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Abstract
Objectives. The widespread use of systems for cap
image. This type of capture, although qualigiively su

iglds is due to the high quality of the reproduced
ditional methods to capturing volumetric images,

generates a huge amount of data needg onstrucfthe original captured 4D light field. The purpose of the work
is to consider traditional and extendg age compression algorithms, to perform a comparative
analysis and determine the most

Methods. Mathematical met pcessing and methods of statistical analysis are used.

Results. Algorithms are ! d in relation to the compression of four-dimensional light fields
using the PSNR metric. evalua®on criterion is affected not only by the dimension of the compression

the baseline of the capture setting, since the difference between images
increases with thallistange betwee
of an array of nfat{e W camer€s located on racks and placed in a room, the obvious choice would be to use
conventiongli

Detween the optical centers of the captured images, the use of video compression algorithms
is preferabl s use of image compression algorithms, since they show better results in both three-dimensional
and four-dimgsional versions.

Conclusions. A comparison of the results obtained shows the need to use algorithms from the video compression
family (XVC, AV1) on installations with a long baseline (mounted on camera stands). When working with integrated
light field cameras (Lytro) and setting the capture with a short baseline, itis recommended to use image compression
algorithms (JPEG). In general, video compression algorithms are recommended, in particular XVC, since on average
it shows an acceptable level of PSNR in both the case of a short and long installation baseline.

Keywords: 3D visualization, 4D light field, light field compression
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Pesiome
Llenn. LLInpokoe pacnpocTpaHeHne
M3BOANMOIrO n3obpaxeHus. IToT B

BeTOo®bIX Nonemn o6ycn03neH0 BbICOKMM Ka4eCTBOM BOCIMPO-
a4eCTBEHHO NpeBoCxXoanT TpaanuMOHHbIE NoAXoAbl K 3a-

NCXOAHOMO 3aCHSATOrO YeTbl ; g nona. Llenb paboTbl — paccMOTPEeTb TPAANLMOHHbLIE U pacLun-
OUTMbI CXXaTUS N3006PAXKEHN, MPOBECTU UX CPABHUTENbHbIN aHaNnM3

PesynbTarbl. M aHanmM3 anropuTtMOB NMPUMEHUTENBHO K CXaTUIO YeTbIPeXMEPHbIX CBETO-
BbIX NONENn C
He TOJIbKO pa3m MTMa CXaTtus, HO Takxke 1 paccTosiHue 6a30BOW NIMHUM YCTAHOBKWM 3axBaTa, Tak Kak
MW YBEJINYMBAETCS B 3aBUCUMOCTM OT PACCTOSHUSA MeXAy ONTUYECKUMU LeHTpamMm

AKKe, NCXOAS N3 OLEHKM NPOM3BOJSIbBHOCTEN METOA0B CXaTUs BUAEO, 3aMEYEHO, HTO ajirOPUTM
XVC oCTa@E. 3 000LEHEHHBIM, XOTS €r0 pe3ynbTaThl OKa3blBAOTCS Bbille OCTasNbHbIX. Cneaylowym no 3Ha4MMo-
CTW MOXHO TaTb anroput™ AV1. YCTaHOBIEHO, YTO HOBEWLLVE airOPUTMbI CXaTusl NoKasbiBaloT 60J1ee BbICOKYHO
NPON3BOAUTENBHOCTb MO OTHOLLEHWNIO K CBOUM NMpeALlecTBEHHMKAM. [1poaeMOHCTPUPOBAHO, YTO NPU HEGOSLLLOM
pacCTOsHUM MeXAay ONTUYECKMMU LIEHTPaMK 3anedyaTieHHbIX U300paxeHnin NpuUMeHeEHNEe anropuTMOB CXaTusi
B1AeO 6onee NpeanoyTUTENbHO, YeM NPUMEHEHNE anropuTMOB CXaTusi M300paXeHUin, Tak Kak OHM MOKa3blBAOT
60see BbICOKME pedynbTaThl Kak B TPEXMEPHOM, TakK U B YETLIPEXMEPHOM BapuaHTe.

