reason for
the execution of the action of the predicate symbol,
whose control model is described by the template.
This is usually expressed in natural language as a
subordinate syntactic construction that introduces
causal relations into the statement.

6. PURPOSE is the actant role indicating the purpose
of performing the action of the predicate symbol, the
control model of which is described by the template.
In natural language, this can be expressed as a
subordinate syntactic construction that introduces
causal relations into the statement. In this case,
the predicate itself, describing the action, acts as a
reason for the actant-goal.

7. TOOL is the actant role indicating the method (tool)
for performing the action of the predicate symbol,
whose control model is described by the template. In
natural language, this can be expressed as an indirect

object in the syntactic construction of the predicate

in the instrumental grammatical case.

8. MATERIAL is the actant role indicating the
material from which the object is produced during
the execution of the action of the predicate symbol,
whose control model is described by the template.
In natural language, this role can be expressed by
means of an indirect object in the prepositional
case using prepositions such as “of” (or similar
grammatical constructions in other languages).

9. IMAGE OF ACTION (HOW-TO) is the actant role,
which indicates the method (attribute) of performing
the action of the predicate symbol, the control model
of which is described by the template. Usually, in
natural language it is expressed using an adverb
referring to the predicate in the sentence describing
the fact.

Here, the action also means the state of the subject
or the change of such a state; this can also be expressed
by predicate symbols in natural language.

Since the predicate with its control model is a
description of the fact about the existence of an Al being,
the presented classifier of the roles of actants in the
control model holistically and fully describes the possible
situations in which an Al-agent finds itself within the
framework of various facts of its personal history.

For a particular predicate, the control model
template may contain a subset of distinguished actants.
At the same time, almost any predicate must comprise
in its control model actants with the roles of SUBJECT
and OBJECT.

As an example, consider the CREATE predicate.
Its template will have 7 actants listed in the presented
actant role classifier. Figure 3 shows the scheme of the
CREATE predicate template.

Here, it should be noted that not all vacant roles of
actants can be filled when implementing the predicate
symbol template.

The hyperlink N between AH-memory objects
from the sets C, P, or H is a specific implementation
of the predicate symbol control model. Each hyperlink
in AH-memory is a predicate symbol describing some
fact from the personal history of the Al-agent. Thus, the
hyperlink N comprises the following object:

N = <U1D,w,t*,{s§‘ | e?},'Qzl >,

where UID is a unique hyperlink identifier; w are all
hyperlink activations (w € [0,1]); £* is the reference to
the control template of the predicate symbol; sl.* is a
reference to the abstract symbol of the set S, replacing
the vacant role 7 in the control model of the predicate
symbol; e;k is a reference to an element of the sets C, P,
or H, replacing the vacant role i in the control model of
the predicate symbol.
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The most interesting option from the presented
possibilities for replacing the vacant actant of the
control model of the predicate symbol is the element
of e;-k type, since this actually allows any other
element of the sets C, P or H to act as an actant of the
predicate, including hyperlinks N. Since any actant
can be another fact from personal history, this makes
the AG-hypernetwork very flexible for describing
facts from the personal history of an Al-agent; thus,
the AH-hypernet becomes a hypergraph from a
mathematical standpoint. This structure allows a very
flexible processing of facts as revealed in natural
language texts describing the personal history of an
Al-agent.

Finally, the set of associative links L consists of
objects of the following form:

[ = <UID,ID,w(e; ,e5)>,

where UID is a unique identifier for a specific connection;
ID is a non-unique identifier (type) of the connection;
w is the connection activation weight (w € [0,1]);
eik and e’zk are the references to elements of sets C, P, or H.
(In this case, the link / is directed and goes from element
e to element e5.)

For a specific manifestation of an Al-agent, it is
necessary to create an exhaustive set of possible link
identifiers, the semantics of which can be written at the
level of the program code of a specific Al-agent.

[ L m = (UID, Pr, Mt)

It remains to note that the activation weight w[0,1]
used in AH-memory links and hyperlinks, the level of
excitation of the element x and the activation function
of the AH-memory element f are used in the procedures
of knowledge processing and inference on the facts
recorded in the AH-memory, which will be described in
detail in subsequent articles.

A summary diagram of the structure of the
AH-memory is shown in Fig. 4.

purpose

Fig. 3. Template of the control model
of the CREATE predicate symbol

— | = (UID,ID,w, (e}, e3))

Sets of properties

AR —> p = (name, value, type, unit)

Hyperlink between

Sets of
The structure of the AH-memory assmlat_lve
connections
L AG = (S,C,P,HL)
An abstract
Set of att))sltract symbol of the
symbols second order
Abstract

symbol

Esi = <U11),gf_,)

e=(5*l7n<1n*| K|T|N), x, F) .

AH-memory events

AH-memory element
activation function

The excitation level of the
AH-memory element

The labeled set of

Template of the predicate
symbol control model

Listof elements [~
of AH-memory

primary symbols

K
R = URi ,mpu aToMR; NR; = @ ,ecmn i # j
i=1

Symbol links Function symbol
E* " UID,UID*) |
i k = (UID, {e}};

=
m* = (M',UID,UID*)

i=1

Pr, Mt) l: T= (UID,s*,/A)

g = (UID,ID {e{},) Set
of actants

}

A= {ai}iQ=1

Fig. 4. Structure of AH-memory
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CONCLUSIONS

When implementing a specific Al-agent, the
designer and developer must select those elements of the
AH-memory from those required for the successful and
efficient functioning of this particular Al-agent. Although
the most universal structure of the AH-memory has been
presented in this article, it is necessary to decide which
specific components are to be used in each specific case.
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Abstract

Objectives. Ready-made information technology solutions used when developing software have various
characteristics depending on the objectives to be experimentally obtained. While the selection of appropriate
technologies and software tools used in experimental software engineering can be time-consuming, experimental
complexity can be reduced by providing the researcher with domain-specific tools. The aim of the study is to design
and develop a domain-specific software framework for experimental evaluation of the characteristics of information
technology solutions in a virtual environment.

Methods. To determine the required characteristics of the software framework, an analysis of software tools for
conducting experimental studies to evaluate the characteristics of information technology solutions in a virtual
environment was conducted. Methods of decomposition, structural design, and software development were applied
to design and develop the framework.

Results. A software framework for conducting experimental research has been developed. The design results, key
features of the framework and a description of the functionality are presented. The implementation of the framework
comprises commands for managing virtual machines and commands for scaffolding. A technique for conducting
experimental studies using the framework is proposed.

Conclusions. The developed domain-specific software framework addresses shortcomings of existing tools
to reduce labor costs when conducting experiments to evaluate information technology solutions. The developed
framework and proposed methodology allows the number of programming and markup languages required for
setting up a software experiment to be reduced from 3 to 1.
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IIporpaMmmHubIi (ppeiiMBOPK
I IKCIIEPUMEHTAIbHON OLIEHKH XapPaKTePUCTUK
UH(POPMAIUOHHO-TEXHOJIOTHYECKUX PelleHui
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Peslome

Lenb. MNpu pa3paboTke nporpaMmMHOro obecrnedyeHns, kak NpaBusio, NPUMEHSIIOTCS roTOBble MHMOPMALMOHHO-
TexHonormdyeckme petlerHuns. OHM obnagaloT PasfiMyHbIMU XapakTepUCTMKaMn, 0ObEKTUBHbIE AaHHbIE O KOTOPbIX
MO>XHO MOJYy4YUTb 3KCMEepMMeHTasNbHO. MoCTaHOBKA KOPPEKTHOro M BOCMPOU3BOAMMOIO 3KCNepuMeHTa TpebyeT
OT nccnegoBaTens NPUMEHEHNS LEeNoro psaa pa3po3HEHHbIX TEXHONOMMIA U NPOrPaMMHbIX MHCTPYMEHTOB, YTO
nenaet 3agady Tpynoemkon. CHU3UTb TPYO0EeMKOCTb MOCTAHOBKU 3KCMEepMMeHTa BO3MOXHO, NpenocTaBuB UC-
cnepnoBaTtenio NpegMeTHO-OPUEHTMPOBAHHbIN MHCTPYMeHTapuin. Llenb paboTbl — NpoekTupoBaHue 1 pa3paboTka
npeaMeTHO-OPUEHTMPOBAHHOIO NPOrpaMMHOro ¢GperMBopka A/ 3KCNEPUMEHTANIbHOM OLEHKN XapakTepuCTUK
MHOOPMALMOHHO-TEXHOIOMMYECKMX PELLEHNI B BUPTYabHOM Cpese.

MeTtopbl. [ns onpepeneHus TpebyeMblX XapakTepUCTMK MporpaMMHOro @perMBopKa MNpPOBEOEH aHanm3a
NPOrpaMMHbIX MHCTPYMEHTOB MPOBEAEHUS OKCNEPUMEHTaNIbHbIX WCCAEO0BaHMA MO OLEHKE XapakTepuCTUK
MHPOPMALIMOHHO-TEXHOJIOMMYECKMX PELLEeHNI B BUPTyasibHOM cpene. MNpu npoekTnposaHnn 1 pa3paboTke ppenm-
BOpKa NpUMeHeHbl METOObl AEKOMIMO3ULMN, CTPYKTYPHOIO NPOEKTMPOBaHus, pa3paboTkn nporpaMmmHoro obecne-
YeHus.

PesynbTatbl. CNpoekTnpoBaH 1 pa3paboTaH NporpaMmMHbIi GperiMBOpK A1 9KCNEePUMEHTaNTIbHOW OLEHKWN Xapak-
TEPUCTUK MHPOPMALIMOHHO-TEXHONOMMYECKNX PELLEHNI B BUPTYasibHOM cpene. NpencrasneHsl peadynbTaTbl Npo-
eKTMPOBaHMs, KJloYeBbIE 0COOEHHOCTN PPENMBOPKA 1 NPOrpaMMHbIE TEXHOJIOMMU, NMPUMEHEHHbIE AN1st pa3paboT-
ku. MNMpuBegeHo onucaHme QyHKLMOHaNbHbIX BO3MOXHOCTEN dpenmBopka. Peannsauna dperimBopka COaepXnT
12 komaHA, ons ynpaenieHus BUPTyaibHbIMU MallvHaMn 1 4 komaHabl ans ckaddonamHra. NpennoxeHa meToamka
npoBeaEHNS 9KCMEPUMEHTANbHbBIX UCCNEA0BaHUM C NPpUMEHEHNEM HPENMBOPKA.

BbiBOoAgbl. [MpoBeneHHOE nccnegoBaHne No3BOANN0 UAEHTUOULMPOBATbL HEAOCTATKM MPUMEHEHUS CYLLECTBYIO-
Lero MHCTpyMeHTapus, paspaboTtaTb NPeaMeTHO-OPMEHTMPOBAHHbIN NPOrpaMMHbIA GPENMBOPK N NPEASTIOXUTb
MEeTOANKY Er0 MCNOJSIb30BAHUS, HTO MOXET COKPaTUTb TPyAo3aTpaThl NPy NPOBEAEHUN 3KCMNEPUMEHTOB MO OLLEHKE
MHPOPMALIMOHHO-TEXHOJIOMMYECKMX PELLEeHNI B BUPTYyanbHOM cpene. @peiiMBOPK NO3BOMSIET COKPATUTb KOnnye-
CTBO $13bIKOB MPOrpamMMmUPOBaHUS 1 Pa3MeTKM, HeOOXOOUMbIX MCCNenoBaTento sl NOCTAHOBKM 3KCMEPUMEHTA,
c3po1.

KnioueBble cnoBa: nporpamMmMHbIn GperiMBOPK, BUPTYasibHble MaLUVHbI, SKCNEePUMEHTalIbHas OLeHKa XapakTepu-
CTUK NMPOrpaMMHOro o6ecrnevyeHusi, MOHUTOPUHI BbIYMCIINTENbHBLIX PECYPCOB, ckaddonanHr

* Moctynuna: 04.03.2022 » flopa6oTaHa: 13.07.2022 ¢ MpuHaTa k ony6nukoeaHuio: 05.09.2022

Ana uutnposaHua: WnonH [O.10. MNporpaMmmHbin GpenMBOpPK ONA 9KCMEPUMEHTANbHOM OLEHKM XapakKTepPUCTUK
MHOOPMALMOHHO-TEXHOIOMMYECKMX PELLEHNn B BUPTyanbHONM cpene. Russ. Technol. J. 2022;10(5):16-27. https://doi.
org/10.32362/2500-316X-2022-10-5-16-27

Mpo3payHocTb GUHAHCOBOW AeAaTeNbHOCTU: ABTOP HE MMeeT PMHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaBNEeH-
HbIX MaTepuanax uam meTogax.

ABTOp 3asBNseT 06 OTCYTCTBUM KOH(DNKTA MHTEPECOB.
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INTRODUCTION

Software development is largely based on the
integration of ready-made information technology
solutions including software libraries, frameworks,
database management systems or entire software
products.

Integrated solutions may have different quality
characteristics, including those evaluated under different
operating conditions [1-3]. The assessment of quality
characteristics such as performance [2—4] is especially
important when designing systems that serve a large
number of users. To do this, the considered information
technology solutions or the result of their integration are
tested experimentally [3—5]. As a rule, such experiments
are carried out on a cloud infrastructure, although this
is not always advisable. In some cases, the necessary
infrastructure can be organized at the workstations [6, 7]
of researchers. In both cases, the organization of
the infrastructure requires the preparation of virtual
machines or containers [8, 9], which allow information
technology solutions to be evaluated in an isolated
environment.

Researchers generally agree that the
results of experimental assessments should be
reproducible [7, 10—13]. However, there are different
approaches for ensuring reproducibility. In some works,
the importance of detailed infrastructure documentation
and experimental protocols [12] is noted; in others, tools
are proposed for recording software actions at the level
of system calls [10, 11]. In some cases, infrastructure
is not manually prepared but with organized using
widely used DevOps' technologies [14-17]. These
technologies have proven themselves, including for
research purposes [5, 18], as a means of ensuring the
reproducibility of experiments. In addition, they can be
used as part of pedagogical activities [19-21] to provide
participants in the educational process with an identical
working environment.

However, according to some studies, the
implementation of a reproducible experiment requires
the use of many software tools [10, 11], which requires
additional knowledge and skills from the researcher. It is
also noted that the use of such tools can increase labor
costs when setting up experiments.

The present work is devoted to the analysis of
tools used to implement infrastructure on researchers’
workstations and the development of a framework
for conducting experimental studies to evaluate the
characteristics of information technology solutions in a
virtual environment.

I DevOps is an acronym for development & operations—a set
of practices for automating the technological processes of build-
ing, configuring, and deploying software.

To achieve this goal, it is necessary to:

e analyze the tasks for the researcher when setting
up the experiment, as well as to determine the tools
used to solve them;

o based on the analysis, prepare architectural solutions
that define the key characteristics of the software
framework;

e develop a framework corresponding to the subject
area and architecture solutions, as well as present a
methodology for its application.

TOOLS FOR CARRYING OUT EXPERIMENTS
FOR ASSESSING INFORMATION TECHNOLOGY
SOLUTIONS

Before proceeding to the development of a software
framework, it is necessary to analyze the tasks for the
researcher when setting up a reproducible experiment,
as well as the tools used to solve them.

Although experimental studies for assessing the
characteristics of information technology solutions can
be conducted without using the software tools listed
below, the feasibility of their use is justified.

The use of virtual machines (for example, using
VirtualBox* [9, 22]) makes it possible to conduct
experiments using a smaller number of devices
including conducting an experiment on a single
physical device.

However, the virtual environment itself can
take up a significant amount of disk space, making
it difficult to transfer virtual machines between
researchers. Moreover, the virtual environment does
not provide tools for formally describing its own
configuration or that of any virtual machines used.
Thus, in post-factum descriptions of the experimental
bench, there is a possibility that documenting errors
will arise.

This can be compensated by using special tools
for creating and configuring a virtual environment
(for example, Vagrant® [9, 22]). If the virtual
machines are defined using the configuration tool,
a formal description of the characteristics of the
virtual bench can be determined even prior to its
operation. Cloud configuration tools (for example,
Ansible* [22, 23]) can be used to manage the
configuration of virtual machine software in a similar
way. This “infrastructure as code” approach [14, 23]
solves two identified problems: reducing the
volume of the experimental bench when transferring
between researchers and ensuring the reliability of
experimental documentation.

2 https://www.virtualbox.org/. Accessed February 18, 2022.
3 https://www.vagrantup.com/. Accessed February 18, 2022.
4 https://www.ansible.com/. Accessed February 18, 2022.
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However, such existing solutions to the described
problems are not always sufficient for conducting
experiments since the configuration of the virtual
experimental bench does not always remain unchanged
throughout the experiment. For example, restrictions on
the utilization of computing resources may be required
only at certain stages of the experiment. Since the
above-described tools describe a static configuration,
they cannot be used to change the characteristics of the
bench.

Aprogram-controlled experiment also requires a task
manager (for example, Gulp’) that executes commands
in a given order. Data collection tools are also important
for monitoring the utilization of computing resources
(for example, Atop®) and tools for preparing reports.

Summarizing the above, we can conclude that in
order to conduct a well-documented program-controlled
experiment in a virtual environment, it is necessary to
prepare a virtual bench to solve the following tasks:

1) design of the experimental study;

2) preparation of a formal description of virtual
machines;

3) preparation of a formal description of virtual
machine software configuration;

4) installation of monitoring tools for resource

utilization on each virtual machine (in addition to 3);

5) preparation of research materials (IT solution,
experimental data, etc.);

6) development and debugging of the program code for
managing the experiment;

7) ensuring correct restrictions on resource utilization
at various stages of the experiment;

8) export of monitoring data and generation of a
resource utilization report.

Fulfilling the above-mentioned conditions requires
a researcher to know a large number of technologies
and means of integrating them. The situation is also
complicated by the fact that different technologies
require knowledge of different programming languages
and data markup. Table 1 shows a list of the technologies,
as an example. It is important to note that knowledge of
the listed technologies becomes mandatory.

Due to the significant list of tasks facing before the
researcher, some of which are not solved by existing
tools, it is necessary to design and develop a tool for:

e describing the experiment in the form of software
configurations;

e using specific software configurations at specific
stages of the experiment;

e reducing the number of programming languages,
data markup and information technologies required
for the experiment.

3 https://gulpjs.com/. Accessed February 18, 2022.
6 https://www.atoptool.nl/. Accessed February 18, 2022.

Table 1. Example of a list of technologies required for
conducting experiments in a virtual environment

Language
Category Tool (programming, markup)
Conﬁgurm‘g virtual Vagrant Ruby’
machines
Configuring Virtual . 8
Machine Software Ansible YAML
; Gulp, Shell .
Experiment u P. 9e JavaScript!?, Bash!!
management script
Report generation Gulp + EJS'>+|  JavaScript, HTML'4,
port g Plotlyjs'3 JSON'?
Export monitoring | Atop, Shell Bash
data script
FRAMEWORK DESIGN

In the process of designing the framework, an
analysis of software requirements was carried out
and a software architecture that meets the specified
requirements was formed.

Since the configuration of a virtual machine and its
software parameters are described statically, they can be
specified using semi-structured formats. Such a format
should be easy to read and edit, so it is suggested to
use the YAML markup language. This language is used
in the Ansible system for configuring virtual machine
software and is familiar to researchers. Instead of using
a general-purpose programming language, the algorithm
for executing automated tasks can also be specified
declaratively in YAML.

It is understood that the experimental framework will
compile YAML source files into target configurations
(for example, the configuration for the Vagrant tool in
Ruby), and will contain a built-in task automation tool.
Thus, the researcher, instead of using three different
languages to configure virtual machines, their software
and perform automated tasks, only needs the YAML
markup language, as shown in Fig. 1.

In order to ensure that the experiment is carried
out taking into account the configurations specific for
each stage, the following is proposed. The experiment

7 https://www.ruby-lang.org/. Accessed February 18, 2022
(in Russ.).

8 https://yaml.org/. Accessed February 18, 2022.

9 Shell script is a script written in Bash or a similar
language.

10 https://262.ecma-international.org/6.0/. Accessed February 18,
2022.

' http://www.gnu.org/software/bash/. Accessed February 18,
2022.

12 https://ejs.co/. Accessed February 18, 2022.

13 https://plotly.com/javascript/. Accessed February 18, 2022.

14 https://html.spec.whatwg.org/multipage/. Accessed February 18,
2022.

15 https://www.json.org/. Accessed February 18, 2022,
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Virtual experimental bench

Virtual experimental bench

Fig. 1. Reducing the number of programming and data markup languages used by the researcher

is divided into stages, at each of which the compiled
configurations are applied to each virtual machine.
These consist of three components:

(1) a general configuration for the entire project;

(2) a configuration for a specific virtual machine;

(3) a configuration that addresses a specific stage of

the experiment.

After compiling the selected configurations, a
number of actions are performed to define the algorithm
of the experiment at a particular stage. These actions
can include any commands for virtual machines. The
diagram illustrating the process of the experiment is
shown in Fig. 2.

The file structure of the project for conducting an
experimental study is shown in Fig. 3. A typical project
consists of:

e configuration file;

e one or more virtual machines, for each of which
there is also a separate configuration file and a set
of provisioning files specific to the virtual machine;

e common provisioning files for all virtual machines;

o files with initial data (including the researched
information technology solution);

e directories with reports on the utilization of virtual
machine resources in the course of the experiments.
The experiment configuration file and virtual

machine configuration files are implemented in a semi-
structured YAML format. The structure of these files
is schematically shown in Fig. 4, where at the top (file
repex.yml) the configuration of the experiment is shown,
and at the bottom (file vm.yml) the configuration of one
of the virtual machines.

The content of the files is interconnected. The “path”
property in the experimental configuration specifies the
path to the vm.yml file. The experiment stage name
(stage) used in the experiment configuration file can
be used in the virtual machine configuration in order to
apply its settings other than the default settings. These
settings will be applied only at the specified stage of
the experiment; however, the features of the hypervisor
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Fig. 2. Block-diagram of the experiment

should be taken into account. So, most of the settings
will be applied only after rebooting the virtual machine.
Some settings, such as disk subsystem or network
bandwidth limits, are applied permanently, and you will
need to create another stage of the experiment to remove
the applied restrictions.

SOFTWARE IMPLEMENTATION
OF THE FRAMEWORK

Based on the obtained design results, the Repexlab
(reproducible  experiment  laboratory)  software
framework!® was developed and published as an open

16 https://github.com/rnd-student-lab/repexlab.  Accessed

February 18, 2022.

source software. Itis a tool with a command line interface
(command line interface, hereinafter referred to as
CLI), the main task of which is to support experimental
studies in order to evaluate the characteristics of IT
solutions. The framework sets the basic configuration
of the project, ensures that the settings of the virtual
environment are applied at various stages of the
experiment.

The software framework is based on a number of
existing tools:

VirtualBox is a virtualization system that allows you
to organize the work of one or more virtual machines,
including on a PC;

e Jagrant is a virtual environment creation and
configuration tool. As a rule, it is used to prepare
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Fig. 3. File structure of the project for the experimental study

a virtual working environment for developers. The
base version uses VirtualBox as a hypervisor;

e Ansible is a cloud configuration management tool.
Used by the framework as the main means of
provisioning virtual machines;

e Atop is a tool for monitoring processes in the
operating system. Used by the framework to collect
data on the utilization of the computing resources of
virtual machines;

e Node,js'7 and NPM'8 is a JavaScript code execution
platform and an accompanying package manager.
Since Repexlab is developed in JavaScript, they are
required to install and execute the framework code.
The main functions that distinguish the framework

from the totality of technologies used in it include:

17 https://modejs.org/. Accessed February 18, 2022.
18 https://www.npmjs.com/. Accessed February 18, 2022.

e creation of a basic project for conducting an
experimental study;

e scaffolding!® for managing virtual machines within
the experimental bench;

e control of the virtual bench from the command line;

e built-in tools for automating the tasks of interaction
with a virtual bench.

The developed tool has commands that can be used
both from the command line and with the help of built-in
tools for automating tasks. They are divided into two
categories: commands for interacting with virtual machines
within an experiment (Table 2) and commands for changing
the configuration of a virtual experimental bench (Table 3).

19 Qcaffolding is a programming method that involves
generating program code for solving typical tasks, such as, for
example, building a project file structure or creating classes for
accessing database tables.
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Fig. 4. Links to the configuration files of the project for conducting an experimental study
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Table 2. List of commands for interacting with virtual machines

Option ..
Command — Command description
Name Description
-n, --name Name of the virtual machine Compiles virtual machine settings from
vm compile ] a semi-structured data format to the configuration
-8, --stage Experiment stage name formats used by the tools
-n, --name Name of the virtual machine
-s, --stage Experiment stage name
T T Copies a file or directory between the host system
vm co -d, --direction Copy direction . . .
14 by and the specified virtual machine
-f, --from Copy from
-t, --to Copy to
vm destroy -0, --name Name of the virtual machine Deletes all data associated with the virtual machine
-s, --stage Experiment stage name (not configuration)
-n, --name Name of the virtual machine
-S, --stage Experiment stage name . . .
vm exec ’ g P g Execute a command on the specified virtual machine
< Command to execute on a virtual machine
--command
-n, --name Name of the virtual machine Performs installation and configuration of virtual
vm provision . machine software in accordance with the provisioning
-s, --stage Experiment stage name configurations
-n, --name Name of the virtual machine
-8, --stage Experiment stage name
The start time of the period
--start for the report (or the name of the stage | Generates a report on the use of computing resources
vm report of the experiment) by virtual machines. In parentheses is the option
ond Report period end time in case of using automation
(or experiment stage name)
List of Atop labels to generate
-1, --labels P g
a report on them
-n, --name Name of the virtual machine ) .
vm restart - Restarts the virtual machine
-S, --stage Experiment stage name
-n, --name Name of the virtual machine Adds the IP-Hostname bindings of each virtual
vm setupHosts . machine in the experiment to the /etc/hosts file
-s, --stage Experiment stage name of the virtual machines to simplify addressing
vm ssh -n, --name Name of the virtual machine Connecting to a virtual machine via SSH
-n, --name Name of the virtual machine . )
vm start - Starts the virtual machine
-s, --stage Experiment stage name
-n, --name Name of the virtual machine ) . .
vm status - Displays the status of the virtual machine
-S, --stage Experiment stage name
-n, --name Name of the virtual machine . )
vm stop - Stops the virtual machine
-S, --stage Experiment stage name

Table 3. List of commands for interacting with the project

Command

Option

Name

Description

Command description

project init

None, interactive parameter entry
mode is used

Initializes the experiment project in the current directory
and creates a base file structure

project run

-S, --stage

Experiment stage name

Starts the run of a configured experiment sequence or
a specified experiment stage

project vm add

None, interactive parameter entry mode is

used

Adds a new virtual machine configuration

project vm remove

-n, --name IName of the virtual machine

Removes an existing virtual machine configuration

24
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Since the commands from the Table 3 change the
structure of the experiment, their use is possible only
through the CLI. Most commands from the Table 2 are
applicable both using the CLI for testing and debugging
individual actions, as well as means of the built-in task
automation tool. The exceptions are the “vm status”
and “vm ssh” commands, which are only applicable via
the CLL

The application of the developed tool in practice is
expected according to the following methodology:

1) planning and design of the experimental study;

2) initialization of the experimental study project with
a given number of virtual machines;

3) preparation of a formal description of virtual
machines and their configurations in YAML
format;

4) development and debugging of the sequence of
actions in the experiment using CLI tools;

5) automation of the sequence of actions in the
experiment using tools for automating the execution
of tasks;

6) conducting the experiment in a program-controlled
mode;

7) analysis of exported data on the utilization of
computing resources and other data obtained during
the experiment.

CONCLUSIONS

In this work, tasks facing researchers when setting up
experiments to assess the characteristics of information
technology solutions have been analyzed along with the
various tools used. It is shown that experimental studies
require researchers who are knowledgeable and skillful
at working with a large number of separate tools. Three
key characteristics with which the framework must
comply are formulated.

A domain-specific framework comprising some
of the technologies used and providing the necessary
functionality for conducting experimental research
is presented. A scheme of interaction between the
framework and the corresponding software for the
experiment has been prepared. The general scheme of
experiments based on virtual machines is determined.
The formulated file structure of the experiment project
includes the structure of the main project files and
internal links between the project files.

A framework developed according to the results
of the study contains 12 commands for working
with virtual machines. Most commands can be
executed both in CLI mode and in task automation
mode. To simplify the process of preparing an
experiment project, 4 scaffolding commands were
implemented. The proposed methodology for using
the framework in practice is described along with

software technologies with which the framework is
to be implemented.

Further research can be aimed at solving specific
problems of evaluating information technology
solutions using the framework, as well as identifying
and eliminating the limitations of the framework,
in order to develop the methodological basis for
conducting experimental research using the proposed
tools.
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Abstract

Objectives. The paper aimed to develop and validate a neural network model for spatial data analysis. The advantage
of the proposed model is the presence of a large number of degrees of freedom allowing its flexible configuration
depending on the specific problem. This development is part of the knowledge base of a deep machine learning
model repository including a dynamic visualization subsystem based on adaptive web interfaces allowing interactive
direct editing of the architecture and topology of neural network models.