BbiBoAbl. CpaBHEHVE NOJTYYEHHbIX PE3Y/IbTATOB NOKa3blBaeT HEOOXOAUMOCTb MPUMEHEHMWS HA YCTAHOBKaX C AJIVH-
HOW 6a30BOW NIMHWEN (YCTAHOBMIEHHbIX HA CTOMKax KamMepbl) anropuTMOB U3 CEMENCTBA CXaTus BUAE03anucem
(XVC, AV1). Mpwn paboTe c MHTErpMpoBaHHLIMM KaMmepamMmn CBETOBOro nons (Lytro) 1 ycTtaHoBKOW 3axBaTta ¢ KOpOT-
Kol 6a30BOW NMHMEN PEeKOMEHAYeTCs UCMONb30BaTb aJITOPUTMbI cxaTus nsodbpaxeHunii (JPEG). B obwiem cnyydae
pEeKOMEeHAYeTCS UCNONb30BaTb aIFOPUTMbI CXaTUS BUAEO, B HACTHOCTM XVC, NOCKOMbKY B CPEAHEM OH NOKa3biBaET
npuemnemMsbin yposeHb PSNR kak B cniyyae ¢ KOPOTKOM, Tak U C AJIMHHOM 6230BO IMHUEN YCTaHOBKM.

KnioueBbie cnoBa: 3D-Budyanmsauuu, 4D-cBETOBOE NoJsie, cXaTue CBETOBbIX MNOJEN
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npospaqucn. dwmauconoﬁ AedaTesibHOCTU: ABTOpr He NMetoT d)IAHaHCOBOVI 3anHTEepPeCOBaHHOCTW B nNpeacTaBieH-

HbIX MaTepmnanax nam Metogax.

ABTOPbLI 3a9BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

By its nature, light field information describes
the parameters of light emitted from a point in space
captured, for example, by a large number of cameras
[1] or a light-field imaging camera [2] based on the
light field principle [3]. Requirements for the storage
and transmission of such data often come down to
increasing the volume of their storage and improving the
performance of transmission channels. Therefore, the
development and research of compression methods for
light fields has become increasingly important in recent
years. Although there are many effective compression
formats for still and moving images, little research has
been reported in the literature on the influence of these
methods on the properties of light field images [4]. In
this work, we assessed the impact of modern metho
image and video compression on the quality of ima
obtained based on light field data. These methods inclu

light field data can
independent still j

standard for encoding video transmitted over the Internet. It
replaces the VP9 video encoding format developed by Google.
According to [5], AV1 outperforms H.265/HEVC by 17% and
VP9 by 13% over a wide range of bitrates/resolutions. Developed
by the Alliance for Open Media (AOMedia), created in 2015 and
comprised of electronics, video-on-demand, and web browser
companies (AMD, Apple, Arm, Broadcom, Intel, Nvidia,
Amazon, Facebook, Google, Hulu, Netflix, Mozilla, Microsoft).
Timothy B. Terriberry. Progress in the Alliance for Open Media
(slides). URL:  https://people.xiph.org/~tterribe/pubs/lca2017/
aom.pdf (18 January 2017). Accessed June 22, 2017.

2 XVC is a video encoding format with a strong focus on low
bitrate streaming applications. The official website (URL: https://
xvc.io/. Accessed December 04, 2021) claims that the codec is
superior to AV1, H.265/HEVC, and VP9.

the absolute position of the viewpoint (Fig. 1). The result
of the execution of the P function is a color that describes
the visual representation of the observed point in space.
The parameter 7 (time) can be added definition of
the function P in order to descril scene.

ing a scene from one viewing position.
g licity, the viewing angle is specified
for one spherical coordinate

ur objective is to describe the scene by shooting
either with multiple cameras (camera array) or with a
single compact array with microlenses in front of'it, such
as in Lytro. In this case, the aperture can be depicted as
a grid of views (cameras) located on a two-dimensional
plane. This case is illustrated in Fig. 2, where the distance
on the line passing through the base points between the
individual views is described by the parameter d. This
representation is often referred to as a 4D light field
(LF) since we are dealing with a light field function L
sampled in four dimensions (k, /, m, n), where (m, n) are
pixel coordinates; (k, /) are subaperture image indexes.