Methods. The presented solution to the problem of improving the accuracy of spatial data analysis and classification
is based on a geosystem approach for analyzing the genetic homogeneity of territorial-adjacent entities of different
scales and hierarchies. The publicly available EuroSAT dataset used for initial validation of the proposed methodology
is based on Sentinel-2 satellite imagery for training and testing machine learning models aimed at classifying land
use/land cover systems. The ontological model of the repository including the developed model is decomposed into
domains of deep machine learning models, project tasks and data, thus providing a comprehensive definition of the
formalizing area of knowledge. Each stored neural network model is mapped to a set of specific tasks and datasets.
Results. Model validation for the EuroSAT dataset algorithmically extended in terms of the geosystem approach
allows classification accuracy to be improved under training data shortage within 9% while maintaining the accuracy
of ResNet50 and GoogleNet deep learning models.

Conclusions. The implemention of the developed model into the repository enhances the knowledge base
of models for spatial data analysis as well as allowing the selection of efficient models for solving problems in the
digital economy.
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Peslome

Llenu. Llenn HacTosLwero nccnenoBanns — pasdpaboTka 1 anpobaums HermpoceTeBo Moaenu s aHannaa npo-
CTPaHCTBEHHbIX AaHHbIX. [penMyLLIecTBOM NpeajiokeHHOoM MOAENM SABASeTCs Hannyne 60bLIOro KOIMYecTBa cTe-
neHeli cBOBGOAbI, HTO NO3BOJSISET NMOKO KOHOUIYPUPOBATb MOAESb, UCXOAS U3 peluaeMoi npobnemsl. JaHHas pas-
paboTka BXOOAUT B cOCTaB 6a3bl 3HAHUI PEno3nTOPUsa Modener rnyeokoro MalnHHOro 00y4eHust, BKITIOYaloLLILEro
noacucTeMy AMHaMUYECKONM BU3yaniM3aLmm Ha OCHOBE aaanTuUBHbIX BEG-UHTEPHENCOB C UHTEPAKTUBHO BO3MOX-
HOCTbIO NPAMOro pefakTMPOBaHNSA apXUTEKTYPbI 1 TOMONOrMY HEMPOCETEBLIX MOAENEN.

MeToabl. PeweHre npob6iembl MOBbILLEHUS TOYHOCTM aHann3a U knaccudurkaumm nNpoCTPaHCTBEHHbIX AAHHbLIX
OCHOBaHO Ha MNpuBIEYEHUN Fe0CUCTEMHOIO Nnoaxoaa, npeanonaralwero aHaam3 reHeTU4eCckom OOHOPOLHOCTU
TEppUTOPMANbHO-CMEXHbIX 006pas3oBaHMin pas3nMYHOro maclutaba v 1Mepapxmyeckoro ypoBHsS. Ons anpobauuu
npenjiokeHHoM MeTOAMKM NPUMEHEH OTKPbITLI HaBop AaHHbIX EuroSAT, chopMmnpoBaHHbIi asis 00yyYeHus 1 Te-
CTUPOBaHUS MoAeNel MallMHHOMO 00Yy4YeHMs C Liesbio 9 dEKTUBHOMO peLleHrs Npobiemsl knaccnudunkaumm CUCTem
3eM1enob30BaHNSA 1 PACTUTENIbHOIO MOKPOBA C NMCMOJIb30BAHVEM CMYTHUKOBbLIX CHUMKOB Sentinel-2. OHTonornye-
ckast MOJEesb PENO3NTOPUS, B KOTOPLIN BXOAUT MOAESb, AEKOMIMO3MPYETCS HA JOMEHbI MoAenel rnyboKoro MalumnH-
HOro oby4YeHus, pellaemMblx 3afa4 1 AaHHbIX. ITO NMO3BOJMSET AaTb KOMIJIEKCHOE onpeaeneHne dopmManndyemoi
obnacTu 3HaHWIN: Kaxaas xpaHumasi HeMpoceTeBasi MoAe b COMocTaBieHa ¢ HAGOPOM KOHKPETHbIX 3a4a4 1 Habo-
pamu aHHbIX.

PesynbTaTtbl. Anpobauus mogenuv ans Habopa EuroSAT, anropytMmnyeckn pacLUMpeHHOro ¢ No3nuymn reocnucTeM-
HOro NOAX0Aa, AAET BO3MOXHOCTb MOBLICUTHL TOYHOCTb KJlaccuduKaLmm B yCIoBUSX Aedurumta 06yyatomx AaHHbIX
B npenenax 9%, a Takxe NpubAn3nTbCs K TOHHOCTU rnybokmx moaenein ResNet50 n GoogleNet.

BbiBoAbl. BHeapeHve co3gaHHon Moaenu B Perno3nuTopuii No3BOJSIUT HE TOJIbKO copMupoBaTb 6a3y 3HaHUIN MO-
nenev ans aHanvsa NpPOCTPaHCTBEHHbIX AaHHbIX, HO U pewwnTb npobnemy nonbopa apdekTuBHbIX Moaenen ans
pelueHus 3aaay B o61acty undpoBO SKOHOMUKMU.

KnioueBble cnoBa: HelipoHHas ceTb, rnybokoe obyyeHne, JaHHble ANCTAHLMOHHOIO 30HANPOBaHNSA, FreocucTema,
knaccudbunkaums, MallmHHoe obyyeHne

e Moctynuna: 20.12.2021 » flopa6oTaHa: 11.07.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 24.08.2022

Ansa untupoBanua: AmawwkmHa E.O., AmawkumH C.A., NMnaTtoHosa O.B., KosaneHko C.M. PaspaboTka HelipoceTeBoii Mo-
henn ans aHanusa npoCTPaHCTBEHHbIX AaHHbIX. Russ. Technol. J. 2022;10(5):28—-37. https://doi.org/10.32362/2500-
316X-2022-10-5-28-37

Mpo3payvyHoCcTb GMHAHCOBOW AEeATEeNIbHOCTU: ABTOPbLI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEeACTaBNEH-
HbIX MaTepuanax uam meTogax.

ABTOpbI 3a59BAAOT 00 OTCYTCTBUMN KOHMINKTA MHTEPECOB.
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INTRODUCTION

Machine learning technologies including those based
on deep neural network (DNN) models can be used to
conduct high-precision automated monitoring of natural
resource management (NRM) systems and analyze
regularities of natural processes and phenomena. Here, a
relevant scientific problem involves classification of land
use (LU) and land cover (LC) system types on the basis
of high-resolution remote sensing data. For this, deep
machine learning (DML) methods and algorithms are
applied under conditions of small quantities of labeled
data obtained using the geosystem approach involving
the genetic uniformity analysis of territorially adjacent
entities of various scales and hierarchies.

The described geosystem territorial analysis model
is characterized by a large number of degrees of freedom,
allowing flexible tool configuration based on the current
task and analyzed data. The proposed development is a
part of the repository knowledge base of DML models
including a dynamic visualization subsystem based on
adaptive web interfaces offering interactive capability
for directly editing the architecture and topology of
neural network models (NNMs).

The NNM repository can be used not only to create a
knowledge base for spatial data analysis but also to select
efficient algorithms for solving problems arising in the
digital economy. By decomposing the ontological model
into domains of DML models, current tasks, and data, a
comprehensive definition of the formalizing knowledge
domain can be provided with each stored NNM being
mapped to the set of specific tasks and datasets.

METHODOLOGY AND RESEARCH METHODS

DML can be used to reduce research costs
when conducting spatial data analysis due to the
possibility of accurate interpolation and extrapolation

of measurements. The key to solving these problems
is sought not only through improvements to the
architecture of DML models, but also in developing
methods and algorithms for the optimal enrichment of
training datasets [1-3]. The present authors propose
the use of a geosystem approach in which the state and
properties of each territorial unit are determined by the
features of its interaction with neighboring units. It is
shown in [4] that a landscape has horizontal, vertical,
and temporal structures; the vertical structure implies
dividing the landscape into geohorizons, while the
horizontal structure divides the landscape into facies
and the temporal structure is related to the dynamics of
landscape states.

This approach involves the assumption that land
classification accuracy based on remote sensing could
be increased by using a neural network to analyze not
only the particular features of a system but also the
features of the areas with which it interacts. In order to
test this hypothesis, several datasets for model training
should be prepared [5], including a basic (consisting of
labeled areas fixed using satellite imagery) and extended
(supplemented with data on neighboring and adjacent
geosystems) dataset.

The methodology of spatial data analysis using DML
and the formation of a DNN model comprising part of
the repository and capable of efficiently analyzing the
data can be described as follows. The graphical web
interfaces of the DNN model repository justified in
terms of UX system analysis allow a relevant machine
learning model to be selected for solving specific tasks
of spatial data analysis as well as obtaining systematized
information on the required DNN model.

Figure 1 depicts the ontology model of the repository
decomposed into DML model, project task, and spatial
data domains. This allows the formalizing knowledge
domain to be comprehensively defined as follows: each
stored NNM is mapped to the set of specific tasks and

N.ModelsDomain

T.M. Metadescription
of Task

T. Project Task

N.E. Efficiency N.M. NN
Assessment Metadescription e eeseeaee e eE SR LSRR eS8 R s
: A Data Domain
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Fig. 1. Repository data model
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datasets. This kind of system structure allows relevant
searches for the most efficient architectural solution
and fine tuning for solving project tasks to be carried
out through the graphical web interface of the neural
network repository.

The model storage scheme allows models to be
converted into representations used by machine learning
frameworks in order to integrate and use neural networks.
In terms of the set-theoretic approach, the set of models
of the MODELS repository comprises the universal
set whose cardinality is determined by the number of
repository models as follows:

MODELS = {MODEL|1 <i<NnieZ}.

The topology of NNM MODEL, may be presented
in the form of graph-scheme GRAPH, and structured
meta-description META; (including the tuple of model
parameters COMPILATION, describing methods and
algorithms for NNM optimization as well as operating
parameters). The GRAPH, element is an oriented graph
where the vertex set LAYERS, defines the set of model
layers while the arc set LINKS; defines the network
topology for establishing connections between the
layers, as follows:

MODEL, = <META,, GRAPH> =
= <META,, <LAYERS,, LINKS>>.

The key component of the graph model i is the layer
LAYERI.]., which can be represented as a set of objects
defining the architecture of the layer set T YPE)y ey »

i

the interface set INTERFACES i and arguments
PROPERTIES ;> as follows:

LA YERl.j =<T YPElayerl-j , INTERFACES i PROPERT,. IESI.J. >,

During model training, the 7' YPE e object specifies
data processing features and hyperparameter settings,
as well as defining the layer architecture. The interface
INT. ERFACESl.j parameters of layer LAYERl.j (of inputs
INPUT. Sl.j and outputs OUTPUTS) are defined by tuple
<name, type>, where name speciflles the interface name
while #ype specifies the dimension and data type.

INTERFACESU. = <INPUTS[J., OUTPUTSU.> =
= <{INPUTSI.J.7L|1 SASAANEeZY,
{OUTPUTSI.J.MII SusMAapeZp>

The set PROPERTIESI.]. defines hyperparameters
describing the layer LAYER i features. This set of named
arguments may include the definition of algorithms for
weight initialization, regularization, and activation.

Taking tensors of data of different hierarchies
on the classified territory and its host geosystems as

inputs, DNN MODEL is designed for classifying spatial
data. In terms of the black box, the deep classification
model based on the geosystem approach comprises the
functional element, whose input comprises images of the
territory and its host geosystems obtained from satellite
imagery, as well as synthetic maps [6, 7]. The number
of inputs /INPUTS may vary depending on the number
of levels of the territory geosystem model. However, the
temptation to increase them should be avoided since this
would inevitably entail the need to increase the model
capacity. The model has one output in the shape of
vector with each i-th element determining the predicted
probability of the territory belonging to the i-th category.
The final hypothesis that the territory belongs to a
certain category is made according to “the winner takes
all” principle implying the object belongs to the class for
which the model predicts the maximum probability. We
now turn to the decomposition of the model.

The structure of each block is represented by the
layer chain LAYERS. The first layer, which carries out
depthwise separable convolution, allows features to be
extracted from the original image, as well as making
the model more compact and consequently resistant
to retraining. This contrasts with using a conventional
convolutional layer. The depthwise separable convolution
having a kernel W of size K, which underlies the layer’s
functionality, comprises the linear transformation. Each
value y, J of the output matrix Y is calculated based
on values x of the original matrix X, according to the
following formula:

K-1K-1

Vij=WeX= Z Z Wabisa,j+b-
a=0 b=0

The convolution operation has important properties:
as well as preserving the structure and geometry of
the input, it is characterized by sparsity and multiple
use of the same weights. The depthwise separable
convolution deals not only with spatial dimensions, but
also with depth measurements, such as image channels.
Unlike conventional convolution, this involves using
separate convolution kernels, on the basis of which
two convolutions—depthwise and pointwise—are
sequentially applied to the original tensor.

When solving the classification test problems
described below, split testing of models with classical
convolutional layersand depthwise separable convolution
was performed to confirm the efficiency of the second
approach. The batch normalization layer [8] providing
regularization and stability of the model was the next
layer of the feature extraction block to be efficiency-
tested experimentally [9, 10]. The function ReLU! [11]
performing the transformation of the form x = max(0, x)

! https://pytorch.org/docs/stable/generated/torch.nn.ReLU.
html. Accessed July 27, 2022.
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was selected for activation. The feature extraction
block is completed by the subsampling layer having
external outputs and applying the maximum operation
for reducing the size of the resulting representations.
The experiments have shown the best result shown by
applying the maximum operation. It is proposed that
the number of output filters in convolution and the
size of the convolution kernel be selected according
to the principle of minimization of these values while
maintaining acceptable classification accuracy. With
every additional step comprising extraction of next-
level features, the number of output filters for depthwise
separable convolution should be increased.

The next model component block is the feature
fusion module. This takes as input the features of level N
extracted from the image of the classified territory along
with geosystem images associated with it. The fusion
modules of the second and subsequent levels also take
as input the output data of the previous fusion module.
All input data is concatenated into the single tensor and
processed using the feature extraction pipeline, which
consists of the layers of depthwise separable convolution,
batch normalization, and activation and subsampling.

The output of the last feature fusion module is
transformed into the vector and fed to the multilayer
perceptron (MLP) input. The number of MLP dense
layers and their capacity is selected according to the
principle of minimization of these parameters while
maintaining sufficient classification accuracy. In
addition, applying batch normalization and thinning to
the dense layer outputs is recommended for solving the
overtraining problem. The function ReLU is selected for
activating the output of the input and hidden layers with
Sigmoid [12] for binary classification and Softmax [12]
for multiclass classification selected for the output layer.

When training the classifier, the RMSProp algorithm?
based on the stochastic gradient descent (SGD) method
is used as the optimizer, while cross-entropy is used as
the loss function. Fine-tuning of the model is influenced
by the features of the particular classification problem
being solved [13]. We now proceed to the model
validation.

MODEL VALIDATION

The publicly available EuroSAT [14] dataset
intended for training and testing machine learning models
for effectively solving the problem of LU/LC system
classification using Sentinel-2 satellite images® was used
for initial validation of the proposed methodology [15].

2 Hinton G., Srivastava N., Swersky K. Neural networks for
machine learning. Lecture 6a. Overview of mini-batch gradient
descent. URL:  http://www.cs.toronto.edu/~hinton/coursera/
lecture6/lec6.pdf. Accessed July 27, 2022.

3 https://sentinel.esa.int/web/sentinel/missions/sentinel-2.
Accessed July 27, 2022.

The dataset, which is evenly divided into 10 classes
(annual crops; forest; herbaceous vegetation; highway;
industrial; pasture; permanent crop; residential; river;
water), consists of 27 000 images containing information
on areas distributed across the European Union in
13 spectral bands. Each element of the dataset, which
has a size of 64 x 64 pixels and a spatial resolution of
10 m per pixel, is also characterized by georeferencing.

The characteristics of comparing the classification
accuracy of different models for the EuroSAT
dataset [16] based on different ratios of training and
test samples are as follows. The ResNet-50 neural
network model [17] shows the accuracy of 96.43%
(for separating training and test data at the ratio of 80
to 20) and 75.06% (at the ratio of 10 to 90). The small
convolutional network having two layers achieves an
accuracy of 87.96% (80 to 20 splitting) and 75.88% (10
to 90 splitting). DML models based on convolutional
layers show predominantly higher accuracy than support
vector machines (SVM).

While modern deep convolutional networks offer
excellent classification accuracy of satellite images with
a relatively large size of the EuroSAT dataset training
sample, these approaches entail significant accuracy
losses under conditions of training data shortage. Thus,
the problem of increasing the accuracy of methods and
algorithms for spatial data analysis under their shortage
remains a relevant research topic.

The data augmentation process is potentially subject
to full automation. In the presence of information on
geographic coordinates (latitude and longitude) of the
classified area, the spatial data provider API can be
requested for the fragment of satellite image including
these coordinates and characterized by the required
scale and resolution. In this way, it becomes possible to
expand the training dataset algorithmically by importing
the fragments of spatial imagery characterizing
geosystems of a higher hierarchical level and containing
the classified area.

Today, spatial data is publicly available via many
Internet providers, some of which offer convenient
application program interfaces (APIs) for fast
retrieval [18, 19]. However, the low cost of this data
is due to its poor temporal resolution (often, there is
no possibility of selecting the specific date of spatial
imagery). At the same time, this does not cease to be an
informative source of information on host geosystems
of different hierarchies. In the paper, the Mapbox API*
is used by the authors for automated augmentation of the
original dataset by satellite images of different scales.

The comparative accuracy values of the proposed
model and CNN (2 layers) [12], ResNet-50, and
GoogleNet [20] are presented in the Table. When

4 https://docs.mapbox.com/api/overview/. Accessed July 27,
2022.
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Table. Classification accuracy of different models for the EuroSAT dataset
Testing range
Method ogillglc];lflres Dataset
10/90 | 20/80 | 30/70 | 40/60 | 50/50 | 60/40 | 70/30 | 80/20 | 90/10
CNN (2layers) 422 378 EuroSAT 75.88 | 79.84 | 81.29 | 83.04 | 84.48 | 85.77 | 87.24 | 87.96 | 88.66
ResNet-50 25636712 | EuroSAT 75.06 | 88.53 | 93.75 | 94.01 | 94.45 | 9526 | 9532 | 96.43 | 96.37
GoogleNet 6797 700 EuroSAT 77.37 | 90.97 | 90.57 | 91.62 | 94.96 | 95.54 | 95.70 | 96.02 | 96.17
Developed model | 1324526 | EXtended 1 go3 | o152 | 93.98 | 94.11 | 9429 | 9435 | 94.41 | 94.65 | 9530
EuroSAT

extracting test data from the EuroSAT dataset at a ratio
of 40% and below, the proposed model shows the best
result; the relative efficiency increases with the training
sample decreasing as low as 10% (86.23% vs. 77.37% for
the second result (GoogleNet)). With increased training
data size, the model starts falling behind ResNet-50 and
GoogleNet with the gap within the 2% range.

The developed model allows such results to be
obtained due to the analysis of the EuroSAT dataset
extended in terms of geosystem approach (while
ResNet-50 and GoogleNet models been training
and analyzing the original EuroSAT dataset). The
difference in experimental conditions is negated by the
low cost and rapidity of the fully automated training
set expansion process, as well as by the lower model
capacity: 1.3 mln units vs. 6.8 min for GoogleNet and
25.6 mln for ResNet-50. Thus, the gained advantage in
model training under data shortage is due to the low-cost
automated geosystem-based expansion of the dataset
and creation of an efficient model for its analysis.

Since training of neural networks is a probabilistic
process, a series of 10 experiments was conducted
to analyze the model training process, plotting the
dependence of mathematical expectation and standard
deviation of the classification accuracy on validation
data on the training epoch. At early stages of the training
process, the model demonstrates low classification
accuracy of the extended set, which starts increasing
from almost zero. The two-layer convolutional neural
network and the ResNet-50 model may achieve above
40% accuracy from the first epoch. However, the
developed model outperforms other models following
the tenth training epoch to achieve the expected accuracy
of 86%. A small standard deviation from the dependence
mathematical expectation typical for training on small
dataset should additionally be noted. This indicates
greater stability of the model training process and high
capability of generalizing information on the analyzed
features correctly.

We now consider the cases of the developed model
showing lower accuracy. The confusion matrix is

shown in Fig. 2. Low matching values for such classes
as “highway,” “industrial,” and “water” are due to the
consideration of surrounding geosystem images during
classification inevitably resulting in the increasing
volume of data under analysis that may require a larger
model capacity. Moreover, additional images may
mislead the classification model in a number of cases; in
terms of algorithm, it is definitely much easier to classify
a single homogeneous image of water surface than an
image supplemented by several fragments of smaller
scale including coastal territories.

Thus, extending the EuroSAT dataset in terms of
the geosystem approach and developing the model
allows improving the classification accuracy under
training data shortage (dividing the training set into
the training and testing datasets at a ratio ranging from
10/90 to 40/60) as well as showing results exceeding the
accuracy values of DML models while classifying the
EuroSAT dataset.

CONCLUSIONS

Comprising part of the knowledge base of the
repository of DML models, the developed neural
network model allows the accuracy of analysis and
classification of spatial data to be improved using a
geosystem approach involving the genetic uniformity
analysis of territorially adjacent entities of different
scales and hierarchies. The repository may be deployed
not only to create a model knowledge base for spatial
data analysis but also to select efficient models for
solving problems arising in various areas of the digital
economy. The main advantage of the proposed model
the high number of degrees of freedom it supports,
which allows greater flexibility when configuring
the model according to the particular problem to be
solved.

The validation of the model according to the
EuroSAT dataset algorithmically extended in terms
of the geosystem approach shows the possibility of
improving the classification accuracy under training
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Fig. 2. Confusion matrix

data shortage within 9% while maintaining accuracy
comparable with the ResNet50 and GoogleNet deep
models. Following the tenth epoch of training, the
developed model outperforms other models to achieve
an expected accuracy of 86%.
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Abstract

Objectives. Sports events are currently among the most promising areas for the application of tracking systems.
In most cases, such systems are designed to track moving objects in a two-dimensional plane, e.g., players on the
field, as well as to identify them by various features. However, as new sports such as drone racing are developed,
the problem of determining the position of an object in a three-dimensional coordinate system becomes relevant.
The aim of the present work was to develop algorithms and software for a method to perform 3D tracking of moving
objects, regardless of the data segmentation technique, and to test this method to estimate the tracking quality.
Methods. A method for matching information on the speed and position of objects was selected based on a review
and analysis of contemporary tracking methods.

Results. The structure of a set of algorithms comprising software for a moving-object tracker for sports events is
proposed. Experimental studies were performed on the publicly available APIDIS dataset, where a MOTA metric
of 0.858 was obtained. The flight of an FPV quadcopter along a track was also tracked according to the proposed
dataset; the 3D path of the drone flight was reconstructed using the tracker data.

Conclusions. The results of the experimental studies, which demonstrated the feasibility of using the proposed
method to track a quadcopter flight trajectory in a three-dimensional world coordinate system, is also showed that
the method is suitable for tracking objects at sports events.
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Pe3iome

Llenu. Ha cerogHAWHMIA AeHb CNOPT SBNSIETCA OOHOW 13 Hanbonee NepcrnekTUBHbIX 06NacTen onsg NpUMeEHeHUs
CUCTEM CnexeHns 3a 06bekTamm. BonbLUMHCTBO METOA0B, Ha 6a3e KOTOPLIX Peanr30BaHbl 3TV CUCTEMbI, OPUEHTU-
POBaHbl HA OTCNEXMBAHME ABUXYLLIMXCS 0OBLEKTOB B ABYMEPHOM MIOCKOCTU, HAaNpumMep, Aasa okann3aumm UrpokoB
Ha nosne, a Takke Ha UX AEHTUDUKALMIO NO Pa3/IMYHbIM Npu3Hakam. C pas3BUTMEM APOH-PENCHHIa akTyabHOM CTa-
Na 3aja4a onpeaesieHns noJsiokeHns B TPEXMEPHOWN cuctemMe KoopauHart. Llenamun paboTsl aBnsaoTca paspaboTka
NPOrpaMMHO-aNrOPUTMMYECKOr0 0DecnevyeHss MeToaa, NO3BOJSAIOLLErO OTCNEXNBATbL TPAEKTOPUIO ABUKYLLIMXCS
006BLEKTOB B TPEXMEPHOM MPOCTPAHCTBE, abCTParMpoBaHHOro OT cnocoba cerMeHTaLmMn OaHHbIX, U TECTMPOBaHME
NPeaIoXEeHHOro peLleHns ANns OLueHKM kayecTBa paboTbl Tpekepa.

MeTopbl. Ha ocHOBe npoBefeHHOro 063opa 1 aHannm3a COBPEMEHHbIX METOL0B OTC/IEXVBAHUSA TPAEKTOPUIA OBU-
XeHus Obln BbIOpaH MeTO, COMOCTaBEHUS MHDOPMALMM O CKOPOCTU U NMONOXEHNN OO BHEKTOB.

PesynbTraTbl. [lpennoxeHa CTPykTypa MPOrpamMMHO-airOpUTMUYECKOro obecrnedyeHust Tpekepa ABMXKYLLMXCS
00BEKTOB HA CMOPTUBHBLIX MEPOMPUATUSX U NMPEeACcTaBNeHbl Pe3dybTaTbl 9KCNEPUMEHTaNIbHbIX UCCNEeA0BaHNA HA
obuenoctynHom gatacete APIDIS, koTopblii BktoYaeT B cebs pparMeHTbl Buaeosanucy 6acketboNbHOM Urpsbl,
roe no Kkputeputo kadectsa otcnexmuaHna MOTA 6bin nonyydeH nokasatenb 0.858. Takxke Oblv NpoBeaeHbl 3KC-
NnepPUMEHTbI C UCMNOJIb30BaHNEM NPEOJIOXKEHHOro aBTopamMm gataceTa ¢ nponetom FPV kBagpokonTepa no Tpacce.
B pesynbTate no nony4yeHHbIM C Tpekepa AaHHbIM Oblfla BOCCTAaHOB/IEHA TPAEKTOPUS MOJiIeTa APOHA B TPEXMEPHOM
NMPOCTPaHCTBE.

BbiBOoAbl. Pe3ynbtathl NpoBeAEHHbIX 3KCNEPUMEHTaSIbHbIX UCCNeA0BaHUM NoKa3anu, 4To NPeasioXXeHHoe peLue-
HVE NO3BOJISIET OTCNEXMBATb TPAEKTOPUIO NosieTa KBaapoKonTepa B TPEXMEPHON (MUPOBON) CUCTEME KOOPAUHAT,
a Takke NoaxoauT s CNexeHns 3a 06beKTaMm Ha CMOPTUBHBLIX MEPOMPUATUSIX.

KnioueBble cnoBa: Tpekep, CrexeHne 3a ABnxXyLuMuncs oobektamu, FPV kBagpokonTep, onpeneneHne nosioxe-
HUS, CUCTEMA ClIEXEHNSA

* Moctynuna: 02.06.2022 » fopa6oTaHa: 19.07.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 26.08.2022

Ana uutupoBaHua: Bonkoea M.A., PomaHoB M.M., BblukoB A.M. Tpekep 06BbEKTOB HA CMOPTUBHbLIX MEPONPUSATUSIX.
Russ. Technol. J. 2022;10(5):38-48. https://doi.org/10.32362/2500-316X-2022-10-5-38-48

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-
HbIX MaTepuanax uam meTogax.

ABTOpbI 325BNSIIOT 06 OTCYTCTBUM KOHGDNKTA UHTEPECOB.
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INTRODUCTION

Contemporary tracking systems for moving
objects are widely used in various social and
industrial areas of human activity, e.g., the creation
of autonomous vehicles [1], detection of motoring
offences [2], provision of safety and security at mass
gatherings [3], and personnel tracking [4]. One of
the most promising areas of application of such
systems is sports, especially team sports: football,
basketball, etc. By tracking participants in sports
events, it becomes possible to evaluate group tactical
actions, predict the results of matches, etc. During the
broadcast of football games, for example, movement
monitoring is used to view personal replays or obtain
extended player statistics [5].

To track the movements of athletes during the
competition, it is necessary to solve two main tasks:

1) detection and identification of moving objects using
Sensors;

2) determination of the parameters (e.g., position and
speed) of objects, according to which the path of the
movement is reconstructed.

Player identification is complicated by the difficulty
that athletes in team sports are often similar in appearance
(e.g., due to wearing the same sports uniform). In
addition, the movement paths of the players can change
dramatically, resulting in occlusion and the need for
re-identification. Thus, the main problem affecting the
tracking accuracy indicators is the frequent switching of
object identifiers [6].

Among the various methods and algorithms for
tracking moving objects, multi-athlete tracking (MAT)
technology can be distinguished. This video tracking
system comprises several cameras acting as sensors
to provide video data for subsequent processing. The
literature covering MAT systems can be divided into
two groups. Works in the first group [6, 7] are more
focused on identifying characteristic features in order
to solve the object identification problem, which often
results in long delays in information output, while works
of the second group [8, 9] are aimed at determining
other parameters. However, the correct functioning
of the MAT algorithms requires the determination of
a spatial plane against which objects move, making it
less appropriate for tracking objects in the air or moving
across complex terrain.

A relatively young and actively developing sport
is first-person view (FPV) quadcopter (drone) racing.
This competitive sport is based on the speed and quality
of passing a predetermined track with real-time video
broadcast from the camera of the drone to the monitor,
goggles, or pilot helmet of its operator. Due to the need to
evaluate the flight trajectory for fair refereeing, tracking
the movement path of objects in 3D space becomes an

important consideration. For example, because of the
high speeds involved, it is often impossible to visually
determine which of the quadcopters passed the finish
gate first. Most of the works on this subject are aimed at
increasing the autonomy of quadcopters and developing
algorithms for finding the optimal route, as well as
testing them [10-12].

The purpose of the present work was to develop
algorithms and software for a method for 3D tracking
of moving objects that do not require identification at
the detection stage and to test this method to provide an
estimate of its tracking quality.

Our contribution is as follows:

e a moving-object tracker for sports events is
proposed based on a described method for
matching information on the speed and position of
objects [13];

e cxperimental studies were carried out both on
the publicly available APIDIS dataset, where a
multiple object tracking accuracy (MOTA) metric
of 0.858 was obtained, and on the presented dataset
for quadcopter flight along a track;

e the 3D path of the drone flight was reconstructed.

1. REVIEW OF WORKS ON THE SUBJECT
OF INVESTIGATION

Most of the works studying the problem of tracking
moving objects are applicable to the development
of athlete tracking systems. These mainly comprise
methods that include a preliminary stage of detection,
i.e., segmentation of data obtained from sensors in
various ways. Since object identification is typically
carried out at this stage, many studies are aimed at
improving its accuracy by modernizing existing methods
for searching for singular points and descriptors [14]. As
well as describing the most frequently used descriptors
and methods for detecting objects, Chigrinskii and
Matveev [15] also studied approaches for improving
certain aspects of the algorithms. Experimental results
demonstrated higher tracking accuracy as compared
with using basic methods. Approaching the problem
of object localization using RGB color models, Lan
et al. [16] significantly improved the performance
of the system by training the descriptor at two levels:
directly on the obtained image, as well as on its infrared
representation. Such methods are not suitable for real-
time implementation because of the need to train
descriptors, which leads to a delay in the output of
information.

Detection-based tracking methods can be divided
into three groups according to the way they represent
the shape of an object: points, geometric shapes,
and contours (silhouettes). While the latter group of
methods is more often used to track people (pedestrians,
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athletes, etc.) [17], the former, less resource-intensive,
implementations are more suitable for other objects
(cars, mobile robots, etc.). Volkova et al. [13] proposed
a method for comparing information about the speed
and position of objects, which allows them to be tracked
in three-dimensional space. Identification is based on
the obtained data on the speed and position of objects
that can be represented as points, which is suitable for
tracking small FPV quadcopters.

Wang et al. [18] proposed an online pedestrian
tracking system. Segmented data are optimized by
specifying the occlusion status. The position of the objects
detected at the first stage is predicted using the Kalman
filter, which, it should be noted, is often used in tracking
algorithms. A comparison was made with the five most
common trackers today (WVMF, SMOT-admm, SFCT,
TLD, and DP + NMS). Experiments showed that the
proposed system gives the best results. Linke et al. [19]
compared two tracking systems in football: Gen4 and
Gen5. The main difference between these systems
is that Gen4 consists of two multi-camera systems,
whereas Gen5 combines two stereo pairs on each side
of the field and two monocular systems behind the goal
areas. It was concluded that. the larger the number of
cameras, the higher the accuracy of object tracking.
On the basis of a comparative analysis of team sports
tracking systems based on GPS data and multi-camera
systems, Pons, et al. [20] concluded that higher tracking
accuracy can be achieved with algorithms that use data
from cameras.

Since many algorithms designed to solve the
MAT problem require high-performance computers
for their implementation, i.e., are costly [19], research
is underway to create cheaper systems. Nishikawa
et al. [21] proposed a tracking system based on the
k-shortest path search algorithm. The results of the study
proved the efficiency of the proposed solution when using
relatively inexpensive cameras. Hui [22] investigated
tracking the trajectory of sports objects using the mean
shift algorithm. From the experimental results obtained,
this approach demonstrated the possibility of reducing
the required computing power.

Along with methods based on detection and
identification, the MAT problem is often solved using
algorithms based on the construction of occupancy
maps. Taj and Cavallaro [23, 24] presented a tracking
method based on a particle filter, where a priori
information on the number of objects is not required.
Liang et al. [25] and Yang et al. [26] used a hybrid
method combining the construction of an occupancy
map and the identification of the main features of the
players. Although this approach provides a high MOTA,
such methods are unsuitable for tracking quadcopters
due to the need to implement a spatially deterministic
plane.

Most studies of quadcopter flights along a track
are aimed at increasing the autonomy of the flight to
determine the optimal route [10-12], i.e., achieving
superior technical vision and navigation. Moreover,
there is an active development of datasets with complex
trajectories containing a large number of sharp turns
at high speeds [27], which significantly complicates
tracking sports drones.

Thus, the results of the analysis performed suggest
that to achieve the goal, the most appropriate approach
for tracking the path of a sports object is based on
comparing information about the speed and position of
objects [13].

2. STRUCTURE OF ALGORITHMS
AND SOFTWARE OF THE TRACKER

Figure 1 presents the structure of the algorithms and
software of the tracker. In this work, it was decided to
use only the main parameters, such as speed and spatial
position (without using additional features) to reduce the
delay in the output of information on objects.

A prerequisite for the tracker’s operation is a
preliminary calibration of all sensors, which determines
the relative linear and angular displacements of the
sensors’ coordinate systems and chooses the origin
of the world coordinate system. It is assumed that the
position of the sensors relative to each other does not
change throughout the tracker’s work time.

The data obtained at the stage of object detection
is fed to the tracker input. The result of the tracker is
the state vector x; of the object at time z. The vector
consists of the basic geometric parameters (position L,
speed V, and acceleration a; T is the transposition
symbol) in the world (three-dimensional) coordinate
system, as well as, if necessary, an identification
number:

x,=(L, V,a).

Let us consider the blocks in the tracker structure.
Table 1 compares the operations of the selected method
and the blocks of algorithms and software.

The tracker algorithm consists of six blocks.

1. The input of the block “Creating a dataset on the
position of objects” receives all segmented data on
the position of objects O and O’, comprising a set of
projected vectors of coordinates of objects predicted
using the Kalman filter in the coordinate system
selected for localization. Thus, the output of the
block is a set of vectors O, = {O O'}.

2. The input of the block “Calculating the overall
likelihood function” receives the data set O,
Clustering in this case is performed by the mean
shift method [24] and gives a set of clusters, the
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Fig. 1. Structure of algorithms and software of the tracker

Table 1. Comparison of the operations of the selected method and the blocks of algorithms and software of the tracker

Block

Operation

Creating a dataset on the position of objects

Creating a sample of observations O,

Calculating the overall likelihood function

Calculating the overall likelihood function p(O,| x;)

Triangulation

Obtaining vectors x,(L)

Estimating the speed of objects

Obtaining vectors x,(V)

Predicting the position and speed of objects

Calculating vectors X,

Back projection

Creating a sample of observations O’

Assessing the relevance of data

Calculating the parameter characterizing the reliability of obtained
information A4,

number of which corresponds to the number of
objects. The segmented data from the sensors are
assigned identification numbers of objects that are
in the same cluster.

.In the “Triangulation” block, data with equal
identification numbers from all the sensors are
triangulated [28]. The output of the block gives the
position of objects in the three-dimensional (world)
coordinate system x(L).

4. The data obtained at the previous stage enter the
third order Kalman filter block, which, in turn,
consists of two blocks, the calculations for which
are performed sequentially: “Estimating the speed
of objects” and “Predicting the speed and position
of objects” [29]. To estimate the parameters in a
three-dimensional coordinate system, three Kalman
filters are needed. When calculating the predicted
parameters for the X coordinate, the following
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expressions are used (for Y and Z, the expressions
are similar):

4 73
—_— — 0
462 202
3 71?
Q=|— — To?|,
262 o2
0 To? o2

P, =APAT +Q,

o . -1
Ky =P 31 P + R,
X =X+ K, (X=X ),

where Q is the process noise covariance matrix; R is
the sensor noise matrix; P is the noise covariance
matrix; K is the matrix correction factor; H is a matrix
that defines the output data; A is the state matrix; 7 is
the measurement period, ¢ is a filter parameter, which
depends on the dynamic characteristics of the observed
object.

At the output of the block, data are generated on
the predicted position and speed of objects in the three-
dimensional coordinate system.

5. The block “Back projection” reprojects the data
obtained in step 4 from the world coordinate system
into the coordinate system of each sensor O'.

6. The block “Assessing the relevance of data”
calculates the parameter 4,, characterizing the
reliability of the received information. It is calculated
as follows:

t
Ay =exp| ——2— |,
M p[ dATsj

where ¢ is the time elapsed since the last determination
of feature, AT¥ is the sensor measurement period, and
d is the coefficient of decrease in the relevance of data.
If, at the moment of time ¢, the data of none of
the measurements of the object or the data of only
one measurement has been received (the latter is

unacceptable for triangulation), then the predicted
reprojected position and speed are indicated as the
data received from the sensors in the block “Creating
a dataset on the position of objects.” The 4, parameter
in this case is necessary to correct the tracking duration
according to the predicted data, i.e., to timely stop
tracking the object.

3. EXPERIMENTAL INVESTIGATIONS

In the first experiment, the APIDIS' dataset was
used to verify the proposed algorithms and software.
This comprised seven video segments of a basketball
game, which were taken from different cameras located
around the court. Two cameras (first and seventh) were
chosen, having different focal lengths but both aimed at
the same corner of the court. Segmented data on objects
were obtained by a previously proposed method [30].
During the experiment, for one minute (a sequence of
1500 frames), the parameters of the position and speed
were estimated for four preselected objects, which
most often intersected with each other and with other
objects.

In Fig. 2, the black lines represent the reference
trajectories for all objects in space on the XY plane (in
this experiment, the displacement along the Z axis is 0),
while the colored lines represent the selected targets.
The reference trajectories were obtained by interpolating
the coordinates of the objects presented on the dataset
website at an interval of 1 s.

Figure 3 presents the reference trajectories of the
selected targets and the trajectories reconstructed on the
basis of the segmented data received from the cameras.
Table 2 presents the results of calculating the MOTA
tracking accuracy index in comparison with other
modern methods.

Table 2. MOTA indicators of various trackers

Tracker MOTA
[6] 0.752
[31] 0.796
[32] 0.811
Tracker proposed in this work 0.858

Based on the analysis of Table 2, it can be concluded
that the proposed algorithms and software of the tracker
provide a high tracking accuracy and is superior to
known analogues.

For the second experiment, a stand was constructed
in our laboratory (Fig. 4).

I https://sites.uclouvain.be/ispgroup/index.php/Softwares/
APIDIS. Accessed January 1, 2022.
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from segmented data (dashed lines)
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Fig. 4. Schematic of a test stand
The stand consisted of a video tracking system with
four BD133 dome cameras (manufactured by Beward,

Russia) and a quadcopter track. The track comprised
five elements: four flags (range poles) and a gate. The

3000
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2000

1500

1000

500

dimensions of the working area were 8 x 8§ x 3 m.
Calibration of the cameras determined that the frame rate
for the first camera should be 13 fps (frames per second),
while for the other cameras, it should be 25 fps. During
the experiment, a dataset was taken simultaneously from
four cameras of the quadcopter Photon (manufactured
by MIREA — Russian Technological University, Russia)
flying along the track for 30 s. Segmentation of a
moving object (quadcopter) was performed by the frame
binarization method with a predetermined threshold.
The quadcopter flight trajectory was reconstructed in the
world coordinate system (Fig. 5). Then, for verification,
this trajectory was projected back onto the images
received from the cameras. The result is shown in Fig. 6.

The quadcopter flight trajectory was successfully
restored. During the course of the experiment, it was
also determined that the delay (latency) in the output of
information for one object after the segmented data was
sent to the tracker is 32 ms.

CONCLUSIONS

In this work, contemporary methods for tracking
moving objects were reviewed and analyzed with
special attention paid to MAT methods. The structure
of a set of algorithms comprising software for the
tracking of moving objects is proposed based on the

-6000

-4000

-4000

Fig. 5. 3D reconstructed quadcopter flight trajectory
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Camera 4

Camera 3

Camera 2

Camera 1

Fig. 6. Frames received from cameras and the tracked quadcopter (marked with a red marker)

method of comparing information on the position and
speed of objects. The experimental studies demonstrated
the possibility of using the proposed solution to track
a quadcopter flight trajectory in a three-dimensional
(world) coordinate system, as well as being suitable for
tracking objects at sports events.
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Abstract

Objectives. In 2020, development work on the creation of a Russian computer-assisted design system for radars
(radar CAD) was completed. Radar CAD provides extensive opportunities for creating simulation models for
developing the hardware-software complex of radar algorithms, which take into account the specific conditions of
aerospace environment observation. The purpose of the present work is to review and demonstrate the capabilities
of radar CAD in terms of implementing and testing algorithms for processing stochastic signals.

Methods. The work is based on the mathematical apparatus of linear algebra. Analysis of algorithms characteristics
was carried out using the simulation method.

Results. A simulation model of a sector surveillance radar with a digital antenna array was created in the radar CAD
visual functional editor. The passive channel included the following algorithms: algorithm for detecting stochastic
signals; algorithm for estimating the number of stochastic signals; direction finding algorithm for stochastic signal
sources; adaptive spatial filtering algorithm. In the process of simulation, the algorithms for detecting and estimating
the number of stochastic signals produced a correct detection sign and an estimate of the number of signals. The
direction-finding algorithm estimated the angular position of the sources with an accuracy of fractions of degrees.
The adaptive spatial filtering algorithm suppressed interfering signals to a level below the antenna’s intrinsic noise
power.

Conclusions. The processing of various types of signals can be simulated in detail on the basis of the Russian radar
CAD system for the development of functional radar models. According to the results of the simulation, coordinates
of observing objects were obtained and an assessment of the effectiveness of the algorithms was given. The obtained
results are fully consistent with the theoretical prediction. The capabilities of radar CAD systems demonstrated in this
work can be used by specialists in the field of radar and signal processing.
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Pe3iome

Llenu. B 2020 r. 3aBepLuniach OnbITHO-KOHCTPYKTOPCKasa paboTa no co34aHuo POCCUINCKON CUCTEMbI aBTOMATU-
3upoBaHHoro npoektuposaHus (CAIMP) pagnonokaumoHHbix ctaHumii (PJIC). OtnnunTtensHon ocobeHHocTbio CATMP
PJ1C siBnsitoTCs 60oraTble BO3MOXHOCTY [J151 CO3AaHUS UMUTALMOHHbBIX MOAENEN U UMUTaLMOHHOrO MOAENMPOBaHNS,
4TO NO3BOJISIET OTpabaTbiBaTh annapaTHyo 4acTb U KOMMIEKC 60eBbix anroputMoB PJIC ¢ y4eTOM KOHKPETHbIX YC-
JNI0BUin 6OEBOro NPUMEHeHns1, CPeACcTB BO34YLLIHO-KOCMMUYECKOro HanaaeHusa n GoHo-ueneBon o6¢cTaHoBkuy. Lienb
HacTosLen ctaTbl — 0630p 1 AeMOHCTpaums BoamoxHocTel CAMP PJIC B yacty peanudauumn n oTpaboTky anro-
pUTMOB 06PabOTKN CTOXAaCTUHECKMX CUMHAJIOB.

MeTogabl. B paboTe ncnonb3oBasica MaTeMaTUieckuii annapar IMHenHon anrebpbl. AHaNN3 XapakTepucTUK anro-
PUTMOB NMpoBeaeH METOA0M MMUTALMOHHOIO MOLEIMPOBAHNS.

PeaynbTaTthl. B BU3yanbHOM dyHKUMOHanbLHOM peaakTope CAIMP PJIC cospgaHa ummtaumoHHasa mogens PJ1C cek-
TOpPHOro 063opa ¢ LUMdPOBOI aHTEHHOI PeLLeTKoN. B cocTaB naccMBHOIo kaHasia BXOAWSIM ClieayoLme aniropuTmbl:
anropuT™ 06HapyXeHMs CTOXaCTUYECKUX CUMHAJIOB; airOPUTM OLEHUBAHUS YMCa CTOXaCTUYECKUX CUMHaOoB; a-
rOPUTM MeJIeHraumm NCTOYHMKOB CTOXaCTUYECKNX CUIHAN0B; aNropmutM aganTuUBHOM NPOCTPaHCTBEHHOW GunbTpa-
unu. B npouecce MMUTaLMOHHOrO MOAENNPOBAHUS anropuTMbl 0OHAPYXXEHUS U OLLEHVBaHWS Y1Ca BblAaBanm Kop-
PEKTHBIN MPU3HaK 0OHAPYXEHWS N OLLEHKY YMCIa CUIHaNoB. AITOPUTM MNeNIeHrauum oLueHBas yriioBoe rnojoxeHue
WCTOYHUKOB C TOYHOCTbIO 40 O0MEeN rpasycoB. ANroputM aganTUBHOM NPOCTPAHCTBEHHOM GubTpauum Noaasnss
CUrHasibl MELLIAIOLLMX CUTHAJIOB 10 YPOBHS HMXE MOLLHOCTY COOCTBEHHbIX LLYMOB aHTEHHbI.

BeiBoabl. O6LIMPHBIE BO3MOXHOCTW MO pa3paboTtke Moaenel dyHkumoHnposaHus PJ1IC, nmetowmecs B poccuii-
ckor CAMP PJIC, no3BonsaoT AeTasibHO MOAENMPOoBaTh NPOLLeCChl 06paboTKn pasnnyHbIX BUOOB curHanos. o pe-
3yfbTaTam MOAEeNMPOBaHNUS NOJTyYEHbl KOOPANHATLI LieNel 1 npuBeaeHa oueHka apdekTUBHOCTU paboThl anropuT-
MOB. [oslyd4eHHble pe3ynbTaTthl NOHOCTLIO COOTBETCTBYIOT TEOPETUHECKOMY MPOrHo3y. MNpoaeMOHCTPMPOBaHHbIE
B HacTosALen pabote Bo3aMoxHOCTU CAIMP PJIC moryT 6bITb MCMOJIb30BaHbI CrieumanctTaMmm B 061acT pagmosioka-
LUMn 1 06pabOoTKM CUTHASOB.

KnioueBble cnoea: MMUTaLUMoOHHOE MOJENMpPOoBaHme, anroputM 06paboTkm PaamoioKaLuMoHHON MHDOPMaLLMK, CU-

cTema aBTOMaTM3MPOBAHHOMO NPOEKTMPOBAHNS, PAAVONOKALMOHHAA CTaHUMA, aaanTuBHasa NPOCTPaHCTBEHHas duib-
Tpaums

¢ Moctynuna: 05.05.2022 ¢ fopa6oTaHa: 15.07.2022 ¢ MpuHaTa k ony6nukoeaHuto: 02.09.2022

Ana umtupoBanusa: KoHonenbknH M.KO., Metpoe C.B., CmupHsaruHa [O.A. Peanusauuss anroputmoB 006paboT-
Kn ctoxactmnyeckmx curHanos B CAlP PJIC. Russ. Technol. J. 2022;10(5):49-59. https://doi.org/10.32362/2500-
316X-2022-10-5-49-59

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaB/IEH-
HbIX MaTepuanax uim meTogax.

ABTOpPbI 3a9BNAIOT 06 OTCYTCTBUN KOHDIMKTA MHTEPECOB.
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INTRODUCTION

In 2020, development work was completed on the
creation of a computer-assisted design (CAD) system
for radar stations, radar complexes and radar systems,
as well as their various components [1-10]. Due to
the outstanding capabilities of radar CAD in creating
simulation models and simulation modeling, it is now
possible to work out a hardware and algorithm set for
the radar that takes specific conditions of aerospace
environment observation. One of the most important
applications of the developed CAD is the development
of algorithms for processing radar information based on
the results of end-to-end integrated simulation based on
the requirements and operating conditions.

The study aimes to review and demonstrate the
capabilities of radar CAD in terms of implementing
and developing algorithms for processing stochastic
signals.

1. RADAR CAD TOOLKIT
1.1. Visual functional editor

Radar CAD uses an approach known as dataflow
programming to create simulation models. Employing
the visual constructor, a user creates a calculation graph
from blocks, configures the parameters of each block
and the connections between them. By pressing the
start calculation button, the graph is passed through; the
output data of each block are calculated based on the
input data and block parameters.

The advantages of this approach are the natural
visual representation (in the form of a calculation
graph) and support for parallelism. The visual
functional editor developed as part of the radar CAD
system provides the ability to create and calculate
a data-flow graph. The graphical user interface
resembles the classic Simulink interface for visual
design of streaming data processing, consisting of
interconnected parameterizable blocks (Fig. 1).

1.2. Module of engineering calculation
and simulation

As well as the possibility of automating the radar
development process, another of the key features of
the developed CAD is its comprehensive modeling of
radar behavior under operating conditions. In particular,
an engineer has the possibility to set a scenario as part
of the design process. When sending the scenario for
calculation, a complete (close to reality) simulation of
the behavior of the radar under operating conditions
is carried out. A simulated raid on the radar includes
the simulation of the movement of various air objects.
At the same time, the operation of the radar antenna is

modeled on the basis of the constructed radar model
to scan the space. The reflection of an electromagnetic
wave from an air object is simulated during the
interaction of electromagnetic waves coming from the
locator antenna and the air object to form the basis of
calculated parameters of the signal received by the
appropriate channel of the locator, where its processing
can be further simulated. Various types of noise are
superimposed on the incoming signal, due, for example,
to reflection from the Earth’s surface. When modeling
the propagation of a beam through the atmosphere,
various kinds of precipitation are also taken into
account.

The modeling process is organized by the simulation
modeling manager (SMM). The creation and editing of
simulation scenarios is implemented in the module of
engineering calculation and simulation (Fig. 2), which is
part of the radar CAD system.

2. DESCRIPTION OF THE RADAR
SIMULATION MODEL

2.1. Parameters of the radar
simulation model

To demonstrate the capabilities of radar CAD
in terms of implementing and testing algorithms for
processing stochastic signals, a radar simulation model
of an airspace surveillance was created. Figure 3 shows
its block diagram, which includes the transmitting
and receiving parts: the radio transmitter generates
pulses with specified modulation parameters, while the
radio receivers, together with the primary information
processing system and the passive channel, provide
amplification, conversion and optimal processing of the
signals received by the antenna against a background of
internal noise and external interference.

The radar type is active, single position, sector
surveillance with electronic beam scanning. The selected
signal parameters are typical for air traffic control
radar [11]:

e signal type: chirp;
carrier frequency: 3 GHz;
signal bandwidth: 1 MHz;
pulse duration: 67 ps;
pulse repetition period: 0.67 ms;
pulse power: 2.3 kW.
Antenna parameters are as follows:
type of antenna: digital antenna array (DAA);
size, in elements: 12 x 12;
step of elements: 0.5 wavelength;
gain factor: 32 dB;
scanning sector in azimuth: (—45°)—(+45°);
scanning sector in elevation: 0°-30°;
antenna tilt to the horizon: 15°.
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The radar model implements a passive channel for
processing stochastic signals from external sources. In
this case, training data comprising time samples with a
DAA of length K = 256 are used.

2.2. Radar simulation algorithms

Algorithm for detecting stochastic signals
The model implements an asymptotically optimal
algorithm for detecting stochastic signals using the
decision statistics obtained from the generalized
likelihood ratio test criterion [12]:

Nk,

=—F, 1
TrR M

)

|
where N is the number of DAA elements; R = EXXH

is the sample estimate of the correlation matrix; X is the
training data package; 77 is the trace of the matrix; A, is
the maximum eigenvalue of the matrix R.

Algorithm for estimating
the number of stochastic signals
The model implements an asymptotically optimal
algorithm for estimating the number of stochastic
signals

Mz'drgmin(Qn <d, (a))—l, n=1,...,N, (2)
n

where d, () is the threshold calculated from the given
false alarm level a; Q, is the decision statistic obtained
from the generalized likelihood ratio test [13]:

(N—n+1)71n

Qn = N .
>
=n

> 3)

A

where A, is the ith largest eigenvalue of the

matrix R.

Algorithm for direction finding
of sources of stochastic signals
For direction finding of sources of stochastic signals,
the Capon algorithm is implemented, which uses the
calculation of the spatial spectrum [14, 15]:

1

“4)

where V is a hypothesis vector; (-)! is the Hermitian
conjugacy symbol.
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Adaptive spatial filtering (ASF) algorithm
The model implements the calculation of the adaptive
weight vector according to the formula [14, 15]:

W=R"1S, (5)

where S is the steering vector.

All of the above algorithms are implemented in the
blocks of the radar model in Python using the NumPy
and SciPy modules.

3. SIMULATION MODELLING RESULTS
3.1. Simulation modeling scenario

To carry out the simulation, a model of a sector
surveillance radar with electronic beam scanning was
created. This model includes a passive channel that
implements the processing of stochastic signals from
external sources. The radar model was located in the
area of St. Petersburg. Two azimuthally separated
aerodynamic objects of observation were set (Fig. 4)
with the option of installing stochastic signal sources on
them. In terms of their presence, three scenarios were
modeled:

1) no sources of stochastic signals;
2) one source of stochastic signals;
3) two sources of stochastic signals.

Lappeenranta® -
g 9

fﬁ:-ll:lmp'
: o

- /
e

CaukT-lNeT upﬁﬁf

MeTeprodO © ;
f O TyLKH
Hapeay, _raTﬁHHa

Fig. 4. Position of the radar
and objects of observation

3.2. Results of the algorithms operation
for detecting and estimating the number
of sources

In the first scenario, the algorithms for detecting and
estimating the number of sources showed the expected
results—the sign of detection and estimate of the number

are equal to zero. Figure 5 shows the result of the
operation of these algorithms for several cycles of radar
operation—the cycles of transmission and reception.

In the second scenario, the algorithms for detecting
and estimating the number showed the expected results—
the sign of detection and the estimate of the number of
sources are equal to one (Fig. 6).

In the third scenario, the algorithms for detecting
and estimating the number also showed the expected
results—the detection sign is equal to one, while the
estimated number is two (Fig. 7).

3.3. Results of the direction-finding
algorithm

In the first scenario, there are no results, because the
direction-finding algorithm is started only if the sign of
detection is equal to one.

In the second scenario, one source of stochastic
signals is located. Figure 8 shows the spatial spectrum
in the generalized biconical coordinate system (GBCS)
(the horizontal axis is the azimuth, the vertical axis
is the elevation), built according to the results of the
algorithm.

In the third scenario, two sources of stochastic
signals are located. Figure 9 shows the spatial spectrum
in the GBCS (the horizontal axis is the azimuth; the
vertical axis is the elevation) constructed based on the
results of the algorithm

The estimates of the angular coordinates of the
sources of stochastic signals in the spherical coordinate
system are as follows:

e lIstsource: (1.3°; 0.3°), true position: (1.8°; —0.2°);
e 2ndsource: (27.5°;0.3°), true position: (27.2°;—0.2°).

As can be seen, the estimates coincide with the true
position of the sources to within fractions of a degree.
A further increase in the accuracy of the estimate is
possible when using a grid of angles with a smaller
discrete to construct the spatial spectrum.

3.4. Results of the ASF algorithm

In the absence of interfering signals, both objects
of observation were detected, with marks being
issued for them (yellow markers in Fig. 10). In this
scenario, in the absence of interfering signals (the
detection sign is equal to zero), the ASF algorithm
was not activated, and a non-adaptive beam was
formed for reception.

In the presence of one source of interfering signal
placed on the right object of observation, the central
object of observation was detected; marks were issues
for it (yellow markers in Fig. 11, blue markers—
the true position of the object of observation). No
object of observation whose source comprised an
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Fig. 11. Indicators “azimuth-elevation” and “range-altitude” in scenario 2
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interfering signal was detected because the ASF
algorithm cannot suppress an interfering signal if its
angular direction coincides with the direction of the
useful signal.

In the presence of two interfering signals, the objects
of observation were not detected.

Let us estimate the efficiency of the ASF algorithm
based on the results of the simulation. To do this, it is
necessary to find the values of the following quantities
before and after adaptation [16]:

o power of the useful signal at the output of the array;

e interference to noise ratio at the output in terms of
power (INR);

e signal to interference + noise power ratio (SINR).

To calculate these values, the following parameters
were calculated:

o useful signal output power

2
R =W,

; (6)

where c% is the signal power in the array element; W is
the weight vector; Vg is the vector of the amplitude-
phase distribution of the field of the useful signal in the
array opening;

e output power of interferences and noises

Py = WHRW = %HWHXHZ, (7

where || is the Euclidean norm of the vector;
e intrinsic noise power at the array output

Py =W, (®)
where GIZ\I
element.

To obtain a more accurate estimation, the data
packet X used when calculating the output power of
interference and noise was different from that used to
calculate the adaptive weight vector. The estimates are
given in Table. As follows from the presented results,
the interference was suppressed almost completely to
a level below the intrinsic noise of the antenna array.

is the intrinsic noise power in the array

Table. Results of evaluation of the effectiveness of ASF

Evaluated values Before ASF After ASF
Pg, dB —94.4 —94.4
P, dB —85.0 —-118.0
Py, dB —-118.1 —-118.1
INR, dB 33.1 -16.4
SINR, dB -9.4 23.6

In order to illustrate the operation of the
algorithm, Fig. 12 shows a section of the phased array
antenna (PAA) pattern in scenario 2. The observed
deep dip formed in the pattern in the direction of the
interference confirms the correct operation of the
algorithm.
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Fig. 12. Section of the PAA pattern

CONCLUSIONS

The Russian radar CAD system presents great
opportunities for developing radar operation models,
allowing the processing of various types of signals
to be simulated in detail. For this purpose, a visual
functional editor is used in which the radar model is
built from a set of blocks. The module of engineering
calculation and simulation allows the created radar
model to be placed on the ground along with the preset
raid scenario. To demonstrate these capabilities, a
model of a sector surveillance radar with electronic
beam scanning was created in which the implemented
passive channel uses the processing of stochastic
signals from external sources. Simulation modeling
was carried out according to three scenarios of
the aerospace environment. The results of the
algorithms are fully consistent with the theoretical
prediction.
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Abstract

Objectives. Due to the continuous rapid development of renewable energy sources, requirements for secondary
power supply systems keep increasing from year to year. Productive uptime for end users is dependent on the
efficiency and stability of the power supply system. Such systems should be able to distribute and store energy
from renewable sources having various parameters and configurations. Therefore, the present work is aimed
at developing technical solutions for efficient uninterruptible secondary power supply systems in low voltage
DC networks.