Fig. 2. Capturing a 4D light field with a camera array

The light fields received by one compact single
device have limitations on the viewing angle. Light
fields based on multiple cameras provide large viewing

Russian Technological Journal. 2022;10(4):7-17
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Fig. 3. Data flow diagram of the technique for comparing compression algorithms

angles by distributing camera arrays in the space around
the object. In practice, the number of views located on a
two-dimensional plane varies from a couple units. Given
the high resolution of the sensors, it is not surprising
that the volume of light field data is enormous. As an
example, consider the “Treasure Chest” light field?
(Fig. 3) taken from the Stanford Light Field Archive.
This field is captured using a 17 x 17 grid of cameras
with an image resolution of 1536 x 1280 pixels. The size
of uncompressed data exceeds 1 Gb. When using photo
sequences to organize footage, storage and transmission
requirements will increase proportionately.

METHODS FOR COMPRES

fields have been propos
Using some of these

methods ble to 4D light field data. These
methods ing#de the latest video compression standards,
especially AV1 (approved in June, 2018) and XVC
(version released in July, 2018). In order to make a
comparison, we refocus the original and decompressed
light field. The evaluation is then carried out using the
PSNR (peak signal-to-noise ratio) metric as a full-scale
quality benchmark.

Separate displays from the original light field are
usually not rendered. Therefore, it makes no sense
to directly compare the original and decompressed
light fields, although such methodology is usually
used to evaluate the performance of one kind of
compression. For this reason, the compression

3 Standford light-field dataset. URL: http://lightfield.
stanford.edu/?gclid=Cj0KCQiA47GNBhDrARIsAK{Z2rD2CB3
IMtzHIXPrOuXM_KJm tEIIZIZLviFERCFsasV9JygG55uBlaAt
RTEALwwcB. Accessed December 04, 2021.

in the focal plane. The
llustrated in Fig. 3. Note that

ht field contains a 2D grid of 2D views
aptured from cameras. The baseline length between
dual views varies from a few millimeters

icrolenses) to a few centimeters (camera array).
Therefore, it is natural to expect a high level of
similarity between views adjacent in either of the
two grid directions. This similarity opens the way to
understanding 4D light field data as a video sequence
moving between viewpoints. Alternatively, we can
consider a 4D light field as 3D or directly as a 4D body.
The approaches described above can also be found in
light field compression using an image, video, 3D or 4D
image coding system (although other approaches are
possible, for example, using 3D video).

In recent years, the compression performance of
various approaches to light field imaging have been
compared and evaluated.

In [4], the authors evaluated the performance of the
main image coding standards with independent views
and H.265/HEVC* with independent views. The label
“with independent views” indicates that the individual
views have been compressed independently of each
other. Approaches to video encoding were not evaluated
in the work. As expected, the H.265/HEVC internal
profile proved to be the most efficient compression
method.

In [7], the authors compared the compression
performance of three strategies using the H.265/HEVC
codec. The first strategy performs compression directly

4 H.265/HEVC is a high efficiency video coding; MPEG-H
is a video compression standard developed as a successor to the
widely used H.264/AVC (MPEG-4).
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on the original light-field image. The following strategy
organizes the views of the 4D light field into a pseudo-
temporal sequence in a spiral order and subsequently
compresses them. In the latter strategy, compression
occurs on a subset of images extracted from the light-
filed image by transforming into a four-dimensional
light field. The results of the work carried out by the
authors show that the encoding of a four-dimensional
light field leads to better performance when compared to
direct encoding of images received from cameras.

The authors of [8] compared the performance of
JPEG’, JPEG 2000, and SPIHT® directly on images
obtained from camera matrices. The comparison was
carried out using the same methodology as in this
article. As you might expect, JPEG 2000 shows the best
compression performance.