Methods. Advanced circuitry solutions are used for performing pulse conversions with high efficiency. The flexible
hardware-software system is used for implementing the parameter control system.

Results. An uninterruptible power supply for low-voltage DC networks is developed. The description of subsystems
and calculations for all main elements including the power ones are given. Using a contemporary component base, the
system prototype is assembled, configured, and measured by parameters. The presented solutions allow achieving
the universality of the system in terms of the input and output voltage range. Support for the fast-charging Power
Delivery protocol is integrated. As well as regulating the battery charging current and voltage, the Li+ battery charging
controller permits changes in the number of chargeable cells. The monitoring and control unit monitors network
parameters and controls the system automation. Using a microcontroller as the control device, it is possible to easily
change control parameters by changing software settings. Dual redundancy of the module monitoring the built-in
battery parameters is used to ensure the reliability and safety of system functioning. Support for the standardized
I2C communication protocol with a separate power bus allows any necessary sensors to be connected for monitoring
system parameters. External high-power devices controlled by a PWM signal may be added, if required. In the paper,
the Li+ battery charging profile recommended by the manufacturer is provided.

Conclusions. The designed system provides stable power supply to end users at a power consumption up to
40 W for at least 45 min. The automation demonstrates reliable operation.

Keywords: uninterruptible power supply, control unit, charge controller, Power Delivery standard, charging curve,

battery protection system, DC-DC converter, battery balancing
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Peslome

LUenu. Ot adPeKTMBHOCTN U CTABUIIbHOCTU CUCTEM SNIEKTPONUTAHUS 3aBUCUT BpeMst 6ecnepeboliHon paboThl
KOHEYHbIX NoTpebuTenen. Takme CUCTEMbI A0KHbI MMETb BO3MOXHOCTb pacrnpeneneHns U HakomnaeHus aHep-
rMn OT BO30OOHOBSIEMbIX MCTOYHUKOB C Pa3iMyHbIMWU NnapamMeTpamu 1 KoHpurypaumsamu. PasButre NCTOYHUKOB
BO30OHOBISIEMOI SHEPT 1M MOCTOSIHHO YBENMYMBAET TPeboBaHMS K CUCTEMaM BTOPMYHOIO aiekTponuTaHus. Liens-
MK paboTbl SBASIOTCS pa3paboTka Hay4YHO-0OOCHOBAHHbIX TEXHUYECKMX PeLleHnii n co3pgaHne addeKTUBHON cu-
cTemMbl 6ecrnepeboitHOro BTOPMYHOIO NUTAHUS B HU3KOBOJIbTHbIX CETSIX MOCTOSIHHOIO TOKA.

MeTopbl. Icnonb3oBaHbl COBPEMEHHbLIE CXEMOTEXHMYECKUE PELLUEHUS OAS BbIMNOJIHEHUS UMMYbCHBIX NMpPeo6-
pas3oBaHuii C BbICOKON aPPEKTUBHOCTLIO. A5 peanuaaunm CUCTEMbI KOHTPOS NapamMeTPOB NMPUMEHEH MMOKUIA
nporpaMmMHoO-annapaTHbIN KOMMAEKC.

Pesynbtatbl. PaspabotaHa cuctema 6ecnepeboiriHOro NUTaHus Oisi HU3KOBOJIbTHLIX CETel MOCTOSIHHOro TOKa.
MpuBeneHo onncaHve paboTbl 610KOB CUCTEMbI U PaCyeTbl OCHOBHbIX 3/IEMEHTOB, B T.4. M CUI0BbIX. C NpUMEHEHNEM
COBPEMEHHO 3/IEMEHTHOI 6a3bl coObpaH NPOTOTUM CUCTEMBI, MPOBEAEHA HACTPOKa U M3MePEHME ee NapamMeTPOB.
3a cyeT NpeacTaBNeHHbIX PeLleHnin AOCTUraeTCs YHUBEPCAIbHOCTb KOMIIeKCa MO AMana3oHy BXOAHbIX U BbIXOOHbIX
HanpsXeHnin. IHTerpmpoBaHa noaaepkka COBPEMEHHO0 NPoToKosa ObicTpoit 3apsaku Power Delivery. MNprMeHeH-
HbI KOHTPOMNEP 3apsaKkn Li+ akkyMynaTOPOB NO3BOMISET NM3MEHSATb KOJIMYECTBO 3apsXKaeMbIX S4EEK N PEryMpoBaTh
TOKU 1 HaNpsiXeHWst 3apsaa akkyMmynsatopHoli 6atapeun (AKB). Bnok MOHUTOPMHIa 1 ynpaBieHUst OTCeXNBaeT Teky-
LMe napameTpbl CETU U yNpaBnseT aBTOMATUKOM CUCTEMBI. VICNONb30BaHNE MUKPOKOHTPOIIEPA B KAYECTBE ynpaB-
NSIOLEro yCTpoKrcTBa AaeT BO3MOXHOCTb U3MEHEHUS MapaMeTpPoB yrnpasfieHns 63 KOHCTPYKTUBHbLIX M3MEHEHUI
6Gnaropaps penakTMpOoBaHMIO NporpaMmMHoro obecneveHust. Jns 6e3o0nacHOCTU QYHKLUMOHNUPOBAHUS CUCTEMBI MPU-
MEHEHO OBYKpaTHOE pe3epBMpPOBaHNE MOAYS KOHTPOS NapamMeTPOB BCTPOEHHOM akkyMynsaTopHoi 6aTtapen. Moa-
Jep>Xka CTaHAapTU3UPOBAHHOMO NPOTOKOAa 06MEeHa AaHHLIMY MO WHE 12C ¢ OTAENLHOM LUMHOM MUTaHWS NO3BONSET
NOAKII0YaTb NoOble HEOOXOANMbIE AATYUKN OJ151 OTCNEXMBAHUS NapaMeTpPoB cUcTeMbI. [pyn HeOBX0AMMOCTM MOTyT
ObITb A,06aBNEHbI CTOPOHHME YCTPONCTBA MOBbLILUEHHOW MOLLHOCTU, YNpaBisieMble CUrHaNoM LUMPOTHO-UMIMYTbCHOM
moaynsauuum (LLUMM). NMprBeaeH pekoMeHayeMbli nponssoantensaMmm npodunbs 3apsaa Li+ AKB.

BbiBoabl. CnpoekTnpoBaHHas cucTemMa no3BossieT obecneyrBaTb CTabUIbHOE 3IEKTPONUTaHNe noTpebuTtenei
c aHepronoTpebneHvem oo 40 BT B Te4eHne BpeMeHn He MeHee 45 M1H. ABTOMaTmnka 4eMOHCTPUpyeT 6e30Tka3Hoe
bYHKUMOHNPOBaHME.

KnioueBble cnoea: cuctema 6ecnepeboinHoro nutaHmsa, 610K ynpasneHus, KOHTPOAep 3apsaa, npoTokon Power
Delivery, npodunb 3apsaa, 6ok 3awutsl, DC-DC npeobpasoBartenb, Moayb 6anaHCUPOBKU
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HbIX MaTepunasiax nin MmetTogax.

ABTOpPbI 329BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Due to the development of renewable energy sources
including their increased capacity, solutions are required
for a number of problems associated with the conversion
and storage of energy [1]. Automation systems used for
these purposes should be developed using new circuit
solutions aimed, among other things, at increasing
operating efficiency, speed, and autonomy;, at the same time
as reducing heat generation, safely preventing abnormal
operation, maintaining cost-effectiveness, etc. The standard
output voltage of power systems in industrial automation
and motor vehicles is 24 V. Such power systems can
provide power to low-power devices in case of emergency.

Laying networks for emergency equipment is
combined with additional time and material costs.
This is especially true for emergency lighting systems
in remote locations [2]. Such costs can be reduced by
using a separate power supply units in the fixed version
as a voltage source. Since the power consumption for
sensor operation is low, the operating time of such units
is satisfactory in the absence of recharging.

24V power networks are also used in the security and
fire safety systems [3]. In this setting, it is obvious that
fail-safe power supply is required even under conditions
of network failure. The Shtyl! and Bastion? companies
produce uninterruptible power supplies (UPS) in the
form of wall mount boxes. A 24 V power supply is
also typically used by audio systems, for example, by
a great number of device components manufactured by
the MONACOR International company> 4. Here, UPS
systems can be integrated into devices in the form of
modules or to ensure network continuity as a separate
unit. It is also theoretically possible to use 24 V UPS
systems to ensure the safety of trucks in the event of grid
network failure®. UPS systems in the form of separate

Uhttps://www.shtyl.ru/. Accessed August 29, 2022 (in Russ.).

2 https://bast.ru/. Accessed August 29, 2022 (in Russ.).

3 https://www.monacor.com/. Accessed August 29, 2022.

4MONACOR INTERNATIONAL GmbH & Co. KG; 2016.
164 p. https://www.blej24.com/catalogs/Monacor.pdf. Accessed
August 29, 2022.

5 MAN TGA s 2000 g. Rukovodstvo po remontu i ekspluatatsii
(MAN TGA from 2000 y. Repair and operation manual). Monolit;
2015. 794 p. https://monolith.in.ua/catalog/rukovodstvo po
remontu_man_tga 2000. Accessed August 29, 2022 (in Russ.).

units are necessary attributes of equipment cabinets.
Such systems must ensure safe and stable operation
throughout their lifetime.

1. UPS SYSTEM

A conventional UPS system consists of two
independent devices capable of operating both
independently and together, thus expanding the
possibilities of applying and reconfiguring the final
product. The structural diagram of the UPS system is
shown in Fig. 1.

Sensors

To the load
24V

Battery charging and

Monitoring and control unit ) ’
protection unit

Network.
24V

Fig. 1. Structural diagram of the UPS system

The UPS system consists of the monitoring and
control unit, battery charging and protection unit, and
external sensors. A similar system has been implemented
in [4] but using a 220 V power supply.

The monitoring and control unit is designed for
controlling the network and battery parameters, as
well as the equipment temperature. At the moment of
emergency shutdown, the unit commutates the system
so that the necessary voltage is supplied from the battery
charging and protection unit to the load. This provides
the uninterrupted power supply of connected devices
from the backup power supply. In addition, output
currents and power are monitored while operating from
the UPS system. Should the UPS permissible power
consumption be exceeded, the load connected to the
system is automatically switched off.

Thebattery charging and protection unitis designed
for charging the built-in batteries and equalizing the
potential between cells. When the built-in lithium-
ion battery is discharged, backup power from any
battery having voltage greater than 9 V—e.g., from
widespread automotive lead-acid batteries—may
be supplied. It is also possible to supply backup
power from portable batteries supporting the Power
Delivery fast-charging protocol. The unit duplicates
critical system protection functions, preventing
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Temperature and
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Current, voltage, ndicators for peripherals
and power sensor
| MCU | | Voltage regulator 5V |
To the load [Fromthe battery charging
and protection unit
24 V‘-CM Commutation element |-  Output filter j Control element -H Step-up regulator }——p—
=  Commutationelement |~  Output filter Network .
| =SSl Commutation element fo— e
Tothe load 24V To the battery charging

24V, Channel 2

and protection unit

Fig. 2. Structural diagram of the monitoring and control unit

“overcharging” and deep discharging of the battery,
as well as monitoring the temperature of the built-in
battery using a thermistor.

2. MONITORING AND CONTROL UNIT

In the paper, the monitoring and control unit
implemented on the ATmega 168 (Atmel Corporation
(Microchip), USA) microcontroller (MCU) is
considered [5]. Here, MCU with a clock frequency
of 16 MHz, supply voltage, and logic levels of 5 V is
used®. This version is selected due to its low cost and
availability, an especially important factor under the
present situation of crisis in the semiconductor industry.
If necessary, it can be replaced without serious labor
costs by a more productive and energy-efficient unit
involving minor modifications of the circuit diagram.
The structural diagram of the monitoring and control
unit is shown in Fig. 2.

The circuit diagram of the monitoring and control
unit shown in Figs. 3, 5, and 6 comprises two 5 V linear
voltage regulators, MCU, state indicators, step-up
(boost) regulator, three commutation elements, output
filters, control element, and connector X1 for connecting
sensors via I*C bus with power supply.

The step-up regulator Ul (Fig. 3) is implemented
on an XL6009 chip (XLSEMI, China). With an input
voltage ranging from 5 V to U, its conversion
efficiency may achieve 94% depending on the difference
between input and output voltages. The conversion
frequency is 400 kHz, while the maximum commutated
current is 4 A. Soft start, thermal protection, and current
limitation functions are built in’. The output voltage
may be calculated by the following formula:

6 High performance, low power AVR® 8-bit microcontroller,
ATmega48/V/88/V/168/V, DS40002074A. Microchip
Technology; 2018. 390 p. https://www.microchip.com/content/
dam/mchp/documents/OTH/ProductDocuments/DataSheets/
ATmega48 88 168 _megaAVR-Data-Sheet-40002074.pdf.
Accessed August 29, 2022.

7 Switching current boost / buck-boost / inverting DC/DC
converter, XL6009. Xinlong Semiconductor Technology; 2017. 8 p.

18 kQ

=125 1+
j [ 1kQ

Inductances L3 and L4 are switched in parallel
for providing a given maximum conversion current.
The converter chip has the control input for switching
it on connected to the MCU pin via current limiting
resistor R11. Resistor R12 connects the MCU pin of the
microcircuit to “ground” for preventing spontaneous
activation.

The field-effect transistor FET PSMN4R3-30BL
(Nexperia, China) controlled by a PWM signal coming
from MCU is used as the control element VT1 as
described in [6]. This transistor is selected with
allowance for power dissipation and the required output
characteristics®; the control voltage produced by the
divider R9, R10 is only 4.5 V.

The transistor output characteristic (Fig. 4) shows
the transistor to be capable of commutating direct current
up to 100 A at the control voltage of 4.5 V.

Although this value is much higher than necessary
for steady-state operation, very high currents occur
between C13, C15 and C21 when the output filters are
powered due to the capacitors C13 and C15 having arated
capacity of 4700 pF. The equivalent series resistance of
these capacitors is 55 mQ; when unlocking the transistor
gate?, the peak current may be written as follows:

Ris
Ry

Uyt =1.25(1+ ):23.75 V. (1)

; Uy  23.75

=— =431.8 A
k gl
peak = Regp  0.055

)

where U, is the source voltage; Rpqp is the equivalent
series resistance of the capacitor.

Here, the subsequent capacitive filter elements are
not accounted for: the current is limited by the step-up

8 N-channel MOSFET
Nexperia B.V.; 2017. 15 p.

9 Matvienko V.A. Fundamentals of electric circuit theory:
Textbook for universities; Yekaterinburg: UMTs UPI; 2016.
162 p. (in Russ.).

in D2PAK, PSMN4R3-30BL.
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Fig. 3. Power supply circuit diagram of the monitoring and control unit. Here and in the following circuits,
the designations of elements correspond to GOST 2.710-8110

voltage regulator U1, but not until its output capacities
are discharged. Since the maximum peak current of
the selected transistor is 465 A, the performance is not
affected.

Each output filter is the LC ladder filter, as described
n [7]. These are used for additional smoothing of
pulsations after the boost converter.!!

Both 5V linear voltage regulators are made on
LM7805 chips (Inchange Semiconductor Company, China).

10GOST 2.710-81. Unified system for design documentation.
Alpha-numerical designations in electrical diagrams. Moscow:
Izdatel’stvo standartov; 1985 (in Russ.).

T Output noise filtering for DC/DC power modules. https:/
www.ti.com/lit/an/snva871/snva871.pdf. Accessed August 29,
2022.

The C14 and CI16 capacitors filter input pulsations,
while the C9, C12, and C19 capacitors filter the output
ones.

The commutating elements K1-K3 (Fig. 5) are
implemented on HK19F-DC5V-SHG relay (Ever-way
Industry Co, China). The rated commutation current
is 2 A at DC voltage 30 V'2. The relay is controlled
from MCU through optocouplers DA3-DAS. Resistors
R15-R17 limit the current through the optocoupler and
the LED used for indicating the state of elements K1-K3.
This implementation allows for galvanic isolation of the
MCU pin and the relay to protect MCU from line voltage
as described in [8].

12 Subminiature DIP Relay, HK19F. Ever-Way Industry
Company Limited; 2011. 3 p.
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Fig. 4. Output characteristic of the PSMN4R3-30BL
transistor. Dependence of the drain current /..,
on the drain-source voltage V at fixed gate-source
voltages Vgs

All the sensors used are connected via the I2C bus
(Fig. 6). The INA219 chip (Texas Instruments, USA),
which determines the current and voltage with an
accuracy of £0.2%!3, is used as the current, voltage,

and power sensor. The SHT2 chip (Sensirion AG,
Switzerland) is used as a temperature and humidity
sensor; it has an accuracy of relative humidity +2% and
temperature +£0.3 °C.14

The LEDs HLI-HL4 displaying the remaining
battery percentage along with the system operating mode
are used as indicators; SB1 is the MCU reset button.
The SB2 and SB3 clock buttons used for the forced
shutdown of UPS output channels are connected to the
MCU analog input DD1 through the resistive divider.

3. BATTERY CHARGING
AND PROTECTION UNIT

The structural diagram of the battery charging and
protection unit is shown in Fig. 7.

In the designed system, the load for this unit is
produced by the control and monitoring unit. The circuit
diagram of the battery-charging and protection unit
is shown in Fig. 8, 10, and 11. The standalone pulse
charge controller for the Li+ battery is implemented on a
MAX1737 chip (Maxim integrated, USA) (Fig. 8). This
controls the input current from the source, the output
charging current, and the battery voltage. The allowable
charging voltages range between 4.0 V per cell and
4.4V per cell.

13 Ugryumov E.P. Digital circuitry: Textbook for universities. 4 Humidity and Temperature Sensor IC, SHT2I.
2nd ed.; BHV-Petersburg; 2007. 800 p. (in Russ.). SENSIRION. CMOSens®; 2014. 15 p.
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Fig. 5. Circuit diagram of commutating elements for the monitoring and control unit
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Fig. 9. Diagrams of voltage
and current for charging profile

The external thermistor is connected via
connector X1. The 10 kQ resistor R1 is installed in the
absence of a need for temperature monitoring. When
the voltage of the built-in battery drops below the
minimum threshold value U_; (3), the deep discharge
protection system is activated; the load is switched off
by transistors VT1 and VT2.

U, =25NV, 3)

where N is the number of connected cells.

The Li+ batteries are charged according to the
specific charging profile, which is distinguished from
those used with classic lead acid batteries. This is
necessary for increasing the lifetime of the batteries as
detailed in [9] and recommended for charging by many
Li+ battery manufacturers. The diagram of the charging
voltage and current as well as voltage diagrams of
inverting pins for the fast charge (FASTCHG) and full
charge (FULLCHG) stages are shown in Fig. 9.

The full charge cycle may be divided into 4 main
stages:

1) fast charge stage—including non-linear changes in
battery voltage while the current remains constant;

2) full charge stage—battery voltage reaches the
predetermined value to remain constant, while the
current decreases;

3) fill stage—initial current is decreased by 90% while
the current change becomes almost linear;

4) completion stage—charging current becomes zero.

The maximum duration of each cycle is set by the
charge controller’s internal timers. The nominal value of
capacitor C8 sets the running time of timer 2 responsible
for the fast charge stage, amounting to 90 min at 1 nF.

Should the controller fail in transiting to the next stage
of the charge cycle within the time set by timer 2, the
chip disables further battery charging and turns the error
indicator on.

The nominal value of capacitor C7 sets the running
time of timer 1 responsible for the full charge and fill
stages, as well as for the pre-preparation time. At 1 nF,
the full charge stage time is 90 min, while the fill stage
time is 45 min. The pre-preparation includes checking
the cell voltage for the minimum threshold value as
well as checking the temperature. The checking time is
7.5 min. Should indicated values exceed the operating
range, the controller turns an error message on and the
charge cycle does not begin.

The LEDs HLI1-HL3 are connected via current
limiting resistors R9—R 11 to inverting pins of the charge
controller state indicator FAULT, FASTCHG, and
FULLCHG.

The elements VT1, VT2, C17,L1, and VD3 form the
DC voltage step-down converter. The transistor gates are
controlled by chip DA1 (Maxim integrated, USA). This
chip generates a PWM signal with variable fill factor
depending on the input and the battery charging voltages
and a frequency of 300 kHz. The claimed conversion
efficiency ranges from 85% to 90%!. Although the
output voltage ranges from 6 to 28 V, the input voltage
should be higher than the minimum supply voltage of
the charge controller:

U

min chg =

U +16V. )

The voltage drop across resistor R17 sets the input
current of the charge controller 7, as calculated by the
following formula:

= CISEIN 5)
17 REF

where Ugpry 18 the voltage on pin 2 (SETIN) DA1 setby

the voltage divider formed by resistors R4 and R7 with

reference voltage at the input Up . = 4.166-4.242 V.
The voltage drop across resistor R14, which

regulates the battery charging current Ichg, is calculated

by the following formula:

_02 Userour _; 4
Ry,

, (6)

UREF

where Ugprout 18 the voltage on pin Igprqyr set by
the voltage divider formed by resistors R5 and R8 with
reference voltage at the input Uppr.

15 Stand-alone switch-mode lithium-ion battery-charger
controller, MAX1737, Data Sheet 19-1626. Maxim Integrated;
2017. 19 p.

Russian Technological Journal. 2022;10(5):60-72

67



Development and research of uninterruptible power supply system

Igor M. Sharov,

for networks with supply voltage up to 24 V otal.
X5
No. Circuit
1 JVCCINT
2 |GNDINT VT3
Backup power time 1 A03400
T DA2
L VBUSG  VBUS HO l < . o Vinterfaces
2Hun NCH? T om B2y %
NS pr2t g [13 104F | & 1o
Moo ceefts f“ [] R22 | o5 T 2200F
[3 L i bors P Bele T v0w
3] TST3 NC EX 4 Vin s EE?_T_'
° R18 R19 2len ) 1 —
No. Circuit ﬁ — GND; L
; \95’3\‘33 00Kk 100kQ XL6009
3_|CC1
4 |CC2 o
G No. Circuit
R21
6 __[GND 1 o o 1
USB Type C 0.1F [] 51k — D’:
T R20 =L* c2 _L*c23 I
51kQ 105 uF 47 uF I 1))
5 V-
Micro USB
Fig. 10. Circuit diagram of the boost converter of the battery charging and protection unit
1
1
T)Ubatﬁ
R24 1 GBI
— 42V
H:IWMQ . H:vm R4
3 1 15Q 2
B> oo 4
vl L — &
8 — 4,
U+ VTS
2 R30
: o121 %7 oMo 3
TLV521 [ R35 R37
0.1yF D 100Q D10MQ =
R2 R28 VT
me‘?n 1000 8 4
[
3 1 00 <1 b3+ — 42V
T
qug " 5
20U Ubatt-
[]15%/?9 - C29 2|y N a
VT6
DA4 E R33 % TLV521
150 0.1F
3 & oo 1 I—
—
el {2 R33
5 VT7 10MQ
s | o l2 cos| 3t _<
TLV521 |
R27 0.1pF
10MQ R29
100Q
5

Fig. 11. Circuit diagram for the balancing module of the battery charging and protection unit

Theboost converter in the battery charging and protection
unit (Fig. 10) is used for generating the supply voltage of
the charge controller. As a result, the input charging voltage
range of the built-in battery is significantly extended, ranging
from 5 to 28 V regardless of how many cells are connected
due to the formation of a step-up/down converter.

The support of the Power Delivery fast charging
protocol implemented in many modern consumer
battery chargers is provided by the protocol trigger

implemented on the IP2721 chip (Injoinic Technology
Corp., China). Pin SEL sets one of the standard output
voltages of the connected charger using data exchange
protocol. When pin SEL is connected via resistor R18 to
the power supply, the voltage at the battery charger unit
is set to 12 V; when it is connected via resistor R19 to
“ground”, the voltage is set to 5 V.16

16 TYPEC/PD2.0/PD3.0 Physical Layer IC for USB TYPEC
input interfaces, [P2721. Injoinc Corp.; 2017. 7 p.
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Fig. 12. Prototype for the monitoring and control unit:
top and bottom views

Fig. 13. Prototype for the battery charging and protection unit:
top and bottom views

The built-in cells are balanced by the balancing
module using operational amplifiers DA3, DA4, and
DAS (Fig. 11). Each of these controls a pair of transistors
by comparing the sum of voltages on two battery cells with
voltage between two cells connected in series making
allowance for the voltage!” divider formed by a pair
of resistors R24-R25 for DA3, R26—R27 for DA4 and
R37-R38 for DAS. The built-in battery is formed by
the cells of Li+ batteries GB1-GB4 connected in series.
Operational amplifiers TLV521 (Texas Instruments,
USA) are selected due to low power consumption'8,
which increases energy efficiency.

The prototype design for the monitoring and control
unit is shown in Fig. 12.

The prototype design for the battery charging and
protection unit is shown in Fig. 13.

17Keep the balance — balancing of supercapacitors, ANP090.
https://www.we-online.com/catalog/media/o671684v410%20
ANP090a%20EN.pdf. Accessed August 29, 2022.

18 NanoPower, 350nA, RRIO, CMOS Input, operational
amplifier, TLV521, Data Sheet SNOSD26. Texas Instruments;
2016. 27 p.

4. RESEARCH FINDINGS
ON CHARACTERISTICS
OF THE DEVELOPED SYSTEM

For evaluating the output power of two channels,
each channel is connected to a controlled electronic
load. The constant power operating mode is set to 20 W
per channel. The total power delivered by the system
to the electronic load is about 40 W in this operating
mode. Time diagrams for current, voltage, and power are
drawn using the measuring tools built into the electronic
load units.

Time diagrams for current, voltage, and power of the
first channel are shown in Figs. 14 and 15.

Figure 14 shows that the change in the output voltage
level during operation is 0.2 V. The actual output voltage
level is 22.6 V differing from the calculated value U_ .
This is due to the voltage drop across the output filters
and the parameter spread of resistors R13, R14. The
output current ripple is due to the operating principle of
the controlled electronic load.
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Fig. 15. Time diagram of the first channel power

Time diagrams of the second channel almost
coincide with those of the first one making allowance for
the insignificant parameter spread of the output filters.
Time diagrams for the total current and power of two
channels are shown in Fig. 16.

It may be seen from Figs. 14-16 that a sudden
drop in the output voltage and power level occurs at
t = 2800 s. This is due to automation; the voltage of
built-in batteries drops below the critical value, they
are completely discharged, and the charge controller
disconnects them from the monitoring and control unit.

As can be seen from Fig. 16, the total output power
is about 40 W, while the system operating time with such
load is at least 45 min.

41
39

37

35 C

0 1000 2000 3000 4000 t,s

CONCLUSIONS

A prototype of an uninterruptible power system with
the ability to change output voltage for required tasks
has been created. Each unit has been tested separately
along with their interaction.

The system generates stable output voltage of22.6 V
with a power of 20 W in each channel. The monitoring
and control unit correctly displays the remaining
percentage of the built-in battery charge in increments
of 25% and enables shutdown of consumers when the
built-in battery voltage falls below a specified threshold,
thus duplicating the protection function of the battery
charging and protection unit.

The battery charging and protection unit provides
stable power supply to the monitoring and control unit
for at least 45 min, successfully activating the fast-
charging protocol when connected to the battery charger
and protecting the built-in batteries from “overcharging.”

It is intended to improve the developed system in
future as follows:

e modification of output filters for reducing output
voltage ripple;

e improvement of DC-DC converter input filters for
reducing noise level;!°

19 Design and application considerations of input filter
to reduce conducted emissions caused by DC/DC converter,
No. 62AN101E Rev.003. ROHM Co., Ltd.; 2020. 7 p.

1.5 C

0 1000 2000 3000 4000 t,s

Fig. 16. Time diagrams for the total current and power of two channels
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e replacement of transistor group in the balancing
module for increasing maximum allowable
balancing currents or using the balancing module
for the same purpose;2’

20 passive balancing allows all cells to appear to have the same
capacity. https:/softei.com/passive-balancing-allows-all-cells-to-
appear-to-have-the-same-capacity. Accessed August 29, 2022.
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REVIEW ARTICLE

Technology for the creation of ferroelectric regular
domain structures using interfering elastic waves

Vladislav V. Krutov @, Alexander S. Sigov
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Abstract

Objectives.Inmanylaboratoriesaroundtheworld, workisunderwayinthefield ofdomainengineering offerroelectrics.
For a number of years, RTU MIREA has been conducting research on the creation of a high-performance technology
for the formation of ferroelectric photonic and phononic crystals. The technology is characterized by a short duration
of the technological cycle and provides the necessary depth of spatially periodic domain inversion. The key element
of the technology is the combined effect of a uniform electric field and interfering high-frequency elastic waves that
create a temperature grating. The technology is universal in relation to ferroelectrics of varying degrees of acoustic
transparency, which is achieved by using highly dissipative liquid electrodes of a certain thickness. In this case, the
energy of elastic waves practically does not penetrate into the ferroelectric, so the manifestation of undesirable
effects is excluded. The purpose of this review article is to analyze the results of work carried out at RTU MIREA in
the field of technology for the formation of ferroelectric regular domain structures (RDSs) during the period from
2008 to the present.

Methods. Provisions of the theory of propagation, refraction and interference of elastic waves in condensed media
are used, in particular, the Newtonian model of a liquid as applied to shear waves, as well as computer simulation.
When considering the main stages of the Double Pulse heterothermal technology for the formation of RDSs, methods
of analysis and synthesis were applied.

Results. The possibility of forming not only micro-, but also submicron RDSs is shown. Recommendations are
given on the choice of the type and specific properties of liquid electrodes, the angles between the direction of
propagation of interfering waves, and their frequency. It is shown, in particular, that the use of highly dissipative
ionic liquids as liquid electrodes creates favorable conditions for the formation of an RDS with a short period at room
temperature. Thus, on shear waves with electrodes based on LiPFg—PC at a frequency of 300 MHz, RDS with a period
of about 2 um can be created. The main technological parameters are determined both for the case of the action of
longitudinal elastic waves and for the case of shear waves with horizontal polarization. The results are applicable to
ferroelectrics such as lithium niobate, potassium titanyl phosphate, and lead zirconate titanate.

Conclusions. The proposed and studied methods are focused on the mass production of devices based on RDSs,
in particular, on the manufacturing of optical parametric oscillators, acoustoelectronic devices, as well as terahertz
wave generators and second harmonic oscillators. The technology has a short duration of the technological cycle,
comparable to the polarization switching time in the used ferroelectric.

Keywords: domain engineering, ferroelectrics, temperature gratings, double pulse heterothermal technology,
elastic waves, acoustic interference method
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OB30PHAA CTATbA

TexHosorust (popMUPOBAHUS CETHETONICKTPHUECKUX
PeryJsipHbIX JOMEHHBIX CTPYKTYP € UCIOJIL30BAHUEM
HHTEP(PEPpUPYIOIIMX YIIPYTUX BOJIH

B.B. Kpytoe @, A.C. Curos

MUWP3A — Poccuicknii TEXHOJ1I0rm4eckmnii yHmsepcutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: v_krutov@mirea.ru

Pe3iome

Llenu. Pa6oTbl B 0651aCTV JIOMEHHOMN NHXEHEPUY B CEMHETOINEKTPUKAX BEAYTCS BO MHOMMX naboparopusx Mmpa.
Ha npotsaxeHunn psga net B8 PTY MUPOA npoBoasTcs nccnegoBaHms No CO34aHUI0 BbICOKOMPOU3BOANTENBHOM
TEXHONOrMN GOPMUPOBAHUSA CEMHETOINEKTPUHECKMX (POTOHHBIX U (POHOHHBIX KPUCTANNOB. TEXHONOrMa xapak-
TEpU3yeTcs Masioli NPOAOSIKMUTENIbHOCTLIO TEXHOJNIONMYECKOro umkna nu obecrnevymBaeT HeoOXoaAMMYO TNyOuHY
NPOCTPaHCTBEHHO-NEPMOANYECKOTrO MHBEPTMPOBAHMS IOMEHOB. KNtoYeBbLIM 3BEHOM TEXHONIOMMU ABNSIETCH KOMOU-
HMPOBAHHOE BO3AENCTBME OOHOPOOHOIO SNEKTPUYECKOro NMOa U MHTEPGEPUPYIOLLMX YIPYTMX BOSH BbICOKUX Ya-
CTOT, CO34aI0LLMX TEMNEPATYPHYIO peLleTKy. TEXHONOrS MMEET YHUBEPCAsbHbIN XapakTep B OTHOLLEHUN CEFHETO-
9NEKTPUKOB PA3INYHON CTENEHN aKyCTUYECKOM MPO3PadYHOCTU, HTO AOCTMraeTcs nyTeM UCMONb30BAHUS CUBHO
OVNCCUNATUBHBIX XMOKUX 9NEeKTPOA0B ONpeaeneHHON TONWMHbI. [py 3TOM 9Heprus ynpyrux BOSH NPAKTUHECKN He
NPOHMKAET B CEFHETOINEKTPUK, YTO UCKIIOHAET NPOSIBNIEHNE HexenaTesnbHblx 3pdekToB. Llenb HacToswen ctatbm —
aHanus pes3ynbTaToB PaboT, BbINOSHEHHbIX B PTY MUP3A, B 061acTy TexHONornm popmMmnpoBaHns CErHeToanekTpu-
YeCKuMX perynsapHbix OMeHHbIx cTpykTyp (PAC) B nepuog ¢ 2008 r. no HacTosiwee BpeMs.

MeTopabl. VIcnonb30BaHbl NOAOXEHWST TEOPUN PACAPOCTPAHEHNS, NMPENOMAEHUS U MHTEPdEPEHLMN YNPYrX BOSH
B KOHOEHCUPOBAHHbIX CPeAax, B HaCTHOCTU HbIOTOHOBCKAs MOAENb XUAKOCTU NPUMEHNTENBHO K CABUIOBbIM BOJI-
HaMm, a Takxe KOMMbIOTEpPHOE MoaenMpoBaHue. Mpyn pacCMOTPEHMM OCHOBHbIX 3TarnoB GUUMMYNLCHOW reTepo-
TepMasibHOM TexHoNormm popmmposaHnsa PAC npuMeHanMcb MeToapl aHanmsa 1 CUHTe3a.

PesynbTatbl. [lokazaHa BO3MOXHOCTb GOPMUPOBaAHUS HE TOJIbKO MUKPO-, HO Takxke CyOMUKPOHHbIX PAC. daHbl
pekoMeHZaumMn no BelboOpy TUMa U KOHKPETHbIX CBOMCTB XWAKUX 3NEKTPOA0B, Yr/IOB MeXAy HanpasieHneM pac-
NPOCTPaHeHns1 HTePdEPUPYIOLLMX BOJIH, @ TaKXKe MX 4aCcTOTbl. [Toka3aHo, 4TO NCNONb30BaHME B KAYECTBE XUAKNX
9/1EKTPOLOB CUJIbHO OUCCUMATUBHBIX MOHHBIX XWAKOCTEN co3aaeT 6naronpusiTHbIE YCNOBUS Ans GOpMUPOBaHMS
POC ¢ manbiM nepnoaoM npyv KOMHATHOM TemnepaType. Tak, Ha CABMIOBbIX BOSHAX C 9IEKTPOAAMM HA OCHOBE
LiPFg—PC Ha yacTtoTe 300 MI'u moryT 6bITb co3aaHbl PAC ¢ nepnogom okosno 2 Mkm. OnpeaeneHbl OCHOBHbIE TeX-
HONOrMYyeckne NapamMeTpbl, Kak o ciy4as BO3AeNCTBMS NPOAOSIbHBIX YAPYIrMX BOJH, Tak 1 Afisi ClyyYas CABUMOBbIX
BOJIH C FOPU30HTaIbHOW nonsipuaauneil. PeaynbTtaTtbl NPUMEHVMbI K TAKMM CEMHETO3NIEKTPMKAM Kak HMobaT nnuTus,
TuTaHun-pocdaTt kKanus, LMPKOHAT-TUTAHAT CBUHLA.

BbiBoAbl. [peanoxeHHbIe U NCCNeA0BaHHbIE METOAbI OPUEHTUPOBAHbBI HA MACcCOBOE NPOM3BOACTBO YCTPOMCTB Ha
ocHoBe PAC, B T.4. Ha N3roToBIEHME ONTUYECKMX MAPaAMETPUHECKNX FTEHEPATOPOB, YCTPOMNCTB aKyCTOSIEKTPOHNKM,
a TakxXe reHepaTopoB TepParepLoBbIX BOJIH U FEHEPATOPOB BTOPOW ONTUYECKOWN rapMOHUKK. TexHonorus obnagaet
Marsnom NPOAOIKNTENbHOCTBIO TEXHONIOrMYECKOro LIMKa, CONOCTaBUMOWN C BPEMEHEM NMEPEKITIOYEHNS NoNApn3aLmm
B MCMNONb3yEMOM CErHETOSNEKTPUKE.

KnioueBble cnoBa: JoOMeHHas NHXEHEePUA, CErHeTo3JIEKTPUKKN, TEMNEPATYPHbIE PELLUETKN, 6I/II/IMI'Iy}1bCHa9| retepo-

TepMalJibHaa TEXHOJIOIrn4A, ynpyrme BOoJiHbl, aKyCTOI/lHTepd)epeHLI,I/IOHHbII‘/JI MeTon
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I1p03pat|Hocn: dmuaucoaoﬁ AedaTesibHOCTU: ABTOpr He NMetoT CDI/IHaHCOBOI‘/JI 3anHTEepPeCOBaHHOCTW B nNpeacTaBiieH-

HbIX MaTepunanax nam MetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.

INTRODUCTION

Methods for creating photonic and phononic crystals
based on ferroelectrics and multiferroics have recently
been actively studied. Photonic and phononic crystals
comprise regular domain structures (RDSs). Figure 1
schematically depicts a ferroelectric RDS of the side-
by-side type.

ZA

[P Ps [P s

Ps Ps Ps

> X, Y

Fig. 1. Side-by-side RDS. Arrows depict the
spontaneous polarization vector

Interest in RDSs is mainly due to their capability of
performing various functions in acoustoelectronics [1],
photonics [2, 3], as well as signal filtering and modulation
devices [4, 5].

A number of methods for the creation of RDSs
in ferroelectrics have been developed in laboratories
around the world over the last 25 years (see, e.g.,
review [6]). A popular method [3] is based on the use
of a nonuniform electric field generated by structured
electrodes deposited by photolithography. Methods for
“writing a domain pattern” using sequential scanning
of the surface of a ferroelectric with a focused laser or
electron beam [7] are of little use in the mass production
of devices based on RDSs due to their long process cycle
and shallow growth of domains. The method [8] based on
moving the probe of an atomic force microscope over the
ferroelectric surface also involves a long process cycle
duration and provides only a shallow domain growth.
The method of direct action of interfering laser beams
on a single-domain ferroelectric [9] fails to produce a
high-quality RDS. The generation of photoinduced
charge carriers accompanying laser irradiation leads
to undesirable effects such as the destruction of the
temperature grating due to heat release by recombining

carriers outside the antinodes of the interference pattern.
Moreover, birefringence prevents the creation of
contrasting temperature grating.

Methods for the creation of RDSs can be considered
to be promising if they offer a minimum duration of
the process cycle to provide a given depth of growth of
domains and high quality RDS.

In recent years, there has been a search for “rapid”
industry-oriented methods for the creation of RDSs that
do not require the use of photolithography [10-13]. In
particular, a method has been demonstrated [10] that
allows the creation of surface quasi-periodic domain
structures under the action of infrared laser pulses. The
main advantage of this method consists in the possibility
to produce rapidly domain structures without the use of
photolithography. However, the method does not yet
allow the creation of periodic domain structures with a
given spatial period.

Methods for the creation of RDSs are also studied
using a temperature grating induced by interfering
elastic waves [13—16]. Such methods are based on the
thermal interference principle, according to which local
stimulation of domain switching is achieved by the
pulsed uniform electric field action and temperature
grating created by interfering waves. Figure 2 illustrates
a pulsed interfering wave action with power density
P and inverting uniform electric field of strength E.
The corresponding technology of combined exposure
is referred to as double pulse heterothermal (DPH)
technology [14]. Selective switching of domains upon
application of a uniform electric field is ensured owing to
the decreased ferroelectric coercive field with increasing
temperature [6]. In comparison with its analogs, this
approach reduces the time of the formation of RDSs to
values comparable to the polarization switching time of
the ferroelectric.

Let us list the main stages of the DPH technology.

1. Creation of an interference pattern using a wave
action pulse (creation of a temperature grating).

2. Polarization switching in heated areas of the
temperature grating by a uniform electric field with
strength £'> E -, where E. is the coercive field.

3. Timely switching-off of the electric field upon
reaching a given depth of domain growth, as well as
in order to prevent lateral growth of domains.
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& t

Fig. 2. A pulse of wave action with power density P and
a pulse of an inverting uniform electric field of strength E.
tp is the thermal interference pulse duration, t is
the duration of uniform electric field exposure

The pulse mode of heterothermal heating is crucial
due to the need to prevent the destruction of the
temperature grating by heat diffusion.

Since the domain inversion begins at the +Z-polar
face of a ferroelectric [17, 18], it is expedient to create a
temperature grating on the +Z-surface of a ferroelectric.

At the same time, in order to induce a contrast
temperature grating using interfering waves, it is
necessary to take into account the efficiency of the wave
absorption in ferroelectrics. In particular, in lithium
niobate and tantalate, the absorption is very low over a
wide frequency range [19]. Consequently, upon entering
a ferroelectric plate, the waves can be repeatedly
reflected from its faces, which reduce the contrast of
the temperature grating. Therefore, to prevent multiple
reflections, itis necessary to create an absorbing layer near
the +Z-polar face. In addition, at oblique incidences of
ultrasound on the surface of both isotropic and anisotropic
solids, birefringence occurs [19-22]. Of course, since
the splitting of a refracted wave into longitudinal and
transverse waves is highly undesirable when creating a
contrasting temperature grating, it preferable that such an
absorbing layer as an electrode for applying an inverting
voltage be made of an electrically conductive liquid or
a metal film. However, the deposition of a metal film is
time consuming; moreover, the creation of long-lasting
temperature gratings is prevented by the high thermal
conductivity of metal materials.

In this article, we consider technology variants
based on the use of a temperature grating induced by

interfering elastic waves incident on a liquid electrode in
contact with the +Z-surface of a ferroelectric (acoustic
interference method). The results are applicable to
such ferroelectrics as lithium niobate, potassium titanyl
phosphate, and lead zirconate titanate.

1. CREATION OF RDSs USING
LONGITUDINAL ELASTIC WAVES

1.1. Experimental setup.
Calculation of the main parameters.
Elastic waves frequency dilemma

Figure 3 shows the working section of the
experimental setup intended to create RDSs both in bulk
Z-cut ferroelectrics and ferroelectric Z-oriented films
(the electrical circuit was described previously [6]).
The operation of the experimental setup is based on the
combined effect of two pulses: an interference pulse and
an inverting pulse (see INTRODUCTION).

As shown in Fig. 3, an RDS is formed in the region
adjacent to the interference pattern in ferroelectric / due
to the local switching of domains by the uniform electric
field using an electrically conductive absorbing liquid
film 6 in contact with +Z-surface 9 of the ferroelectric.
Film 6 functions as an electrode for applying voltage U,
which performs the local switching of the spontaneous
polarization 1_5S on the temperature grating. The radio
pulse U, is sent to the input of emitters 4 of longitudinal
acoustic waves interfering in the area of overlapping
beams. In this case, the temperature grating is created on
the section of a film 6 that is covered by the interference
pattern (the ultrasound absorption coefficient in the liquid
film significantly exceeds the absorption in acoustic
duct 3). Due to being in direct contact with the +Z-surface,
the temperature grating is translated into nucleating layer
8 of the ferroelectric by means of heat transfer. The
voltage U, is applied to both Z-surfaces 9 and /3 for
selective reorientation of the domains under the heated
areas in the antinodes of the interference pattern. In
this case, to transfer the potential from electrode 72 to
the —Z-surface through liquid 5, the latter should also
be electrically conductive (a “ferroelectric on a solid
conductive substrate” variant is also possible).

Acoustic duct 3 of the electroacoustic (EA) module
having two emitters 4 is made of a material having a low
acoustic wave attenuation coefficient. The components
of the circuit are pressed against the ferroelectric crystal
through sealing rings 2 (rubber cuffs) using clamp /0.
In order to maintain a constant thickness of liquid
film 6 under conditions of possible setup vibrations and
ensure the stability of the interference pattern, restrictive
protrusions are provided on acoustic block 3.

Let us consider the algorithm for calculating the
process parameters and numerical estimates. When

Russian Technological Journal. 2022;10(5):73-91

76



Technology for the creation of ferroelectric regular
domain structures using interfering elastic waves

Vladislav V. Krutov,
Alexander S. Sigov

creating RDSs using the acoustic interference method, the
following algorithm can be used for calculating the main
process parameters [12]. Here, an RDS is to be created
having spatial period d, width b, and length a on the
Z-surface. In order to ensure translation of the temperature
grating from film 6 to +Z-surface 9, the film thickness
must satisfy the condition & <<d. Let, e.g., d = d/8.

Taking into account the damping of the wave
according to the Bouguer—-Lambert law and assuming
that the angles of refraction are small, we choose a film
with a thickness approximately equal to the skin depth
1/a, where a is the absorption coefficient of ultrasound
in the film. Then, given that & = d/8, the absorption
coefficient is written as

a=8/d. (1.1)
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Fig. 3. Part of the setup for creating side-by-side RDSs

According to the Stokes—Kirchhoff formula, the
frequency dependence of the absorption coefficient of
acoustic waves in a liquid is quadratic: o =4 - /2, where 4
is a coefficient of proportionality. Then, using Eq. (1.1),
the required ultrasound frequency is obtained as

f=~~8/dA. (1.2)
The period d of the interference pattern created by
two beams propagating at an angle of 2f3 to each other
is obtained
d =MN(2sinp) (1.3)
Then the angle of incidence B of the beams on the
absorbing film electrode is estimated at

sinB = v¢d - f/16, (1.4)

where vg is the speed of ultrasound in the acoustic duct
of the EA module.

The aperture length p of each piezoelectric emitter is

prayl-Av? 1 (32d),

where a is the RDS size (in the direction of the grating
vector).

The length L of the acoustic duct of the EA module
is found using the formula

(1.5)

L~L J8d/ 4. (1.6)
v,
S
The duration of the interference pulse 7 (for

adiabatic heating in the antinodes) should be much less
than the relaxation time of the temperature grating and
can be estimated at [12]
t,~0.1- d’fy, 1.7
where y is the thermal diffusivity of the ferroelectric.
The acoustic pulse power incident on the absorbing

film electrode (providing adiabatic heating in the
antinodes) is calculated by the expression [23]

C YATS
~ PazaX [1+ (1.8)

8zCp
' 1.60-R)d ’

dCyp,

where C,, p,, C, and p are the specific heat capacity and
density of the absorbing film electrode and ferroelectric,
respectively; z is the thickness of the nucleating
ferroelectric layer; R is the coefficient of reflection from
the absorbing film; AT is the temperature increment in
the temperature grating; and S is the RDS area on the
Z-surface.

This expression takes into account the energy
consumption for local heating of the absorbing film-
electrode and translation of the temperature grating
into the nucleating layer of the ferroelectric (by heat
transfer).

The pulsed power P of the microwave oscillator
that is supplied to the input of the piezoelectric emitters
is calculated by the formula

P exp(245 /L)
2
Kqy —1
nl-| >
sz +1

where Ky, is the standing-wave coefficient in the radio
path, 1 is the efficiency of the conversion of electrical
energy into acoustic energy, and Ag is the coefficient
of proportionality in the frequency dependence of the
absorption coefficient of ultrasound for the material of
the acoustic duct [11].

PGz

, (1.9)
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This expression takes into account the loss of
acoustic energy in the acoustic duct as well as that due to
the conversion of electrical energy into acoustic energy
(both the dissipative loss and conversion loss are due
to the reflection of the electromagnetic wave from the
piezoelectric emitters).

The above expressions were used to calculate the
main process parameters of the creation of RDSs in
epitaxial Z-oriented lead zirconate titanate (PZT) films
deposited on a conductive substrate. The RDSs formed
in such films are used, e.g., in acoustoelectronics to
create acoustic microwave filters [1]. Table 1 presents
the results of calculations for an RDS with a width of
b =25 pm and a number of periods of N = 20 for two
spatial period values d = 0.8 and 1.2 um (these values
correspond to the RDS created by scanning with an
atomic force microscope probe in PZT films having
a thickness of 0.2 pm [1]). The material of the liquid
absorbing film electrode comprised an aqueous LiCl
solution with a low thermal diffusivity (0.14 - 10~ m?%/s),
which significantly exceeds the value of this parameter
for ferroelectrics. The material of the acoustic duct
of the EA module was fused quartz. The following
parameter values were used in the calculations [24, 25]:

A4 = 299 - 105 ¥m, vy = 596 - 10° m/s,
Ag = 0015 - 10715 s¥m, x = 0.7 - 10° m?%s,
C=230017J  kg"K! p=176-10 kg - m3,

C,=38001J kg! K p =105 10 kg m3,
R=0.5,and AT=5K.

Table 1 shows that the radio pulse power P at
the input of the piezoelectric emitters does not exceed
0.1 W. Here it should be noted that the power P; should
not exceed the threshold value to avoid breakdown.
This is especially important for gigahertz piezoelectric
emitters in which thickness of the piezoelectric layer
is quite small. The threshold value of the breakdown
power depends on the material of the piezoelectric layer,
its thickness, and other parameters, which is the subject
of special studies.

From expressions (1.8) and (1.9), it follows
that P, can be reduced, in particular, by decreasing
the temperature increment A7. Small AT values are
acceptable in areas with a strong dependence of the
coercive field on temperature. As the results of studying
PZT showed [26], AT can be radically reduced near the
Curie point, where the rate of decrease in the coercive
field with increasing temperature is maximal.

As follows from expression (1.9), the power P can
be reduced by decreasing the operating frequency f, the

length L, and the absorption coefficient A in the acoustic
duct of the EA module. In addition, P can be reduced
by increasing the conversion efficiency n and decreasing
the area S, as well as by reducing the reflection loss of the
radio pulse from the piezoelectric emitter (by decreasing
the standing-wave coefficient Kgy, using impedance
matching).

Expression (1.2) shows that frequency f can be
decreased (at a given period d) by increasing the
coefficient 4 of the absorbing film (by choosing
appropriate electrolyte solution, solute concentration,
and operating temperature).

The relaxation time of the temperature grating
is 1y = d*/y. In our calculations, for the period
d = 0.8-1.2 um, it is 7y = 1-2 ps, i.e., significantly
exceeding the duration g of the inverting pulse, which
for a PZT film is about 50 ns. Therefore, the temperature
grating is preserved throughout the inverting pulse.
At the same time, the duration of the process cycle
(combined exposure to the interference and inverting
pulses) is 7 = g = 0.25 ps (Table 1).

Let us estimate the elongation of the sample due
to thermal expansion. For PZT, the thermal expansion
coefficientis k=2 - 107K~ [25]. Then, for a temperature
grating having a temperature increment of A7 =5 K, the
relative elongation is Aa/a = k - AT/2 = 0.47 - 107>, For
an RDS with a length of @ = 20 um (which was used in
the calculations), the elongation is Aa = 1079 m. The
obtained value is four orders of magnitude smaller than
the RDS periods given in Table 1.

Thus, using the developed model, the main process
parameters of the creation of an RDS were estimated as
applied to Z-oriented PZT films and liquid electrodes
based on an aqueous LiCl solution. The calculations
showed that, at room temperature (293 K), the creation
of'an RDS with a period on the order of one micrometer
requires interfering elastic waves in the gigahertz range,
the generation of which requires very expensive EA
modules.

Note that the results of the estimation calculations
were obtained for small angles of refraction and
under the assumption that the thickness of the liquid
electrode layer is approximately equal to the skin
depth 6 = d/8.

As shown previously [27], in order to create an
RDS with a small spatial period, including submicron
structures, thin ferroelectric samples (i.e., films)
should be used due to their specific heat transfer
properties.

Table 1. Main process parameters of the creation of RDSs in PZT films

RDS period | Frequency f, [Pulse duration| Acoustic duct | Conversion | Standing-wave | Power at input of liquid| Power at input
d, pm GHz t, 1S length L, pm | efficiency n |coefficient Kgy, electrode P, W of emitters P, W
d=12 14.9 0.2 71 0.4 1.3 0.015 0.063
d=0.8 18.3 0.09 38 0.3 1.4 0.019 0.094

78

Russian Technological Journal. 2022;10(5):73-91



Technology for the creation of ferroelectric regular
domain structures using interfering elastic waves

Vladislav V. Krutov,
Alexander S. Sigov

The amplitude of the sound pressure of an elastic
wave decreases by a factor of e at a distance of 1/a.
Formula (1.2) for the carrier frequency of elastic waves
was obtained under the assumption of small angles
of refraction (for a liquid electrode with a thickness
of 1/a). At the same time, after the wave is refracted at the
acoustic duct-liquid interface at angle vy, the projection
of the distance traveled by the wave onto the normal to
the boundary is 6, = (1/a)cosy (“reduced” skin depth).
Earlier [15], for a liquid electrode with a thickness equal
to the reduced skin depth, solutions were obtained for
the carrier frequency (constructive frequency dilemma)
as well as for the angles of refraction. The solutions for
the angles of refraction have the form

n 1 Av?
=arccos| 1.15cos| —+ —arccos ,(1.10
h ( (3 3 12.3de (110

Av?
12.3dD’ (10

where v is the speed of ultrasound in the liquid electrode.
The corresponding solutions for the frequency of
interfering waves are given by the formulas

8cosy,
"

1
Yy = arccos[l.lScos[g - Earccos

(1.12)
8
fo =y CZZYZ. (1.13)

Based on the results of the modeling, we provided
recommendations for choosing the frequency taking
into account the state of the art of high-frequency
ultrasonic piezoelectric emitters. As can be seen
from formulas (1.12) and (1.13), it is advisable when
operating at lower frequencies to use liquid electrodes
having a high coefficient 4 value in the frequency
dependence a = Af2 of the absorption coefficient of
elastic waves.

Note that the values of the “lower” and “upper”
frequencies of the elastic waves depend only on the
properties of the liquid electrodes and the period of the
domain structure.

Thus, the formation of an RDS (with given period d)
is possible in two cases:

1) at the lower frequency f; with the angle of refraction

v, (formulas (1.10) and (1.12)), and

2)at the upper frequency f, with the angle of

refraction v, (formulas (1.11) and (1.13)).

The obtained results can be used to create similar
experimental setups that require one to take into account
the state of the art of high-frequency piezoelectric
emitters.

1.2. Low-temperature operation

The cost of EA modules is known to sharply increase
with increasing operating frequency of the piezoelectric
emitter of elastic waves. Keeping in mind the high cost
of manufacturing gigahertz piezoelectric emitters, let us
consider an economical technological solution involving
the use of ultrasonic waves at frequencies close to the
lower limit of the microwave range (f = 300 MHz). As
shown below, DPH technology can be used to create
RDSs having parameters corresponding to those of the
key elements of high-performance acoustoelectronic
devices [28], as well as generators and detectors of
terahertz radiation [2].

It can be shown that, for a liquid electrode of
thickness 6 equal to 1/2 of the reduced skin depth, i.e.,
d = (1/2a)cosy, the formulas for the angle of refraction
and the frequency f of elastic waves have the form

2
y = arccos| 1.154 cos E—larccosL , (1.14)
3 3 6.15d

4cosy
f‘z V)

. (1.15)

where d is the spatial limit of the RDS.

Solving the system of equations (1.14) and (1.15)
gives formulas for the period of the RDS and the
coefficient 4:

d~ 0.81v

\/cos v/ cos(m —3arccos(0.867cosy)), (1.16)

A= if\/cosy -cos(3arccos(0.867cosy)—m). (1.17)
v

The angle of refraction is known to be related to the
angle of incidence by Snell’s law

y = arcsin [L sin Bj.

Vs

(1.18)

For the phase and group velocities of the elastic
wave to have the same direction, the material for the
acoustic duct of the EA module should be isotropic.
Among isotropic materials, the attenuation of elastic
waves is lowest in fused quartz.

Let us consider the operation of an EA module
made of fused quartz (vg = 5.96 - 10° m/s) in
combination with a liquid electrode with a speed
of ultrasound v = 1.7 - 10° m/s. Previously [16],
the frequency dependences of the period 4 and
coefficient 4 of a liquid electrode were characterized
according to expressions (1.16), (1.17), and (1.18).
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Figure 4 illustrates the dependences of the period d on
the frequency f for three EA modules with § = 10°, 12°,
and 17°. For example, at a frequency of /'~ 300 MHz
and an angle of incidence =~ 17°, an RDS with a period
of d = 38.0 um can be created. RDSs with such a period
are used, in particular, in the manufacture of IR optical
parametric oscillators [29, 30]. However, to create an
RDS with such a period, an appropriate liquid electrode
is required. Figure 5 presents the dependence of the
coefficient A4 of the liquid electrode on the frequency f
for the same EA modules. It can be seen that, to create
an RDS with such a period, a liquid electrode with a
very high value of the coefficient 4 = 1060 - 10713 s2/m
is necessary. One of best-studied and most widely
available conductive liquids is an aqueous solution
of lithium chloride LiCl. However, at a frequency
f = 300 MHz, the coefficient 4 of a LiCl solution is
insufficiently high (4 < 550 - 107!5 s?/m) even when
cooled to 7= 223 K [31]. Therefore, an aqueous LiCl
solution is inapplicable for creating an RDS with a
period of d <40 um at a frequency close to f~ 300 MHz.

d-10%, m
106.8
91.6
76.3

61.0
45.8

30.5

15.3

268 - 536 805 1074 1342 f,MHz

Fig. 4. Period d versus frequency f at three values
of the angle of incidence B = (1) 10°, (2) 12°,and (3) 17°

As noted above, RDSs having a period d =~ 40-100 pm
are the key elements of high-performance acoustic
filters [28], as well as generators and detectors of
terahertz radiation [2]. The possibility of creating
an RDS with such values of the RDS period at a
frequency /= 300 MHz has been demonstrated using
a liquid electrode based on a LiCl solution at angles
of incidence B < 17° [16]. For example, at § = 10° at
a given frequency (as follows from Figs. 4 and 5), the
RDS period is d = 80 um when using a liquid electrode
with 4 ~230 - 10715 s2/m. This value of the coefficient 4
can be achieved by cooling the aqueous LiCl solution to
a temperature of 7= 241 K [31].