In [9], the authors proposed to rearrange the 4D light
field as a tiled representation of a large rectangular image.
This image was then compressed using a JPEG 2000
encoder. The proposed scheme was compared with
standard image encoding algorithms, namely JPEG 2@Q0

light field data.
In [10], the author reconstrugt
light field into a three-dimensi

construction of superbeams which limit the superpixels
that form a given superbeam. This constraint is
necessary in order that superbeams can be used to
support angular dimensionality reduction based on low-
rank matrix approximation. Then, an approximation of
the low-rank matrix for the superbeams is calculated
with inconsistency compensation using singular value
decomposition (SVD). The base vectors are then
encoded using HEVC or JPEG-Pleno VM 1.1 for each
individual representation.

In [14, 15], the authors propose a hierarchical
coding structure for four-dimensional light fields. The
4D light field is broken down into several views and then
organized into an encoding structure according to spatial
coordinates. All representations are coded hierarchically.

3> JPEG—Joint Photographic Experts Group, titled after the
name of the developer.
6 SPIHT is a set partitioning in hierarchical trees.

The scheme is implemented in the H.265/HEVC
reference software.

In [16], the authors propose an encoding scheme
which divides a four-dimensional light field into several
central views and other adjacent views. The adjacent
views are subtracted from the center views, and then
both groups are encoded using the H.265/HEVC codec.
The authors of [17, 18] transfer the four-dimensional
light field to the H.265/HEVC codec using the inter-
prediction mode for individual LF vieyigimally, great

folfowing image encoding methods:
2000. In [21] they are called methods
imilarity. The second group includes video
oding methods: H.265/HEVC, AV1, VP9, and XVC.
are generally referred to as pseudo-sequence-based
methods. The third group extends methods for encoding
images in three dimensions. This group consists of
JPEG 3D and JPEG 2000 3D. Note that JPEG 3D refers
to a 3D image and not to a pair of stereoscopic images.
The fourth group extends image encoding methods in
four dimensions. However, there is only one method in
this group—JPEG 4D.

The following codecs are used to assess the above
methods: OpenJPEG, x265, libaom (AV1 codec library),
libvpx (VP8/VP9 codec SDK), and XVC codec.

INITIAL DATA

This section presents the data set, the multifocal
imaging method, the experiments performed with this
data set, and the results obtained.

The data set consists of four 4D light fields based on
two types of capture devices. Two light fields were taken
with a Lytro [llum BO1 light-field camera (manufactured
by Lytro, USA), and the other two were taken with
conventional DSLR cameras.

The first conventional camera light field was
captured with a multi-camera array, and the second with
a simple motorized setup equipped with a Canon Rebel
XTi digital camera (manufactured by Canon, Japan).
The corresponding resolutions and corresponding
image divergence ranges are listed in Table. The values
in the last column—image divergence—describe the
difference in pixels in the location of the same 3D
object projected onto images taken by the camera or
calculated from the light-field camera image, in the
case of Lytro.
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Fig. 4. Data set used f

As can be seen, the range of discrepancies wil
narrow (from —1 to +1 pixels) for a light fiedaith a de

wide (from 40 to 90 pixels) for i
array of cameras. These value

The first and
taken wg ht-fie

is achieved Yng the shift-sum algorithm [22]. This
algorithm shifts subaperture images (views) according
to the optical center of the camera relative to the camera
baseline relative to the reference frame and accumulates
the corresponding pixel values. The refocused image will
be the average of the converted images. The calculation

Table. Dataset used for comparison

Left to right: Danger de mort, Chessboard,

the pixel value at point (m, n) of the refocused image
given by the equation:

Ey(m,n) = %ZkJL(k,l,m+ ok,n+al), (1)

where N is the number of summed images; o is the distance
of'the synthetic plane from the main lens; £ and / are indices
of the subaperture image of the light field representation;
ok and o/ are the shift parameters with respect to the
reference system. Linear interpolation was also performed
in the last two 4D measurements, in order to convert the
sampled light field function to a continuous one.