An EA module having a higher frequency
f = 670 MHz has also been modeled [16]. At this
frequency and lower temperature of 7' = 233 K, the
possibility of creating an RDS with a period d = 16 pm
has been demonstrated using a LiCl solution-based
liquid electrode [31].

A-1015, s2/m

1360
1140, |
910
682
455
227

268 536 805 1074 1342 f,MHz

Fig. 5. Coefficient of liquid electrode versus frequency
at three values of the angle of incidence 3 = (1) 10°,
(2)12°,and (3) 17°

In economical terms, EA modules operating at
lower frequencies are generally more affordable. For
example, domain structures with a period d = 90 pm can
be created at a frequency of f= 270 MHz and B = 10°
using a liquid electrode with 4 =250 - 10715 s?/m (e.g.,
a 7.7 M aqueous LiCl solution at 7= 238 K [31]).

Significantly, RDSs with different periods d can
be created using the same EA module (with a specified
value of the angle of incidence P) by tuning the
frequency within certain limits by means of various
liquid electrodes and/or different temperatures.

2. CREATION OF RDSs USING
LONGITUDINAL ELASTIC WAVES
AND ELECTRODES BASED
ON RTIL IONIC LIQUIDS

2.1. Main parameters of some highly
dissipative RTIL at room temperature

The possibility of using the acoustic interference
method to create RDSs using liquid electrodes based
on an aqueous solution of lithium chloride was
demonstrated in the previous section. However, the
proposed technological solution requires cooling down
to temperatures from 233 to 243 K.

In this section, we will discuss the possibility of
creating RDSs at room temperature and frequencies
near f =~ 300 MHz taking into account new data on
the acoustic properties of liquid electrodes based on
ionic liquids. Salts that melt at room temperature
are referred to as room-temperature ionic liquids
(RTIL). It will be shown that highly dissipative,
electrically conductive RTILs such as 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([C,mim][NTf,]) and 1-hexyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide  ([C,mim][NTf,])
create favorable conditions for the formation of RDSs
using the acoustic interference method, implementing
the technological solution [16] without cooling below
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room temperature. The results are applicable to such
ferroelectrics as LiNbO;, KTiOPO,, and PZT.

Let us consider the use of RTIL-based liquid
electrodes in combination with a fused quartz acoustic
duct. The experimental setup for the creation of RDSs
using interfering elastic waves was described in
section 1.1, as well as in the literature [ 12]. Figure 6 shows
a fragment of this setup: (/) ferroelectric, (2) acoustic duct
ofthe EA module, (3) piezoelectric emitter of longitudinal
waves, (4) liquid electrode, and (5) +Z-surface of the
ferroelectric. Here, Pg is the spontaneous polarization,
B is the angle of incidence on the quartz—liquid interface,
y is the angle of refraction, and P; is the power at the
input of the piezoelectric emitters.

Previously [15], the thickness of the liquid electrode
was assumed to be equal to the reduced skin depth
8, = (l/a)cosy. At the same time, in order to reduce
the excessively high values of the coefficient A4, the
thickness of the liquid electrode should be selected to
be somewhat lower than the reduced skin depth. Since
a more significant decrease can lead to a decrease in the
contrast of the temperature grating due to the reflection
of a significant fraction of the ultrasound energy from
the +Z-surface of the ferroelectric, this value should be
approximately equal to 1/2—3/4 of the reduced skin depth.
For example, if the thickness of the liquid electrode is
taken to be 1/2 of the reduced skin depth, i.e., d = (1/2a)
cosy, then the angle of refraction vy, frequency f, period
d, and coefficient 4 can be described by formulas (1.14),
(1.15), (1.16), and (1.17), respectively.

3 \

4

A

N\
<
o

]

({‘%

Fig. 6. Fragment of the experimental setup

Table 2 presents some parameters of four RTILs
with high values of coefficient 4 at 293 K [32, 33]. It
can be seen that these values are more than an order of
magnitude higher than those of this coefficient for an
aqueous lithium chloride solution at room temperature;
as follows from expression (1.15), this allows RDSs to
be created at much lower ultrasound frequencies.

Note also that the thermal diffusivity of the RTILs
presented in Table 2 is very low (less than half that of
water): x = 0.6 - 1077 m?/s. This makes it possible to
create “long-lived” temperature gratings in RTIL-based
liquid electrodes.

2.2. Results of computer modeling
of the creation of RDSs at room temperature
with ionic liquids

Figure 7 presents the dependence of the coefficient
A of the liquid electrode on the frequency faccording to
expressions (1.17) and (1.18) for EA modules with angles
of incidence f = 17°, 16°, 15°, and 14°. The required
value of the coefficient 4 of the liquid electrode can be
seen to decrease at a given frequency f with decreasing
angle of incidence B on the quartz—RTIL interface.

An analysis of the radicands in expressions (1.16)
and (1.17) shows that the minimum possible angle
of incidence on the quartz—RTIL interface is f§ = 13°
(for liquids with a speed of sound of v = 1260 m/s).
For angles B ~ 13° and less, there is no real solution.
In this case, this angle is independent of the chosen
thickness of the liquid electrode, depending only on
the v/vg ratio. At the same time, as follows from Fig. 7,
the selection of angles of incidence that significantly
exceed B = 17° involves the need to use RTIL with a
very high coefficient A, which is not always possible at
room temperatures [32, 33].

Figure 8 illustrates the dependence of the period d
on the frequency f according to expressions (1.16) and
(1.15) for the same EA modules with specified incidence
angles B=17°,16°, 15°, and 14°. Here, the period d of the
formed RDS can be seen to increase for an EA module
with a specified frequency f with decreasing angle of
incidence B3 on the quartz—RTIL interface. Obviously, as
follows from Fig. 7, the selection of an excessively low
ultrasound frequency results in the need to find an RTIL

Table 2. Parameters of RTILs with high values of the coefficient A at an ultrasound frequency of f~ 300 MHz

and a temperature of 293 K

RTIL Coefficient 4, s%/m Speed of ultrasound v, m/s Electrical conductivity o, S/m Reference
[C,mim][NTT,] 450 - 10715 1260 0.9 [32]
[C,mim][NTf,] 650 - 10715 1260 0.3 [32]
[Cemim][NTT,] 800 - 10713 1260 0.2 [32]
[C,C,pyr][NTE,] 870 - 10713 1260 0.2 [33]
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having a rather high value of the coefficient 4, which, as
noted above, is not always possible at room temperatures.

A-10715,s2/m
1023

910

796

682

568

454

341

227

114

67 134 201 268 335 403

Fig. 7. Coefficient of liquid electrode versus
ultrasound frequency at four values of the angle
ofincidence B= (1) 177, (2) 16°, (3) 15°, and (4) 14

f, MHz

For example, as follows from Fig. 8, using the EA
module operating at a frequency of /~300 MHz, at an angle
of incidence B ~ 15.5°, an RDS with a period d = 48 ym
can be created. At the same time, as follows from Fig. 7, to
create such an RDS, an appropriate liquid electrode with
A =650 - 1015 s2/m is required. As Table 2 shows, the
ionic liquid [C,mim][NTf,] can be used as such a liquid
electrode at a temperature of 293 K (with a conductivity
o = 0.3 S/m). As follows from Figs. 7 and 8, by using
another RTIL such as the ionic liquid [C;mim][NTf,]
(with A= 800 - 10713 s%/m at the same temperature) at the
same frequency, an RDS can be created having a period
d =42 um (with an incidence angle § = 16.7°).

Table 3 presents other examples of creating RDS
using RTIL at room temperature. At a frequency
/=300 MHz with the given RTIL, the spread in values
of the angle of incidence B can be seen to comprise
approximately 3 degrees.

In practical terms, the most interesting case arises
when there is one type of RTIL and one EA module with
a specified angle B. In this case, it is possible to create an
RDS having a different period d by tuning the ultrasound
frequency using the previously characterized [32, 33]
temperature dependences of the coefficient 4.

The rightmost column of Table 3 presents the
estimated durations ¢ of an interference pulse
calculated for lithium niobate (x = 1.54 - 107 m?/s)
using formula (1.7). For ferroelectrics having thermal

diffusivities lower than that of lithium niobate, such
as PZT [34], the corresponding values of the pulse
duration ,are several times longer.

d, um
91.6
83.9
76.3
68.7
61.0
53.4
45.8
38.1
30.5
22.9
15.3

67 134 201 268 335 403 f,MHz
Fig. 8. Period d versus frequency at four values
of the angle of incidence B = (1) 17°, (2) 16°, (3) 15°,
and (4) 14°

The obtained results can be used, e.g., to develop
and manufacture high-performance acoustic filters [28],
generators of terahertz waves [2], and giant strain
actuators [35, 36], especially in their mass production.

3. CREATION OF RDSs USING ELASTIC
SHEAR WAVES

3.1. Calculation of the parameters
of shear waves and some liquid electrodes
in the Newtonian fluid model

In the previous section, we demonstrated the efficacy
of using highly dissipative, electrically conductive
RTILs as electrodes in the creation of RDSs at room
temperature [37]. It is important to note that the use
of these liquids opens up more opportunities in terms
of choosing the type of elastic waves, since not only
longitudinal, but also shear waves can propagate in
them. A feature of shear waves is a very small depth of
their penetration into the liquid [38]. This feature can
significantly increase the efficiency of the technology.

The previously obtained [15] results showed that
high values of the coefficient 4 for liquid electrodes
allow the ultrasound frequency to be significantly
reduced. Obviously, the use of shear waves can reduce
the operating frequency. The use of shear waves can

Table 3. Estimated parameters for the creation of RDSs using ultrasound at a frequency f~ 300 MHz and some RTILs

at a temperature of 293 K

RTIL Coefficient 4, s%/m | Angle of incidence B, deg| RDS period d, um z}(l)lrsi ti?ﬁ:i?o%aii
[C,mim][NTf,] 450 - 10715 14.3 59 226
[C,mim][NTT,] 650 - 10713 15.5 48 150
[Cmim][NTE, ] 800 - 10715 16.7 42 115
[C,C,pyr][NTT,] 870 - 10713 17.2 40 104
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also be justified as follows. As is known, reflection and
refraction of horizontally polarized shear waves do not
result in the splitting of the wave into longitudinal and
shear components at any angle of incidence. At the same
time, when longitudinal waves are obliquely incident on
the interface, the type of the wave is transformed, which
may cause significant energy loss.

Whereas there are numerous publications on the use
of longitudinal waves in liquids, corresponding studies
into the use of shear waves, in particular, horizontally
polarized ones, in liquids are not so abundant [39, 40].

As will be shown below, in some conductive liquids,
giant values of the coefficient 4 ~ (0.482-4.28) - 1010 s%/m
were obtained for shear waves at room temperatures. Note
that the process of the creation of RDSs using longitudinal
waves [37] used ionic liquids with 4 = (0.2-0.8) - 10712 s%/m
(i.e., two orders of magnitude lower).

The experimental setup for the creation of RDS by
the acoustic interference method using elastic waves
was described in section 1 of this article, as well as in
the literature [12, 15]. The setup described in this section
differs by virtue of including piezoelectric emitters of
shear waves, rather than longitudinal waves.

The wave amplitude decreases by a factor of e at
the distance 1/a. For shear waves, 1/a is the depth of
penetration of these waves into the liquid, which can be
estimated at [38]

/o= 2&, (3.1)
po

where 1, is the viscosity of the liquid at low frequencies,

p is liquid density, and o is the circular frequency of the

shear waves.

For example, at a viscosity of 0.1 Pas, a density of
1400 kg/m3, and a frequency /=200 MHz, the penetration
depth 1/a of a shear wave into the liquid is very small
(324 nm). The quantity 1/a is also referred to as the skin
depth. After the wave is refracted at the acoustic duct—
liquid interface at angle y, the wave amplitude decreases
by a factor of e at a distance of 1/a, and the projection of

the distance traveled by the wave onto the normal to this
interface is 8, = (1/a)cosy (reduced skin depth).

The velocity of shear waves propagating in a
Newtonian fluid (ot << 1, where t is the shear relaxation
time) is described by the formula [40]

v [2nym/p.

The coefficient of proportionality 4 for shear waves
in the fluid can be readily found from expression (3.1)

(3.2)

A= TCp3 .
n()f

(3.3)

Using the condition wt << 1 of the Newtonian fluid
model [40] and the values of the shear relaxation times t
offluids that are given in Table 4, the maximum frequency
Jy of shear waves in the model can be estimated at

Iy = V(4n). (3.4)

Table 4 presents the maximum frequencies fy
of shear waves (in the Newtonian fluid model) as
calculated from formula (3.4) and some parameters of
fluids used as electrodes: LiPF—PC electrolyte solution
and the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate ([C,mim][PF], or [bmim][PF]).

For many materials at frequencies above approximately
=300 MHz, the elastic waves are significantly attenuated
in the acoustic duct of the EA module. To avoid this
(other conditions being equal), a higher ultrasound power
and more labor-intensive technology has to be used for
manufacturing piezoelectric emitters. Based on this, and
provided that the condition /< fy; is met for each liquid, the
frequencies '~ 70 MHz and '~ 300 MHz were chosen for
preliminary estimation of the shear wave velocity v and the
coefficient A. Table 5 presents the values of the shear wave
velocity v and coefficient 4 calculated in the Newtonian
model using formulas (3.2) and (3.3).

Table 5 shows that, for shear waves, these liquids have
giant values of the coefficient 4 = (0.482—4.28) - 107 19s?/m

Table 4. Values of f, and parameters of liquid electrodes at room temperature

No. Liquid Viscosity n,, Pa's| Density p, kg/m3 |Relaxation time T, Jfn» MHz | Electrical conductivity o, S/m
| LiPFPC 0.06 12103 02-107° 0.2
(2 mol/kg) [41] [41] [42] 400 [45]
. 0.27 1.38-10° 1.1-107° 0.1
2 [C,mim][PF ] [43] [43] [44] 72 [46]

Table 5. Values of the shear wave velocity v and coefficient A at frequencies not exceeding the maximum frequency fy

of the Newtonian model

No. Liquid </ MHz v, m/s A, s*/m
LiPF—PC (2 mol/kg) 300 4342 0.482 - 10710
2 [C,mim][PF,] 70 414.9 2.18- 10710
LiPF—PC (2 mol/kg) 70 209.7 42810710
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at room temperature. It is also noted that the velocity of
the shear waves is several times lower than that of the
longitudinal waves.

Taking into account the above limitations, computer
modeling was performed to determine the angles of
incidence of shear waves on the acoustic duct-liquid
interface for given values of the RDS period and develop
recommendations for choosing the frequency; the results
are discussed in the next section.

3.2. Results of computer modeling
for liquid electrodes based on [C,mim][PF]
and LiPF;—PC at room temperature

A mathematical model of the effect of interfering
elastic waves on a ferroelectric through a liquid layer
whose thickness o is smaller than the RDS half-
period (0 = d/8) and equal to the reduced skin depth
9, = (1/a)cosy has been considered earlier[15].

It was determined [15] that, if the condition

d>0.08142, (3.5)
is met, then, for a given RDS period, the angle of
refraction and the shear wave frequency are described

by the expressions
Av?
, (3.6
12.3dD (36)

(3.7)

1
Y= arccos[l 15 cos(g - Earccos

8cosy
TN~

We note that the elastic wave velocity v and the
coefficient 4 in formulas (3.6) and (3.7) in the case of
shear waves depend on the frequency according to (3.2)
and (3.3), respectively.

From expressions (3.6) and (3.7), the following
formula for the coefficient is obtained:

A= %Jcos ycos(3arccos(0.867 cosy) —m). (3.8)
v

The radicand is nonnegative if y > 0.0475.

Equating the right-hand sides of expressions (3.3)
and (3.8) and taking into account expression (3.2), we
obtain the equation for the angle of refraction of shear
waves on the acoustic duct-liquid interface:

2.4927cosycos(3arccos(0.867cosy) —m) = 1.

Solving this equation gives two values of the angle
of refraction:

v, =0.455; 7, = 1.119. 3.9)

The angle of refraction y is known to be related to
the angle of incidence § by Snell’s law (1.18).

Using expressions (1.18) and (3.2), the frequency
dependences of the angles of incidence [ on the acoustic
duct-liquid interface can be derived:

p
4nn, f
. . p
B, =arcsin| vgsiny, [——— |.
2 S 2 4TET]0f

Hence, the conditions follow:

. / p . f p
Vg Sin <1, vgsin <1.(3.11
g Sy, amng f s Sy, amny f (3.11)

Obviously, the case of the smaller angle of
incidence B, is of the greatest practical interest; since
v, =0.455 <y, = 1.119, this occurs at a lower frequency.
In addition, to meet condition (3.11) at lower frequencies,
it is advisable to use an EA module made of a material
having a low shear wave velocity vg. Paratellurite
a-TeO, represents such a material in which the slowest
shear sound wave velocity is vg = 0.61 - 10° m/s [47].
Then, condition (3.11) for the 2 mol/kg LiPF .~PC liquid
is satisfied at > f_ ., = 113 MHz; for the [C,mim][PF ]
liquid, at /> f . , =26 MHz.

Figure 9 illustrates the frequency dependence of the
angles of incidence 3, and B, for the 2 mol/kg LiPF~PC
liquid using the EA module based on paratellurite. It
can be seen from Fig. 9 that the frequency f, . , (for the
angles B,) is approximately equal to 481 MHz for this
liquid. In the Newtonian model used here, an RDS can be
created at shear wave frequencies simultaneously higher
than the frequency f . , and lower than the maximum
frequency fy of the Newtonian model. Therefore, since
the condition /< f; = 400 MHz should be satisfied
because for the 2 mol’kg LiPF~PC liquid, only the
angles B, are of interest.

Similar frequency dependences of the angles of
incidence 3, and [, when using the EA module based on
paratellurite were also characterized for the [C,mim][PF]
liquid. Table 6 presents the minimum frequencies f_ . , and
Jininp Tor these two liquids along with the angles ;.

It is also necessary to determine the spatial period of
the formed RDS. Taking into account expressions (3.3)
and (3.7) and two values of the angle of refraction (3.9),
we obtain the formulas for the frequency dependence of
the RDS period:

d, :8cosyl/,lnpf/n0 , d, :8cosy2/1/npf/n0 . (3.12)

Figure 10 presents the frequency dependences
of the RDS period for the 2 mol/kg LiPF~PC liquid

B, = arcsin[vS siny,
(3.10)
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Table 6. Minimum frequencies, operating frequency range Af, angle of incidence B,, and RDS period d,, calculated for

an acoustic duct made of a-TeO,

. Operating frequency . .
No. Liquid Jin» MHZ | f . . MHz i Angle of incidence 3, | RDS period d, um | £, MHz
1 [Cymim][PF ] 26 123 30-70 1.410-0.703 10.4-6.8 72
2 LiPF=PC 113 481 125-400 1.270-0.564 2.6-14 400
(2 mol/kg)

and the [C,mim][PF ] liquid. These dependences can
be used to determine the period of the created RDS at
frequencies in the range from £, . | to f. In particular,
for the 2 mol/kg LiPF~PC liquid, at frequencies in the
range from £ . | = 113 MHz to f, = 400 MHz; and for

the [C,mim][PF,] liquid, at frequencies in the range

fromf_ ., =26 MHz to f, = 72 MHz.
B, |
B1 BZ
15
, 2

1.0+

0.5

0 100 200 300 400 500 f,MHz

Fig. 9. Frequency dependence of the angles
of incidence B, and B, on the paratellurite-liquid interface
for the 2 mol/kg LiPFg-PC liquid

Table 6 presents the results of calculating the
minimum frequencies of shear waves, the range Af of
operating frequencies, the angles of incidence f3,, and
the RDS period d, (for the EA module made of a-TeO,)
for two liquids. Obviously, in practice, the operating
frequency range Af is somewhat smaller than the
difference f — /i, because the operating frequency is
chosen not too close to the frequencies f, ;| and fy.

d, pm’

10.0
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2.0 \\2_x
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0 50 100 150 200 250 300 350 400f,MHz
Fig. 10. Frequency dependence of the RDS period
for the (7) [C,mim][PF¢] liquid
and (2) 2 mol/kg LiPFg—PC liquid

From Table 6, it can be seen that the use of a liquid
electrode based on the 2 mol/kg LiPF —PC liquid enables
the creation of an RDS with a period of 1.4-2.6 um at
frequencies of 400—125 MHz, respectively.

Thus, by using the acoustic interference method
using shear waves, it is possible to create an RDS having
a very small spatial period at room temperature with an
EA module made of paratellurite, which is a significant
advantage over the technology [37] using longitudinal
waves.

CONCLUSIONS

The following are the main results obtained at
RTU MIREA for the technology used for the creation of
ferroelectric RDSs using interfering elastic waves.

1) The proposed technology for creating RDSs uses
interfering elastic waves of high and ultrahigh
frequencies. In this case, ultrasound is almost
completely absorbed in liquid electrodes of a
certain thickness and does not penetrate the
ferroelectric, which prevents multiple reflections
from opposite faces, increases the contrast of the
acoustically induced temperature grating, and
makes the technology universal (independent
of the degree of acoustic transparency of the
ferroelectric).

2) It is shown that, when using liquid electrodes based
on lithium chloride, the creation of a RDS having
a spatial period of several tens of micrometers at
ultrasound frequencies of about 300 MHz requires
cooling to temperatures of 233 to 243 K. It was
also found that, at room temperature, the creation
of an RDS requires liquid electrodes for which
the coefficient of proportionality in the frequency
dependence of the absorption coefficient of
ultrasound is an order of magnitude greater than that
of a lithium chloride solution.

3) It is shown that the use of such highly dissipative
ionic liquids as [C,mim][NTTf,] and [C,mim][NTf,]
as liquid electrodes creates favorable conditions
for the formation of a short-period RDS at room
temperature. Recommendations are given on the
choice of the type of ionic liquid, the values of the
carrier frequency and pulse duration, as well as the
angle of incidence of elastic waves on the fused
quartz-liquid interface.
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4) Using the Newtonian fluid model, a mathematical

model is formulated for the creation of an RDS
under the action of interfering shear waves on a
ferroelectric through a liquid electrode layer was
created. Recommendations are given for selecting
the type of the liquid electrode, its thickness, the
angle of incidence of shear waves at the paratellurite-
liquid interface, as well as the carrier frequency and
pulse duration at room temperature. To prevent the
splitting of the shear wave at the acoustic duct-liquid
interface into two components (longitudinal and
shear), it is advisable to use horizontally polarized
shear waves.

5) It is shown that shear waves at the same carrier

. Esin A.A., Akhmatkhanov A.R.,

frequency can be used to create an RDS having a
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Abstract

Objectives. When designing production equipment for the implementation of metal film deposition processes, the
selection of technological sources for providing the required quality (structure, appearance), maximum process
efficiency, and productivity, poses a challenging task. Since laboratory results often differ from issues faced
in production processes, this choice becomes even more difficult under real production conditions due to a lack
of sources for comparison. The purpose of the present work is therefore to compare magnetron deposition methods
under real industrial conditions (planar extended magnetron, liquid-phase magnetron and cylindrical magnetron
with a rotating cathode), identify their advantages and disadvantages along with features of thus-formed metal films,
analyze the economic feasibility of each variant, and give practical recommendations for selecting a source when
implementing the described process.

Methods. Films were deposited using magnetron sputtering system. Roughness was measured using
a MarSurf PS1 profilometer. The structure of the films was studied using a Hitachi SU1510 scanning electron
microscope. Film thicknesses were measured by X-ray fluorescence analysis using a Fisherscope X-RAY XDV-SDD
measuring instrument.

Results. Sources of magnetron sputtering for the high-rate deposition of metallization layers under industrial
conditions are considered. Obtained samples were compared according to the following criteria: deposition rate
while maintaining the required quality, surface defects, film grain size, roughness, uniformity of the deposited layer,
deposition efficiency (the ratio of the metal deposited directly onto the substrate to the amount of metal produced
during the process). A comparison of the characteristics showed that the deposition rate for the liquid-phase
magnetron is commensurate with the similar parameter for the cylindrical magnetron, exceeding the rate for the
classical planar magnetron by about 4 times while maintaining the uniform appearance of the samples. The samples
deposited with a liquid-phase magnetron had the highest roughness and the largest grain size. Although the cheapest
method, liquid-phase magnetron sputtering achieved the lowest sputtering efficiency.

Conclusions. The choice of the deposition method depends on the problem to be solved. The rotatable magnetron
system can be considered optimal in terms of cost, deposition rate, and quality of the deposited layers. Liquid-phase
magnetron sputtering is recommended for low-cost high-speed deposition where there are no strict requirements
for appearance, or in case of operation of small-sized equipment.

Keywords: magnetron, liquid phase magnetron, planar magnetron, rotatable magnetron, metal film deposition,
deposition efficiency, productive methods, deposition rate, choice of deposition method
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Peslome

LUenu. lMpy npoekTMpoBaHMM MPON3BOACTBEHHOrO OOOPYAOBaHUS OAs peanvM3auun MpoLecCOB OCaXAeHUs
MeTa/IMYECKMX MIIEHOK aKTyaNbHOW 3aaayein ABAseTcs BbIOOP TEXHONOMMYECKUX MCTOYHWUKOB, KOTOPbIE AOJX-
Hbl ob6ecneymBaTb TpebyemMoe Ka4yeCTBO (CTPYKTYPY, BHELLUHUIA BUA), MakCuManbHble 3ddEKTUBHOCTbL npouecca
1 NPON3BOANTENBHOCTb. OAHAKO B peasbHbIX MPON3BOACTBEHHBIX YCIIOBUAX CAENATb 3TOT BbIOOP CIIOXHO B CBA3U
C HEAOCTATOYHOCTbIO CPABHUTENbHbIX MAaTEPMAIOB MCTOYHUKOB. JTabopaTopHbie pe3ynbTaThl HEPEAKO OTINYHAOTCSA
OT pe3dynbTaToOB Ha NPOU3BOACTBE. Llenb paboTbl — CPaBHUTL METOAbLI MAarHETPOHHOIO OCaXAEHWS B peasibHbIX MPO-
MBbILLJIEHHBIX YCI0BUSAX (MJIAHAPHOM MPOTSXEHHOM MarHeTpOHe, XUAKO(pa3HOM MarHeTPOHe U LUMINHOPUYECKOM
MarHeTpoHe C BPALLAIOLLMMCH KaTOA0M), BbIIBUTb MX MPENMYLLLECTBA, HEAOCTATKM 1 0COOEHHOCTU GOPMUPOBAHMS
MEeTaNIMYECKMX NIEHOK, MPOaHANN3NPOBATh SKOHOMUYECKYIO LLeN1eco0bpa3HOCTb BbIGOpa KaXa0ro U3 HUX 1 Aatb
npakTuyeckmne pekomMeHaaLmm Bbibopa NCTOUHMKA NPy peanusaummn TpebyemMoro npoLiecca.

MeToabl. [1na ocaxaeHns nAeHOK NPUMEHEHbl MeTOAbl MOHHOMO PacrblleHUss B MarHETPOHHbIX cuctemax. Ms-
MepEeHMe LIepOXOBaTOCTM NPOBOAMIIOCH C MOMOLLbI0 Npodunometpa MarSurf PS1. CTpykTypa nneHok nayvyanach
C MOMOLLIbIO PaCTPOBOro 3/1EKTPOHHOro Mukpockona Hitachi SU1510. TonwuHbl NAeHOK M3MepssiMcb MeToa0M
PEHTreHO-(hNYOPUCLIEHTHOIO aHanmMaa ¢ NoMoLLbto npubopa Fisherscope X-RAY XDV-SDD.

Pe3ynbTaTbl. PACCMOTPEHLI MICTOYHMKM MArHETPOHHOIO PacnbIIEHNS A1 CKOPOCTHOIO OCaXAeHUS CII0EB MeTal-
mM3aunm B NPOMBILLIEHHBIX YCNOBUSAX. [MpOBEAEHO CpaBHEHME MOJyHEHHbIX 0OPA3LLOB MO KPUTEPUSM: CKOPOCTb
OCaXOEHUNS C COXpaHeHMeM TpebyemMoro Ka4yecTBa, NMOBEPXHOCTHbIE AedEKThl, pa3sMep 3epHa MIEHKU, LWEepPOoxXo-
BaTOCTb, PABHOMEPHOCTb OCaXAEHHOIO CNoHA, 9PPEKTUBHOCTb OCaXAeHUS (OTHOLWEHME MeTana, OCaXAEHHOro
HEeNoCpeaCTBEHHO HA NMOANIOXKY, K KONMYECTBY BbipabOTAHHOIO MeTasna BO BpeMs npouecca). CpaBHeHWe xapak-
TEPUCTUK MoKasasno, 4TO CKOPOCTb OCaXAEHNSA ANS XNAKO(PA3HOro MarHeTpoHa com3amMeprmMa C aHanornm4HbIM na-
pamMeTpoM Ans UMINHLPUYECKOrO MarHeTpoHa 1 NPEBOCXOAMT NPUMEPHO B 4 pada CKOPOCTb AJ19 K/1IaCCUYECKOro
njaaHapHOro MarHeTPOHAa NPU COXPaHEHNN eQVMHOro BHELLHEro Buaa o6pasuos. Camor BbICOKON LLEePOX0BATOCThLIO
1 CaMbIM KPYMHbIM pa3aMepoM 3epHa ob6nafatoT o6pasLibl, 0OCaXAEHHbIE XNAKODa3HbIM MarHeTPOHOM. CamMoi HU3-
KO 9D PEKTUBHOCTLIO pacnbiieHns 00nafaeT MeTon, XuakodaszHoro MarHETPOHHOIO pacrbIEHNs, KOTOPbI ABAS-
€TCH CaMbIM [eLleBbIM.
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BbiBOAbI. Bbl60p MeTo4a OCaxAeHUs 3aBUCUT OT peLlaemMor 3agadu. OnTuManbHbIM MO CTOMMOCTH, CKOpOCTH
ocaxaeHna n Ka4ecTBy oCaXXaaeMblX CNoeB MOXHO CHMTaTb MarHETpPoOH C UMAnHOpn4eCckKnMM Bpallalolmnmca Ka-
TOAOM. XKnaokodasHoe MarHeTPOHHOE pachblfieHNe PEKOMEHA0BAHO MCMNOb30BaTh A1 OELLIEBOr0 CKOPOCTHOMO
ocaxaeHud, Npn KOTOPOM HET XeCTKNX Tpe6OBaHI/II7I K BHELWWHeMY Buay, Uan B ciiydae skcniayatauumm Manora6ap|/|T—

HOro o6opynoBaHUs.

Kniouesble cnoBa: MarHeTpoOH, XnakodasHbli MarHeTPOH, NIaHapPHbIM MarHeTPOH, LMINHAPUYECKUA MarHeTPOH,
ocaxaeHne MeTalyINYEeCKMX NNEeHOK, 3PDOEKTUBHOCTb OCAXKOEHUS, MPOU3BOLANTENbHbIE METOLbI, CKOPOCTb OCaXAEHWS,

BbIOOP MEeTo4a OCaXaeHns

e MocTtynuna: 07.02.2022 ¢ fopa6oTaHa: 07.07.2022 ¢ MpuHaATa kK ony6nukoBaHuio: 22.08.2022

Ans umtuposaHua: HazapeHko M.B. AHann3 UCTOYHMKOB MarHETPOHHOIO pacrbUleHUs A9 OCaXOeHUs TONCTbIX C/0-
€B MeAN C BbICOKOW CKOPOCTbIO O/ U3AENUIA MUKPOINEKTPOHUkU. Russ. Technol. J. 2022;10(5):92-99. https://doi.

org/10.32362/2500-316X-2022-10-5-92-99

Mpo3payHocTb pUHAHCOBON AeATeNIbHOCTU: ABTOP HE MMEET GUHAHCOBOWM 3aMHTEPECOBAHHOCTN B NPEACTaBNEH-

HbIX MaTepuanax nin Metoaax.

ABTOp 3asBnseT 06 OTCYTCTBUN KOHMINKTA UHTEPECOB.

INTRODUCTION

In the rapidly developing field of microelectronics,
there are constantly increasing requirements for devices
whose integral part comprises boards on a ceramic base
having a conductive copper layer. Copper conductive
layers on ceramic substrates are used in devices such as
switching boards, thermoelectric modules, power diodes,
power transistors, and integrated circuits [1-6]. In terms
of their dimensions, appearance, productivity, and cost,
the increasing requirements for the quality and reliability
of products in turn affects the materials and technological
processes used in the manufacture of individual product
elements. This leads among other things to the need to
find more productive methods for the deposition of
metallization coatings (copper, aluminum, titanium, etc.)
as compared with traditional approaches.

However, the choice of the optimal method is
difficult due to a lack of literature data providing
such comparison criteria as surface roughness, grain
size, surface structure, deposition rate, and cost of the
deposited layer.

The purpose of the present work is therefore to
analyze the methods of deposition of conductive layers
according to the above indicated criteria on the example
of copper layers.

DEPOSITION RATE

To date, the magnetron sputtering methods combining
the highest deposition rates with a satisfactory quality of
deposited coatings include:

e ion sputtering in magnetron systems with a
liquid target (liquid-phase magnetron sputtering,
LPMS) [6-9] (Fig. 1a);

e with an extended planar target [10] (Fig. 1b);

e with a cylindrical rotating target [11, 12] (Fig. 1c).

A high-quality coating is understood as one that
minimizes the number of surface defects (droplet phase,
various inclusions, craters) and internal defects (pores),
but at the same time provides sufficient adhesion to
ensure the performance of the product.

As a comparison, Table 1 shows the values of the
deposition rate by the methods described. Presented
data are obtained experimentally. The distance from
the magnetron surface to the substrates is 100 mm.
Aluminum nitride (AIN) with roughness Ra = 10 nm
was used as substrates.

(c)

Fig. 1. View of magnetrons for technological
applications: (a) liquid-phase magnetron,
(b) planar magnetron, (c) cylindrical magnetron
with a rotating cathode [7]

As compared with a cylindrical magnetron with
a rotating target, it is impossible to achieve the same
specific power at the cathode of an extended planar
magnetron while maintaining the required quality of
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Table 1. Comparison of the maximum deposition rates achieved on a fixed substrate

Y With liquid target With extended planar target | With cylindrical rotating target
e P &8y (crucible 286 mm) (108 x 440 mm) (450 x @152 mm)
Deposition rate 40 pm/min 10 pm/min 41 pm/min

Table 2. Comparison of surface roughness

Magnetron sputtering system

Sample number With liquid target With extended planar target With cylindrical rotating target
(crucible @86 mm) (108 x 440 mm) (450 x F152 mm)
1 68 31 51
2 70 28 44
3 98 26 51
4 89 29 42
Average value 81 28 42

Table 3. Grain size of copper surface

Magnetron sputtering system

Grain size, pm

With liquid target With planar target With cylindrical rotating target
(crucible @86 mm) (108 x 440 mm) (450 x F152 mm)
Minimum 3 3 3
Maximum 20 6 11

the deposited films due to its overheating. This explains
such a difference in the deposition rates.

As can be seen from Table 1, the deposition methods
with a liquid and with a cylindrical rotating target have
comparable results. However, a standard magnetron
with an extended planar target does not provide such
high deposition rates.

SURFACE ROUGHNESS

The values of the copper surface roughness (Ra, nm),
which was measured using a MarSurf PS1 profilometer
(Mahr GMBH, Germany), are presented in Table 2.

As can be seen, the classical magnetron with an
extended planar target has the lowest roughness, which
is explained by the low deposition rate. The method with
a rotating cylindrical target has a roughness 1.5 times
higher. The method with a liquid target has a roughness
almost 4 times higher, which can become critical for
some production tasks [13—15]".

STRUCTURE OF THE FILMS

Figure 2 shows the surface structure and grain size.
Studies were carried out on a Hitachi SU1510 scanning

U Pechatnye platy: Spravochnik: v 2 kn. (Printed circuit
boards: Handbook: in 2 books). Moscow: Tekhnosfera; 2018.
Book 1. 1016 p. (in Russ).

electron microscope (HITACHI, Japan). The grain size
is indicated in Table 3.

Classical sputtering with a planar extended target
provides the finest grain. For the magnetron with
a cylindrical rotating target the grain size only 2 times
larger. The method with a liquid target provides the
largest grain, which is associated with a high thermal
effect on the substrate caused by this type of a magnetron.
By reducing the deposition rate on a fixed substrate to
20 um/min, a grain size of up to 4 um is achieved on
a magnetron with a rotating cylindrical cathode, which
is comparable to the grain size achieved on a planar
magnetron with an extended target. However, the
deposition rate is higher for a cylindrical magnetron.

THICKNESS UNIFORMITY
OF DEPOSITED LAYER

The copper coating thickness was measured using
a Fisherscope X-RAY XDV-SDD X-ray fluorescence
thickness gauge (Fischer GMBH, Germany)?. Scanning
was carried out in the center and along the perimeter
of the substrate with an indent of 3 mm from the edge.
An evaluation of the non-uniformity showed that
sputtering methods having a liquid target and those

2 Dulov EN., Ivoilov N.G. X-ray spectral fluorescence
analysis: teaching book for students of the Faculty of Physics.
Kazan: Kazan State University Press; 2008. 50 p. (in Russ.).
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Fig. 2. View of the surface deposited using: (a) the LPMS method, (b) a planar magnetron with an extended target,
(c) a magnetron with a cylindrical rotating target

Table 4. Evaluation of material efficiency

Magnetron sputtering system

Parameter With liquid target With planar target With cylindrical rotating target
(crucible 86 mm) (108 x 440 mm) (450 x Z152 mm)
Fraction of material deposited 20 ~60 90
on substrates, %
Production of target material, % ~90-100 ~45 ~70
Efficiency, % 20 27 63

Table 5. Estimation of deposition cost of a 50 um thick layer

Magnetron sputtering system

Parameter With liquid target With extended planar target | With cylindrical rotating target
(crucible 186 mm) (108 x 440 mm) (450 x J152 mm)
Maximum loading of substrates
in one process with dimensions 20 70 80
of 60 x 48 mm
150 g
Number of processes (loading in the form of granules 5 40
on one target, pcs.
for 1 process)
Approximate cost per target, a.u. lkg—-X 1pc.—4.5X 1 pc. —29X
Cost of deposited layer X131 X0 X111
per substrate, a.u.

with a classical extended planar magnetron provide a
layer non-uniformity of no more than £5%, while for
a magnetron with a cylindrical rotating target, the layer
non-uniformity does not exceed +3%.

SPUTTERING EFFICIENCY

The material utilization factor was estimated as
follows: the fraction of the material removed from the
target during its life cycle was multiplied by the fraction

of the material that was deposited on the substrates. To
convert to a percentage, the coefficient is multiplied by
100%. The calculation results are given in Table 4.

Calculations have shown that the most efficient
sputtering is provided by a magnetron with a liquid
target.

The cost of the deposited layer 50 um thick was
estimated taking into account the cost of the material
and the efficiency of the deposited layer (Table 5).
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The average price on the market of granulated vacuum-
melted copper, X was taken as the base. The costs of
a planar and a cylindrical rotating target are given
in coefficients relative to the base cost of X arbitrary
units (a.u.).

Despite the low efficiency of deposition, the
magnetron with a liquid target is the most cost-effective
due to the absence of the need to manufacture a target
of complex shape. Regardless of the high cost of the
target due to its increased efficiency, the magnetron with
a rotating cylindrical target is close to the magnetron
with a liquid target in terms of the cost of the “deposited
layer.”

CONCLUSIONS

The present work analyzed copper films
obtained by magnetron sputtering using a cylindrical
magnetron, a planar magnetron, and a liquid-phase
magnetron. The comparison of deposition methods
according to the criteria of “coating deposition rate,”
“coating structure and surface defects,” “roughness,”
“uniformity of the deposited layer,” “sputtering
efficiency” and “economic feasibility” confirmed
that there is no single universal method that offers
optimal performance in terms of all these parameters.
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Abstract

Objectives. Capillary waves on the sea surface play an important role in remote sensing, both in the optical and
microwave wavelength ranges. However, processes of electromagnetic radiation scattering on a rough sea surface
cannot be studied in the absence of reliable monitoring of the parameters of these capillary waves under natural
conditions. Therefore, the aim of the present work was to develop methods for such monitoring purposes and test
them under laboratory and field conditions.

Methods. Novel laser-based methods for recording capillary waves at frequencies up to 100 Hz were developed
in the laboratory. The proposed remote methods, which do not interfere with the sea surface, are based on the
recording of scattered laser radiation using a video camera.

Results. Under laboratory conditions, spatial profiles, time dependences of heights for all points of a laser sweep
trajectory, and frequency power spectra were obtained. It is shown that slopes in capillary waves can reach 30° and
that the amplitude of capillary waves at frequencies above 25 Hz does not exceed 0.5 mm. A new version of a scanning
laser wave recorder was tested under natural conditions on an offshore platform. The measurements confirmed the
possibility of measuring the parameters of sea waves on spatial scales covering 3 orders of magnitude: from units
of millimeters to units of meters.

Conclusions. The developed wave recorder can be used to carry out direct measurements of “instantaneous” sea
surface profiles with a time synchronization precision of 10~4 s and a spatial accuracy of better than 0.5 mm. The method
makes it possible to obtain large series (21000) of «instantaneous» wave profiles with a refresh rate of 60 Hz, which
opens up opportunities for studying the physics of wave evolution and the influence of wave parameters on the scattering
of electromagnetic waves. The advantage of the method is the direct nature of the measurement of applicates and other
wave characteristics not only in time but also in space. The entirely remote method does not distort the properties of the
surface and is not affected by wind, waves, or sea currents. The possibility of using the proposed method under natural
conditions at any time of the day and in a wide range of weather conditions has been experimentally ascertained.

Keywords: altimetry, spectrum of sea waves, capillary waves, atmosphere-ocean interaction, laser wave recorder,
remote sensing
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HAYHYHAA CTATbA
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Peslome

Uenun. KanunnspHble BOJIHbI HA MOPCKOM MOBEPXHOCTU UTPAOT BaXHYIO POJib B 3a4a4aX AMCTAHLUMOHHOIMO 30HAN-
POBaHUS Kak B ONMTUYECKOM, Tak 1 B MMKPOBOJIHOBOM Anana3oHax a4JvH BoH. OgHako nccnenosaTth NPOLLECCh pac-
CEAHUS 3NIEKTPOMArHUTHOIO U3y4eHNS Ha B3BOJIHOBAHHOM MOPCKOM NOBEPXHOCTU MOXHO TOJIbKO MPU HAAEXHOM
KOHTPOJIE NapaMeTPOB 3TUX KanNUASISIPHbIX BOJIH B HATYPHbIX YCNOBUSX. [0 HACTOALLLErO BPEMEHN HE CYLLECTBOBaJIO
METOO0B N3MEPEHUS KaNUMIAPHbIX BOMIH B HATYPHbIX YCnoBusx. Llenbio HacTosiwen paboTel ABASNOCE CO30aHNe
TakMx MeToA0B 1 X MPOBepka B Ta00PaTOPHbIX M HATYPHbIX YCIOBUSIX.

MeTopabl. B nabopatopun Obiin 0TpaboTaHbl HOBbIE NIa3epHble METOAb! PErMCTPaLMM KanUNSPHBLIX BOJIH HA 4acTO-
Tax fo 100 I'y. MpennoxeHHble METOAbI ABAATCA OUCTAHUMOHHBIMU, HE NCKaXaIOLLMMMU MOBEPXHOCTb. OHM OCHO-
BaHbl HA PerncTpaLmy pacCesHHOro J1Ia3epHOro N3ay4eHns ¢ NOMOLLbIO BUaeOKaMepbl.

Pe3ynbTaTthl. B nabopaTopHbIX YCNOBUAX NOy4EHbI MPOCTPAHCTBEHHbIE NMPOPUIN, BPEMEHHBIE 3aBUCUMOCTH Bbl-
COT A1 BCEX TOYEeK TPaekTopum Na3epHor pas3BepTkn, HaCTOTHbIE CMEKTPbLI MOLLHOCTW. oKa3aHo, 4TO YKJIOHbI B Ka-
NUANSPHBIX BOIHAX MOryT gocTturath 30°, a aMnantyaa KanuanisipHbIX BOJIH HA YacToTax Bbille 25 M, He NpeBbILLaeT
0.5 MM. B HaTypHbIX yCNoBUsAX Ha MOPCKoM nnatdopme anpobrpoBaHa HOBAst BEPCUS CKaHUPYIOLLLErO Ta3epPHOro
BonHorpada. IsmepeHunsa nogTsepaniv BO3MOXHOCTb U3MEPEHNS NapamMeTPOB MOPCKOro BOJIHEHNS HA NPOCTPaH-
CTBEHHbIX MacLUTabax, oxBaTbiBaOLWLMX 3 nopsaaka: OT eauMHUL, MUIIMMETPOB A0 eAMHUL, METPOB.

BbiBoabl. Co30aHHbIV BONHOrpad No3BoNSET NPOBOANTL NPAMbIE UBMEPEHUS «MIHOBEHHbIX» MPOdUIen MOPCKO
MOBEPXHOCTU C BPEMEHHOM CUHXpOoHU3aumei B 1074 ¢ 1 NPOCTPaHCTBEHHOM TOYHOCTLIO ny4wwe 0.5 Mm. MeTog, no-
3BonsieT nonyyatb 6onblume psaabl (21 000) «<MrHOBEHHbIX» NPOMUIEN BONHEHUS C YaCTOTOW oOHoBNeHus 60 I,
4YTO OTKPbIBAET BO3MOXHOCTU A1 UCCefoBaHna GU3NKM 3BOJIIOLMM BOJTHEHNUS, BINAHUS NapaMeTpPOB BOJIHEHUS
Ha paccesiHne 3/1IeKTPOMarHUTHbIX BOJIH. JJOCTOMHCTBOM MeToa SABASETCS NPSAMOM XapakTep NU3MepeHns annankar
1 BCEX XapaKTEPUCTUK BOJTHEHWNS HE TOJIbKO BO BPEMEHMU, HO 1 B NPOCTPaHCcTBEe. MeTo NONHOCTLIO ANCTaHLUMOHEH,
He MCKaxaeT CBOWCTBA MOBEPXHOCTU, HE MOABEPXKEH BMSHUIO BETPA, BOJIH U MOPCKOrO Te4YeHUs. DKCNepuMeH-
TaNbHO B HATYPHbIX YCIIOBUSAX AlOKa3aHa BO3MOXHOCTb NPUMEHEHNS MPEeAJIOKEHHOro MeToAa B filo60e BpeMsi CyTOK
1 B LUMPOKOM AmanadoHe norogHbIX yCnoBuUi.

KnioueBble cnoBa: anbLTMMETPUS, CMEKTP MOPCKOro BOJIHEHUS, KaNWINSPHbIE BOJHbI, B3aMMOAENCTBUE aTMoche-
pbl 1 OKeaHa, NasepHbI BOHOrpad, AMCTaHLMOHHOE 30HAMPOBaHNE

* Moctynuna: 03.02.2022 » flopa6oTaHa: 11.07.2022 ¢ MpuHgaTa k ony6nukoeaHuio: 02.09.2022

Ansa uutnpoanusa: CtepnagkuH B.B., Kynukoeckuii K.B. M3mepeHne kanunnspHbIX BOJIH N1a3epHbIM BOJIHOFPagdOM.
Russ. Technol. J. 2022;10(5):100-110. https://doi.org/10.32362/2500-316X-2022-10-5-100-110

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-
HbIX MaTepuanax uam meTogax.

ABTOpbI 3a9BNSIOT 06 OTCYTCTBUU KOHDNMKTA MHTEPECOB.
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INTRODUCTION

Capillary waves play a fundamentally important
role in problems associated with the scattering of
electromagnetic waves on a rough sea surface when
solving inverse problems of remote sensing of the
Earth from space. The influence of capillary waves
can be clearly observed over a calm water area: due to
gusts of wind, the surface becomes covered with small
ripples, changing its color and darkening due to an
increase in the absorption coefficient. Similar effects of
a sharp increase in the absorption coefficient with the
appearance of capillary waves are observed not only
in the optical, but also in the microwave wavelength
range. For this reason, capillary waves often turn out
to be the determining factor when reconstructing the
meteorological parameters of the atmosphere and
the underlying surface from radiometric and optical
measurements of the Earth from spacecraft.

In this regard, determining the detailed relationship
between the parameters of capillary waves and the
scattering characteristics of the sea surface becomes an
important fundamental and applied problem. However,
the difficulty of conducting such studies lies in the fact
that, until recently, there have been no direct methods
for remote determination of the parameters of capillary
waves under natural conditions. While remote sensing
methods are often used from under water to measure the
parameters of gravity waves using acoustic reflections or
laser beam refraction [1, 2], these measurements do not
allow capillary waves to be recorded. When conducting
measurements from offshore platforms or aircraft,
laser altimetry methods can be used. However, spatial
resolution in these cases is either absent [3] (single-point
measurements) or limited to a few centimeters [4, 5].
For this reason, such methods cannot be used to record
capillary waves, whose amplitude is measured in
fractions of millimeters. It is also worth mentioning
remote methods for measuring wave parameters based
on stereo imaging [6]. However, such methods are not
direct; moreover, their sensitivity is not sufficient for
measuring the parameters of capillary waves.

There is a significant number of publications on
methods for measuring artificial capillary waves in pools.
A good analysis of these is given in [7, 8]. However,
a common disadvantage of pool measurements is the
presence of resonant edge effects that lead to distorted
results. Although the theory of turbulence of gravity
and capillary waves has been developed in many
works! [9-13], we were not able to find any studies

I Filatov S.V. Nonlinear wave and vortex motions on
the surface of a liquid. Cand. Sci. Thesis (Phys.-Math.).
Chernogolovka; 2020. 82 p. (in Russ.). https://docplayer.
com/170397192-Filatov-sergey-vasilevich-nelineynye-volnovye-
i-vihrevye-dvizheniya-na-poverhnosti-zhidkosti.html

whose results included remote space-time measurements
ofthe characteristics of capillary waves carried out under
natural conditions.

The present work is aimed at creating a remote
laser method for measuring waves from gravitational
to capillary scales. The developed laser wave recorder
model was tested both under laboratory and natural
conditions. The paper provides a description of the
method and measurement results.

In previous works [14, 15], we proposed novel
laser methods for measuring the “instantaneous” shape
of a rough sea surface. The basis of such methods
involves laser scanning of the water surface with the
beam trajectory recorded at the interface using a video
camera. In this case, the beginning of the beam scan
is synchronized with the start of recording the image
on the sensor of the video camera. These methods can
be used to remotely determine the detailed structure of
all types of gravity and gravity-capillary waves across
a wide range of weather conditions. The achieved
accuracy of the method for measuring the interface
height was 1 mm, while the accuracy of “tying” the
entire trajectory to a single point in time was between
4 and 10 s. However, experimental verification of the
proposed methods under natural conditions showed that
their further development was required in order to be
able to measure the purely capillary component of the
waves. This was firstly due to the capillary component
of'the waves becoming significant for frequencies above
16 Hz, the traditional video sample rate of 25 Hz is not
adequate for recording them: the recording frequency
should be at least twice as high as the profile being
recorded. Secondly, since the amplitude of capillary
waves has a scale comparable to or less than 1 mm, the
sensitivity of the method by which these waves will
be recorded should be at the level of 0.5 mm or less.
Thus, in the present work, the method of remote laser
measurements of waves is improved to the level required
for separately measuring the capillary component of the
waves.

GENERATION OF CAPILLARY WAVES
UNDER LABORATORY CONDITIONS
AND THE TECHNIQUE OF LASER
MEASUREMENTS

Laboratory measurements comprise an important
step in creating a method for measuring capillary waves
under marine conditions. As well as providing remote
measurements of the parameters of the generated waves,
Figure 1 shows a schematic of a laboratory setup that
makes it possible to generate capillary waves of a given
amplitude and frequency. Vibrations generated by a
low frequency woofer and transmitted by a light rod
to a round platform comprise a source of disturbances
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on the water surface. A ruler serves for recording the
wavelength of the generated waves in the photographs.
The stroboscope allows the image of capillary waves
to be “stopped” if its frequency is consistent with that
of the signal supplied to the woofer in order to obtain
a clear image of the waves on the water surface in the
reservoir and thus reliably measure the expanse of a set
of several waves.

L

2

, 1))

Fig. 1. Schematic of generating capillary waves
in laboratory conditions:
1 — low-frequency woofer, 2 — vibrating platform,
3 — water surface, 4 — ruler, 5 — stroboscope

Photographs of the produced waves at different
generator frequencies fare presented in Figs. 2a and 2b.
In Fig. 2a, the frequency of produced waves /= 16 Hz
corresponds to a gravity-capillary wave, while the
frequency /= 60 Hz in Fig. 2b relates to purely capillary
oscillations.

Fig. 2. Images of surface waves at generation frequency
f=16 Hz (a) and at f=60 Hz (b)

The created setup made it possible to find the
dispersion relation between the angular frequency
of the wave ® and the wavelength A. The theoretical
expressions for the dispersion and the phase velocity of
waves have the form [16]:

3
o= kg+k—c, (1)
\! p

Table. Laboratory measurements

v=2= 8,22 @)

2n . . oo
where k = -~ is the wavenumber, g is the gravitational

acceleration, and o is the surface tension coefficient of
the liquid.

In this equation, the first term under the root
determines the gravitational part, while the second term is
responsible for the capillary component. For pure water,
6 = 72 mN/m, and the conditional boundary of the

transition from predominantly  gravitational to
predominantly capillary waves corresponds to the equality
of these terms. In this case, k = P& =369 m~!, and the

wavelength corresponding to tge boundary of the
transition to capillary waves is A, . = 17 mm. The
results of laboratory measurements are presented in Table.
Figure 3 shows the dispersion for surface waves.
Here it should be noted that no special measures were
taken to purify water from surfactants, resulting in a
lowered value of o. Optimization of the theoretical
dependence for this parameter with respect to
experimental measurements showed that the best
approximation corresponds to ¢ = 45 mN/m. Note
also that in laboratory measurements, the conditional
wavelength A . corresponding to the transition to
the capillary component decreases in proportion to the
surface tension coefficient.
700 -

* Measurements Lok
~~~~Theory L, 1

D

o

o
T

)]
o
o
T
N
N
*
L

Angular frequency, rad/s

0 5 10 15 20 25
Wavenumber k, cm™!

Fig. 3. Measured dispersion of gravity-capillary
and capillary waves (0 =45 mN/m)

It can be seen from the graph that the measured
dispersion dependence is in good agreement with the
theoretical dependence (1).

Frequency f, Hz 8 10 12 14 16 18

24 28 35 40 50 60 70 80 | 100

Wavelength A, mm | 27.5 | 22.0 | 183 | 16.3 | 13.7 | 12.0

11.0 92 | 80 | 7.0 | 62 | 52 | 43 |3.75| 3.6 | 29
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The next step of the experiment was to register the
amplitude of the emerging gravity-capillary waves. To
do this, the surface was illuminated by laser radiation,
which scanned along the surface with short stops at
separate points. In a photograph, shown in Fig. 4, the
boundary where the laser beams are scattered is clearly
visible. Registration of surface movement during wave
propagation is carried out using a video camera placed
laterally with a recording frequency of 60 Hz. Laser
beams scatter in water, when hit it, creating an almost
vertical beam. The upper boundary of each beam
corresponds to the water-air interface.

Fig. 4. Laser beams, when scattered in water,
form a clear edge on the surface

However, such a measurement scheme did not allow
recording the cross section of the surface and its profile.
To solve this problem, the measurement scheme was
changed. For this, a setup was assembled schematically
shown in Fig. 5.

Fig. 5. Schematic of laboratory optical measurements
of capillary waves: 1 — woofer, 2 — water surface,
3 - vibrating plate, 4 — interface illuminated by a scanning
laser, 5 — lower reservoir, 6 — pump, 7 — electronically
controlled scanner, 8 — video camera

In this experiment, the wave generator comprised
a vibrating plate partially submerged in water.
Vibrations from the woofer cone were transmitted to

the water surface via a plate rigidly attached to the
woofer. The woofer was powered via an amplifier
using a sound generator, which allowed the amplitude
and frequency of the plate vibrations to be changed
over a wide range. Plane waves appearing on the water
surface as aresult of the displacement of the plate were
illuminated by a scanning laser beam. To reduce the
amount of dust particles settling on the surface, water
was drained over the edge of the upper reservoir into
the lower reservoir from which the water was returned
to the upper bath by means of a pump. Laser radiation
with a wavelength of 450 nm and power of about
1 W was swept on the surface along a straight line
about 80 mm long using an electronically controlled
scanner. The beam scattered at the interface was
recorded from a laterally positioned video camera. In
this case, the time of the beam sweep was close to
the exposure time of video frames. An example of a
video frame in which laser radiation is scattered onto
a disturbed interface is shown in Fig. 6. The boundary
of the water surface clearly visible in each frame can
be converted into the height of the disturbance at each
point of the ray trajectory taking the calibration of the
video camera sensor into account. The presence of
dust particles on the surface led to bright spots at their
locations; however, draining the water significantly
reduced their number to speed up the processing of
frames.

20
40
60
80

100

120

140

100 200 300 400 500

Fig. 6. Video frame of the wave surface,
along which the capillary wave propagates

Video frames were processed for each column of
the image. Figure 7 shows a graph of changes in the
intensity of illumination along one of the columns of the
frame. It can be seen that the boundary of the interface
corresponding to the jump in intensity to a given level has
a length of one pixel. Therefore, the height resolution of
this method corresponds to the scale of one pixel, which
in our experiment was 0.15 mm. The wave profile was
recorded with sequential processing of all columns of
the video frame.
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Calibration of the video image and conversion of  capillary waves of various frequencies, taking into
pixels to height in millimeters was carried out taking  account smoothing.
into account the position of the undisturbed surface Although the vibration amplitude of the woofer cone
and scaling according to the known image (mire). At  and the rod disturbing the water surface in the reservoir
the next stage, smoothing the profile with a sliding  did not change, the amplitude of the waves at frequencies
window turned out to be useful. Figure 8 shows  above 16 Hz, which decreased with increasing frequency,
examples of the wave profile for gravity-capillary and  did not exceed one millimeter. This indicates an increase
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Fig. 7. Image intensity against the row number along one of the columns of the video frame in Fig. 5 (a) and the border
of illumination clearly visible on an enlarged scale (b)

Smoothed profile in the 100th frame. Frequency f= 18.15 Hz. Average wavelength L = 15.36 mm. Average speed V=0.28 m/s
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Fig. 8. Profile of capillary waves for a separate image frame:
wave frequency 18 Hz (a), wave frequency 25 Hz (b)
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in the attenuation coefficient with an increase in the
frequency of capillary waves. In addition to the spatial
image of capillary waves, the experiment made it possible
to obtain the temporal variability of the applicate (height)
at any point of the trajectory. Figure 9a shows the time
dependence of the perturbation height. The power spectrum
of the wave process is obtained via Fourier analysis of
this dependence (Fig. 9b). The spectrum clearly registers
the main frequency of the excited capillary waves, which
corresponds to the vibration frequency of the woofer cone.
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Fig. 9. Dependence of the height of the interface
at one point of the trajectory on time (a) and
the power spectrum in the 512th point (b)

The conducted laboratory studies of capillary waves
made it possible to directly measure their main features
and take these features into account when designing a
marine wave recorder enabling to record the capillary
component of sea waves. As a result of the analysis,
a number of conclusions can be drawn. First, from
the waveform in Fig. 8a it follows that the slopes in
capillary waves can reach the level § = tg(a) = 2/5,
which is 23°. Under natural conditions, capillary waves
are superimposed onto gravitational waves, increasing
the overall slope of the surface area. Under marine

conditions, the resulting slopes can be expected to reach
30° or more. In this case, a laser beam incident vertically
down on the sea surface would deviate by more than 60°.

At frequencies of 25-30 Hz, it is not possible to
create capillary waves with an amplitude greater than
0.5 mm. From this it follows that equipment used to
measure the capillary component of sea waves under
natural conditions at frequencies from 16 Hz to 30 Hz
will require sensitivity at 0.5 mm or higher.

FIELD MEASUREMENTS OF CAPILLARY WAVES

In August 2021, the first field measurements were
carried out using a scanning laser wave recorder,
which made it possible to record capillary waves. The
measurements were carried out from the sea pier of the
Marine Hydrophysical Institute and from the stationary
oceanographic platform of the Marine Hydrophysical
Institute of the Russian Academy of Sciences, located
in the town of Katsiveli in Crimea. Unlike the previous
version of the wave recorder described in [14], the
video recording frequency was increased from 25 Hz to
60 Hz. This made it possible to measure wave spectra up
to 30 Hz, by which frequency the capillary component
is already dominant. Recall that for pure water, starting
from frequencies above 16 Hz, the capillary forces
exceed the gravitational ones. A second improvement
concerned the use of a zoom lens on a video camera,
which increased the spatial resolution to 0.3—0.6 mm.

An example of a video frame received on August 26,
2021, at 20:47 Moscow time at the sea pier is shown in
Fig. 10. The shape of the wave surface is clearly recorded in
the image. For each 6-minute scanning session, it is possible
torecord 21 600 “instantaneous” spectra. These can be used
as a basis for calculating both temporal and spatial wave
spectra, one-dimensional and two-dimensional slopes on
any scale, as well as the variability of wave parameters
when the meteorological situation changes.

100
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Fig. 10. Typical video frame of disturbance (values
along axes are in pixels). Sampling frequency is 60 Hz
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Figure 11 shows an example of a scanning realization
dated August 26, 2021, for the dependence of the height
on the frame number for one point of the trajectory (the
total number of resolved points on the trajectory of the
laser beam scan is 700). Figure 11a shows the entire
scan, and Fig. 11b demonstrates a small segment of the
scan on an enlarged scale.
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Fig. 11. An example of the dependence
of the wave height on the frame number

for one point on the scan trajectory (a),
and a section of the recording on an enlarged scale (b)

The time spectrum of the resulting realization
is of particular interest (Fig. 12). Traditionally, it is
represented on a double logarithmic scale. There are three
segments on the spectrum, whose slope characterizes
various forms of waves. Here, the lowest frequency
region of the spectrum (long wavelength) has a slope
of —4.5 £ 0.3, while the middle region is responsible for
gravitational waves and has a slope of —=4.0 £ 0.2. The
much less steep slope of the third region, which already
takes capillary waves into account, is —2.6 = 0.3. The
obtained exponential dependence indices are in good
agreement with the known theoretical and experimental
data. Thus, the power dependence with a slope of
—4.0 corresponds to the spectrum of V.E. Zakharova and
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Fig. 12. Elevation spectrum at one point of the profile
on a logarithmic scale for developing waves (August 26,
2021, Katsiveli, Crimea). The circles indicate the regions

of transition from one spectrum slope to another

N.N. Filonenko [10], while the section with a slope of
—4.5 forms a transitional regime to the Phillips spectrum

E~f5[12].
CONCLUSIONS

At this phase of research, the authors did not set the
task of interpreting the spectral or other characteristics
of waves. The purpose of this work was to create and
test a new laser wave recorder under both laboratory
and field conditions, in order to evaluate its capabilities
for measuring the full spectrum of gravitational,
gravity-capillary, and capillary waves under natural
marine conditions. Under laboratory conditions, laser
methods for recording capillary waves were tested, and
the characteristics of waves at high frequencies were
obtained: spatial profiles, time dependencies of heights
for all points of the laser scan trajectory, as well as
frequency power spectra. It is concluded that the slopes
in capillary waves can reach 30°, while the amplitude
at frequencies above 25 Hz does not exceed 0.5 mm.
An important stage of the work was the testing of a
new version of the scanning laser wave recorder under
natural marine conditions. The measurements confirmed
the feasibility of using the proposed laser method to
measure the parameters of sea waves on spatial scales
covering 3 orders: from millimeters to meters. We are not
aware of world analogs having such characteristics. The
method is patented [15]. The creation of a wave recorder
that makes it possible to conduct direct measurements of
“instantaneous” sea surface profiles synchronized within
1074 s with a spatial accuracy of better than 0.5 mm
opens up wide opportunities for studying the physics of
wave evolution and the effect of waves on the scattering
of electromagnetic waves. This is the first time such
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opportunities have been opened up. The advantage of
the method is that it provides direct measurements of
applicates and all wave characteristics not only in time
but also in the spatial domain. This makes it possible
to obtain large series (21000) of “instantaneous”
wave profiles for each 6-minute scanning session. The
described remote method, which does not distort the
properties of the surface, is unaffected by wind, waves
and sea currents. The possibility of using the proposed
method to measure the proportion of foam on the
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Abstract

Objectives. The paper analyzes core axiological aspects of Spanish teaching in higher educational institutions
of the Soviet Union from the 1930s to the early 1980s based on various sources including textbooks, tutorials, etc.
Methods. The study is based on textual-analytic, historical-comparative, and structural methods.

Results. Scientific-pedagogical and sociological aspects of the subject are distinguished. The former are limited
to the internal developmental logic of Spanish studies, while the latter refers to external circumstances, including
ideological factors. The literature review shows that Spanish teaching in the USSR progressed topically from simple
manuals aimed at consolidating linguistic basics to a more rigorous pedagogical development of Spanish language
studies (grammar, phonetics, vocabulary, etc.) The authors identify two significant periods in the development
of Soviet Spanish studies, with the first phase extending from the 1930s to the early 1960s, and the second—from
the 1960s to the early 1980s.

Conclusions. The analysis showed that the formation and development of each period is associated with such
events as the Spanish Civil War and the victory of the Cuban Revolution, which are not directly related to Spanish
teaching. The first event coincided with the beginning of systematic Spanish teaching at the USSR universities, while
the second redirected this process from Castilian to Latin American Spanish. However, the analysis of textbook and
tutorial materials convincingly demonstrates that this process of redirection, which mainly concerns the selection
of textual materials, remains incomplete. This supports a conclusion concerning the limited impact of ideology on the
internal logic of the Spanish studies development in the USSR.
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HAYYHAA CTATbA

AKCHOJIOTHYECKHE ACTIEKThI NMPenogaBaHusA
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Pesiome

Llenu. Llenbio ctaTtbn SBNSIETCS aHanM3 BeAyLUMX akCUOMOrMyeckmx acrnekToB npenogaBaHns MCNaHCKOro siblka
B BbICLLMX y4e0OHbIX 3aBeaeHnsax Coetckoro Coto3a (¢ 1930-x go Havana 1980-x rr.) Ha OCHOBe U3y4eHuns coaepxa-
HWS y4eBbHMKOB, NOCOBUIA 1 psaa APYrux TPYO0B.

MeTopabl. B cTaTtbe NpMMEHSOTCS TEKCTONOINYECKMIA, MICTOPUKO-CPABHUTENbHbIN 1 CTPYKTYPHbIN METOAbI.
PesynbTaTtbl. Ha OCHOBe aHanM3a yka3aHHbIX TEKCTOB aBTOPbI AeNaloT akLEeHT Ha ABYX OCHOBHbIX rpynnax acrnek-
TOB: Hay4yHO-Meaarormiecknx U BHeHay4dHbIX. [lepBble CBSA3aHbl C BHYTPEHHENM NOrnkor pasBuUTUS UCMAHUCTUKN
Kak Hayku, BTOpPble — CO CTOPOHHUMM, BHELLHUMU 0O6CTOSATENLCTBAMM, NPEXAE BCEro, MaeonormieckumMmmn. AHanm3
MCTOYHMKOB NOKa3blBaeT, YTO TEMATUYECKM NpenoaaBaHune ncrnaHckoro 8 CCCP npoaenano nyTe OT NPOCTbIX MOCO-
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HbIX MaTepuanax nin Metoaax.

ABTOpPbI 3a51BSOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

The methods, approaches, and technologies
of foreign language teaching have been always
developed in tight integration with a number of
other sciences, such as philosophy, pedagogics,
psychology, psycholinguistics, and communication
theory, whose data has been and is being productively
implemented to assess the effectiveness and validity

of the research. Today, the task of finding the most
effective and rational ways of forming the foreign-
language communicative competence of students
remains still relevant [1].

Of the major European languages, Spanish came to
Russia later than e.g., German, French, its systematic
teaching and study beginning only during the twentieth
century. In many respects, this can be attributed to
the long period during which close relations between
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Russia and Spain were absent!. This fact presents
researchers with an interesting opportunity to analyze
the formation and development of the teaching strategy
for a particular subject over a limited period of time,
as well as to evaluate the changes to which it has been
subjected.

The present paper sets out to analyze axiological
aspects of teaching Spanish in the USSR; in other
words, its values (research, scientific, ideological, etc.).
The composition of these values and degree of their
influence on the pedagogical process are considered
according to the logic of a comprehensive analysis
of Spanish language textbooks for higher education
institutions. Since school education does not rely directly
on scientific achievements, it is considered to be beyond
the scope of the study. Moreover, since we do not take
a strictly historiographical approach, a comprehensive
overview of works related to the topic also falls outside
the scope of this this study. Readers interested in such a
historiographical overview are recommended to consult
the already published reviews [3, 4].

The chronological framework of the study covers
the period from the 1930s to the early 1980s, the lower
boundary being the beginning of teaching Spanish in
higher educational institutions (HEIs) of the USSR and
consequent appearance of the first university textbooks.
The upper boundary is the beginning of Perestroika,
whose impact on the educational process may require a
separate study.

While separate works dealing with the analysis of
related topics (history of relations between Russia and
Spain, study of Spanish language and literature, etc.) are
available, a comprehensive study of teaching Spanish in
Soviet HEIs is yet to be published, hence the relevance
of the present paper.

The evolution of Spanish studies can be summarized
briefly as follows. At the early stage of Spanish studies
formation, the grammar-translation method based mainly
on the performance of lexical-grammatical exercises
and reading, along with textual analysis, has prevailed in
the teaching methodologies used [5]. Later, a tendency
towards the prevalence of the conscious-practical method
implying the priority given to the practical aspect of
language proficiency, along with a systematic perception
of grammar, can be identified>. This methodological
transition can be seen as a consequence of the general
development of Soviet pedagogics and the concomitant
improvement of foreign language teaching methods.

! The main reason for this lies not so much in the geographical
remoteness of the countries from each other as the fact that
Spain and Russia became leading subjects of European politics
at different times, in the 16th and 18th centuries, respectively. In
other words, by the time Russia entered the Pan-European arena,
Spain had already left it. In any case, regular diplomatic relations
between the two countries were not established until the first half
of the 18th century [2].

PRINCIPAL TRENDS OF TEACHING SPANISH
IN THE USSR

In the Soviet Union higher education system, the
Spanish language was first taught during the 1930s.
This was not accidental since it was during this period
that Spain and the USSR experienced a hitherto
unprecedented convergence of destinies. During the
Spanish Civil War (1936-1939), the Soviet Union
actively supported the pro-Communist forces. That was
a time of intense exchange between the two countries,
not only in the military sphere, but also in cultural and
social contexts. A number of Soviet writers, such as Ilya
Ehrenburg and Mikhail Koltsov, visited Spain during
those years [6]. In 1940, the well-known collection
“Culture of Spain” was published in the USSR, being
the first publication of its kind in Russian to include
articles on various aspects of Spanish studies [7].

Due to the large number of Soviet professionals
traveling to Spain during this period, the question of
their appropriate linguistic training became paramount.
In these circumstances, textbooks and manuals
aiming at the most rapid mastery of the basics of the
language started to appear. Textbooks for 1st-3rd year
students of HEIs were among the first to be published
in 1933 [8, 9]. Here we may mention the “Spanish
Textbook: Elementary Course” published in 1937.
According to its author, this publication was aimed at
“the ability to read simple socio-political texts and to
express one’s thoughts simply but competently [10].”
Such textbooks were notable not only for their concise
grammatical material but also for the uniformity of the
ideological agenda presented; they were largely based
on texts and lexical items of the communist and anti-
capitalist orientation including texts about Marx, Stalin,
the conquest of Mexico by Cortés, etc. Since such an
orientation was logical in the context of the civil war
and associated ideological confrontation, its relevance
to that time is not in question. However, the main
methodological limitations of these manuals recognized
to consist in a bias towards lexico-grammatical aspects
of the language to the prejudice of phonetic features; in
other words, the striking prevalence of the grammar—
translation method over other important pedagogical
principles.

In discussing early stages of Spanish teaching in this
country, we should mention “Essays on the History of
the Languages of Spain” by V.F. Shishmarev, being the
first of its kind like the collection of essays on culture
mentioned above. Even though this was not a Spanish
textbook, it was actively used by Hispanists as a manual
for studying the history of Iberian languages until
other relevant works appeared. The author provides
a panoramic view of the development of Spanish,
Portuguese, Catalan, Galician, and Basque languages in
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a broad historical context. Certainly, this work is not free
from shortcomings; in particular, it contains inaccuracies
and apparent errors related to the Spanish language
of Latin America. For example, the author translates
the word huaca as “tomb” and alpaca as “mountain
goat” [11], which lexical items have been assimilated by
Spanish from Quechua, the official language of the Inca
Empire and the most widely spoken indigenous language
in both Americas. However, such inadequacies do not
significantly diminish the value of the work, especially
when making allowance for the lack of materials on the
languages of Latin America (which remains partly true
today).

The defeat of pro-Communist forces in the Spanish
Civil War had a certain impact on teaching Spanish
in the USSR and on Spanish studies in general.
Nevertheless, these areas continued to develop (as a
major world power claiming primacy in science, the
USSR could not remain ignorant of one of the world’s
most widely spoken languages). In addition to the
work of Shishmarev, it is worth noting the “Spanish
Language Courses for Higher Education Institutions”
by O.K. Vasil’eva-Shvede [12], which continued the
line of manuals mentioned above, as well as the first
normative grammar of Spanish written by the author
in co-authorship with Georgy Stepanov [13]. However,
with the 1939 victory of Franco’s Nationalists, a
powerful ideological impetus, which might otherwise
have contributed to the further activation of Soviet
Spanish studies, was lost.

The Cuban Revolution (1953-1959) served as a new
development vector, which, moreover, partly helped to
redirect the focus of Spanish teaching from Castilian
(Iberian) to the Latin American variants. However, the
correlation of these language versions remains one of
the most important and ambiguous issues in national
teaching practice.

From that time up to the dissolution of the Soviet
Union, linguistic connections were maintained primarily
through the Soviet Union’s diplomatic relationships
with various Latin American countries (Soviet-Spanish
diplomatic relations were interrupted for many years,
only being resumed in 1977 [14]). This refers not
only to Cuba but also to other countries having strong
socialist and communist ideology (e.g., Ecuador, Peru,
and Mexico). Since these processes undoubtedly had
an influence on Spanish teaching in the USSR, it is
necessary to assess and characterize this impact in more
detail.

When analyzing the educational literature of this
period, two major trends should be noted. The first is the
absence of a rapid response to Cuban Revolution taking
the form of new published materials, as did occur in the
case of the Spanish Civil War. The second is the gradual
increase in both the quantity and quality of works related

to Spanish teaching published during the 1960s and
1970s.

The first can be explained in terms of the USSR not
being as actively involved in the Cuban Revolution as
it had been in the Spanish Civil War. Consequently, its
position may be characterized as “wait-and-see,” with
the result that no hasty response to the events took the
form of innovations in Spanish teaching. It was only
when the victory of the Cuban Revolution became a
fait accompli that Cuba and Latin America in general
would become a subject of interest to textbook authors
(this interest can be approximately dated to the early
1960s).

The second trend deserves special attention. Its
most obvious reason is precisely the sharp increase
in contacts with the Spanish-speaking world (the
comparable factor occurred in the 1930s turned out to
be short-lived, virtually disappearing with the end of
the Spanish Civil War). In turn, the increase in contacts
created a demand for Spanish-speaking professionals
who would not just know the language, but also be
able to master the entire complex of foreign language
communicative competence. The consequence of
this has been an increase in the number of HEIs
offering the relevant training. This in turn resulted in
an increase in the number of textbooks and manuals
on the Spanish language, as well as in the formation
of several significant academic centers offering both
practical (teaching) and methodological (development
of textbooks and manuals) training, as well as hosting
theoretical research in the field of Spanish studies.
Among these are the Moscow, Leningrad, and Kiev
schools of Spanish studies.

A special place among the works of this period is
occupied by Stepanov’s monograph ‘Spanish Language
in Latin America’ [15] based on the author’s doctoral
thesis (the same researcher also subsequently published
a monograph ‘On the Problem of Linguistic Variation.
Spanish Language in Spain and America’ [16], whose
content largely overlaps with the work considered
here). In the Russophone literature, this represents
the first experience of creating such a compendium of
the linguistic picture of Latin America. As Stepanov
himself notes, his work was inspired by the need
to study the American version of Spanish due to
expanding contacts with this region [16]. While it
would not have been possible to consider all versions
of Spanish in Latin America equally in one monograph,
this work established a clear direction for further
research. The main result of the work is the author’s
compelling evidence for the need to study the American
Spanish in detail, not as a deviation from the norm
(i.e., the Castilian version), but as an independent
linguistic unit. Unfortunately, a detailed study of Latin
American Spanish in the USSR has not been widely
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and systematically developed, despite the occasional
publication of individual works [17-19]. In addition,
this vector has only partially been implemented in the
Spanish teaching practice, as will be described further
in more detail.

This later period is characterized by an increase in
the number of textbooks presenting general Spanish
curricula of various orientations, including textbooks
published for both linguistic and non-linguistic
institutions. This indicates the growing popularity of
Spanish as an object of study among students in various
fields despite other major European languages like
French and German continuing to be more prevalent.

In terms of their content and methodology, the
considered works are characterized by a certain diversity.
One of the first textbooks of this period for language
universities is the ‘Textbook of Spanish Language’ by
N.A. Velikopolskaya and V.I. Rodriguez—Danilevskaya
published in 1963 [20]. In terms of methodology, this
work is based on the principle of parallel mastering
phonetic and lexico-grammatical skills. While the
selection of lexical and textual material is quite standard,
since it reflects everyday themes (“Home,” “My Family,”
“Atthe Institute,” etc.) and the contemporaneous realities
of social life (“In the Lenin Museum,” “November 77),
the authors also demonstrate a strong bias towards
the literature of the Spanish Golden Age (fragments
from the works by Lope de Vega and Francisco
Gomez de Quevedo y Villegas) and realistic prose
(Pedro Antonio de Alarcon and José Herrera Petere).
The textbook also contains several texts on Argentinian
and Uruguayan topics, which is rather unusual for Soviet
textbooks due to the ideological difference between
USSR and Argentina [21].

By way of comparison, we can analyze the textbooks
for students attending non-linguistic universities. This
includes, for example, the ‘Spanish Textbook’ for the
first year of non-linguistic faculties of universities [22].
While it is methodologically similar to the previous
one, the subject matter of many of the included texts
(“Medical Equipment,” “Vitamins,” etc.) suggests that
the course is addressed, among others, to physicians.
This seems quite significant, since Spanish textbooks
with such a narrow focus are rare in Russia.

The Spanish textbook written by Yu.A. Smych-
kovskaya is addressed to the HEI students of non-
linguistic specialties. Featuring fairly standard content, it
presents grammatical topics with increasing complexity
and building in parallel lexical skills on the basis of
texts of various topics: the first one covering domestic
themes followed by some ideologically expressed texts
about Latin America, Lenin, and the Cuban figure José
Marti [23].

Discussing the increase in the number of textbooks
and manuals, it is worth noting the presence of not only

general Spanish language courses, but also a variety of
specialized publications covering specific aspects of
Spanish studies, such as lexicology, history of language,
theoretical grammar, etc. Some of these special works
are designed not only for future Hispanists but also to
include a wider range of readers. An example is ‘Spanish
Language. Historical and Linguistic Essay’, a brief
training manual authored by S.P. Mamontov [24]. To
some extent, the presence of such works is an indicator
of widespread interest in Spanish language.

During this period, a fair amount of attention is
paid to the development of grammatical understanding.
Moreover, this applies not only to general courses of
practical and theoretical grammar, but also such aspects
as grammatical stylistics and situational speech grammar,
thus indicating a certain level of research depth. Each of
these aspects will be considered in more detail.

The acknowledged leading university textbook on
theoretical Spanish grammar written by Vasil’eva-Shvede
and Stepanov [25] focuses on morphology and syntax.
The authors present the grammatical features of all
parts of speech in the context of contemporaneous
innovations, including the extensive use of foreign
material, in the presentation of theoretical grammar.
Although in this case, the analysis is based mainly on
authentic Spanish material, this raises few questions
concerning the difference between the Castilian and the
Latin American version, since in grammatical terms, this
is fairly insignificant (this, however, is not the case with
lexis and phonetics). The most noticeable differences
(e.g., in the use of personal pronouns) are marked by the
authors’ note.

An example of a more practical grammar course
is the ‘Spanish Language Handbook’ written by
S.I. Kanonich, in two volumes [26, 27]. It is obviously
aimed at students already having a basic knowledge
of Spanish grammar, since the first lessons include the
analysis of past tenses. There is also a lexical component
presented by texts on various topics. The first volume
mainly consists of texts on everyday life topics, while
the second contains a considerable amount of popular
science and linguistic materials, such as “Louis Pasteur”
or “Cuba.”

The textbook ‘Situational Speech Grammar of the
Spanish Language’, also written by Kanonich [28],
representing the first work on this subject published
in Russian, is aimed at advanced Spanish learners.
Essentially, the work examines the stylistics of the
language in terms of functional grammar. Moreover,
situational speech grammar is considered by the author
as a part of linguistic and cultural studies, being a
necessary component of understanding social spheres of
communication, without which it would be impossible to
fully master the cultural component of foreign language
communicative competence.
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To a certain extent, Kanonich’s works are
complemented by the textbook on grammatical
stylistics of Spanish language written by N.M. Firsova.
The author focuses on the functional approach to
language learning [29], i.e., its learning in the context
of its subsequent practical application. Despite stylistic
functions of grammar being less distinct than lexical
functions, Firsova rightly draws attention to them,
especially in the view of insufficient knowledge
concerning these aspects of linguistic competence.
Mastering stylistic functions of grammar features
is of undeniable importance for future linguistic
professionals since it allows them to achieve a high level
of proficiency. Authentic Latin American materials,
mostly of Cuban and Ecuadorian origin, are used to
support the analysis.

Of great interest is the textbook on prepositions
written by M.N. Deeyv, this being a traditionally difficult
grammar topic [30]. Practically all Spanish prepositions
are explained in sequence along with examples.

The important subject of the history of the Spanish
language is covered in the textbook ‘Historia de la
Lengua Espafiola’ written by E.V. Litvinenko [31],
which has successfully passed through several editions.
This now classic work analyzes the formation and
development of the Spanish language according to a
historical perspective, from Vulgar Latin to the present
state. However, its focus is firmly on the Castilian
version, with practically no information on Latin
American versions.

The specialized works addressed to students of
Hispanic Studies can be analyzed on the basis of their
subject matter and thematic orientation. In addition to
the above-mentioned lexicology, language history, and
grammar, reference should be also made to phonetics
and the theory and practice of translation.

The increasing number of textbooks on Spanish
phonetics [32-35] confirms the relevance of this
topic for teaching practice. It is significant that these
textbooks have been published consecutively at all
three academic centers of Spanish studies mentioned
above, thus demonstrating the demand for the subject
and the intensity of its scientific development. In terms
of methodology, these works are based on a theoretical
approach, with much attention paid to analyzing and
describing the organs of articulation, their position in
pronouncing certain sounds, etc.

The material presented in the textbooks reflects
the relevance of such problems as the orthoepic
norm. In general, the authors solve it in favor of the
Castilian version, citing the following considerations
as arguments: the impossibility of defining a “Latin
American” pronunciation norm [34]; the possibility
of Latin American versions seeming ridiculous in
Spain [35]. At the same time, some authors do include

material on the phonetic features of Latin American
Spanish [36]. This results in the paradoxical situation:
despite Soviet Hispanists being mainly in contact
with Latin American colleagues, they were taught the
phonetic norms of the Castilian version in the first
place.

It should be acknowledged that the Soviet school
of Spanish studies has found itself in a difficult
position in this respect; an entirely rational and
satisfactory solution has yet to be found. There is no
denying the above argument that no “Latin American”
pronunciation norm exists as an objective reality.
Although the corresponding term continues to be
used in scientific literature and teaching practices, not
only in Russia, it should be regarded as a conditional
construct, being convenient in use, but only
approximating reality. In turn, the linguistic reality
Hispanists and all Spanish learners are confronted
with is the variety of national versions of Latin
American countries, which can differ from each other
significantly.

Conversely, the phonetic norm of “classical”
Castilian Spanish, it is treated as an objective reality
in all the textbooks under consideration. However, it
should be borne in mind here that Castilian Spanish also
has a high degree of dialectical variability. This is typical
not only for Latin America but also for Spain itself (there
are Andalusian, Catalan, Galician, and a number of other
dialects). Although the prescribed literary pronunciation
norm does exist, is not absolute.

Among the works devoted to translation, the
‘Textbook of Interpreting from Spanish for Institutes
and Faculties of Foreign Languages’ by various
authors [37] along with ‘Difficulties in translating
from Spanish to Russian’ by N.D. Arutyunova [38]
should be highlighted. These textbooks are intended not
just for future Spanish speakers but also for students
having already mastered the language at a sufficiently
high level. In the introduction, Arutyunova states
that her work is aimed at 2-3 semester postgraduate
students.

The first textbook is intended primarily for
practicing interpreting skills, while the second one
is focused to a greater extent on written translation
in the context of fiction and sociopolitical literature.
Despite the practical bent of the textbooks (aimed at
developing a stable set of essential skills for high-
quality translation), they also contain a considerable
amount of theoretical material. This is especially true
of the textbook by Arutyunova, which contains detailed
reviews of the most grammatically complex aspects
of the Spanish language (phrasal verbs, emphatic
constructions, special cases of pronouns, etc.), which
are traditionally given little attention in general
grammar courses.
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The textbook of interpreting, which also covers
theoretical issues, is mainly focused on classifying and
analyzing difficulties that arise during the process of
interpretation. Special emphasis is placed on phonetic
and lexical difficulties. This textbook is based mainly
on the Latin American material, especially Cuban. The
topics are also typical including the industrialization of
Cuba, the struggle for independence in Colombia, etc.
As Arutyunova notes, the materials appearing in the
textbook are taken from Spanish and Latin American
literature, as well as from the Communist press of
Latin American countries. This is not surprising, due
to the contacts actually being maintained between the
Soviet Union and various Latin American countries,
as noted above; for this reason, the focus on Latin
American materials for teaching future Hispanists
seems rational.

CONCLUSIONS

The review of the main textbooks, manuals, and other
works having influenced the teaching process allows
some conclusions to be drawn concerning axiological
aspects of teaching Spanish in the USSR. These can be
conveniently divided into two groups: (1) scientific and
scientific-pedagogical; (2) sociological and other aspects
(e.g., ideological). Although the boundary between these
groups is not absolute, it can be drawn for the purposes
of ensuring maximum clarity of the issue under study.

As the title of the paper implies, the scientific aspects
are directly related to the development of Spanish studies
as a theoretical discipline along with its teaching. This
includes the methodology and thematic orientation of
the studied material.

The highly diverse thematic component is
characterized by a high level of scientific research. The
significant contribution made by Soviet Hispanists to the
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