EXPERIMENT O

It is worth clarifying in advance whether it is really
necessary to evaluate the quality of images displayed
for several focal points, rather than on the original data
(that is, directly compare the original and decompressed

Description Source Resolution Discrepancy in pixels
Danger de mort EPLF dataset 15 x 15 x 625 x 434 From —1 to 1

Chessboard Saarland University 8 x 8 x 1920 x 1080 From 40 to 90
Treasure Chest Stanford Computer Graphics Lab 17 x 17 x 1536 x 1280 From —1to 7

Palais du Luxemburg

EPLF dataset

15 %15 x 625 x 434

From —1to 1

12

Russian Technological Journal. 2022;10(4):7-17



Comparative analysis of compression algorithms
for four-dimensional light fields

Roman G. Bolbakov, Vladimir A. Mordvinov,
Artem D. Makarevich

set of images). A quick experiment shows that there is
a big difference between these approaches (Fig. 5). It
is about 10 decibels in PSNR depending on the bit rate
and compression method. This can be explained by the
fact that any pixel in the displayed form is the sum of
the pixels from the 4D light field, so this sum together
reduces compression artifacts. In other words, we can
afford to compress 4D light fields much more than
independent images while maintaining the same visual
quality of the displayed image.

Figure 5 shows the difference in quality evaluation
using a 4D light field directly compared to using images
rendered at virtual focal planes. The illustration is shown
on the Danger de mort light field.
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EXPERIMENT 1

As can be seen from the literature review, most
present-day approaches to light field compression process
either 2D data or its sequence (video compression). The
compression of 4D light field images is still a relatively
unexplored area. Since the 4D light field is sequences
of 2D images (viewpoints), 2D compression techniques
can be used to independently encode the viewpoints.
However, such methods do not allow the use of pixel
correlations in all four dimensions. A similar reasoning
can be applied to 3D methods. In our Experiment 0, we
were interested in studying the effects of contraction
of light fields in three and four dirg _ In order
to fairly evaluate compression pg
compression method must be us

s. Since the similarity of
and 4D is highly dependent
different results can be expected.
experiment is shown in Fig. 6. In each

ixel) and the vertical axis shows the average PSNR for
®le rendered focal plane viewpoints.
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Fig. 6. Experiment 1: performance comparison of image compression methods:
(a) Danger de mort, (b) Chessboard, (c) Treasure Chest, (d) Palais du Luxemburg
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For light fields with a small baseline (Danger de
mort and Palais du Luxemburg), both 3D compression
methods clearly outperform their 2D counterparts over
the entire bitrate range. Likewise, the 4D JPEG method
is clearly superior to its 3D counterpart.

This is not surprising since pixels in the same spatial
position in neighboring views are highly correlated.
However, the situation changes as the baseline increases.
In doing so (Treasure Chest and Chessboard), adjacent
views become less and less similar, resulting in higher
amplitudes of base transform coefficients. Consequently,
the situation is changing in favor of compression
methods with smaller sizes.

Considering the JPEG method, Treasure Chest is a
special case since it contains a large number of black
pixels. It turns out that it is more efficient to compress
these solid areas at once with a single 4D block rather
than with multiple 3D blocks. Likewise, it is more
efficient to use one 3D block than multiple 2D blocks.

EXPERIMENT 2

The second thing to note in the previous section is
the use of video compression standards. The question
arises whether it is better to compress 4D light fi
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as a sequence of 2D frames or as a multidimensional
body? Therefore, we measured the performance of all
the above video compression standards. The results can
be seen in Fig. 7. This time the results for only two light
fields are shown for brevity.

Interestingly, the XAVC codec actually showed
better compression performance than HEVC and AV 1.

In order to answer the question, “What is the
best compression method for these light fields?”, an
additional comparison of the results with the most
efficient methods from Experiment 1 was carried out.
The overall comparison is shown in Fig. 8. Interestingly,
video compression methods perfoiy than all
heir 3D

the original version is a
an array of cameras, image
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Fig. 7. Experiment 2: performance comparison of video compression methods.
Fields used: (a) Danger de mort, (b) Chessboard
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Fig. 8. Performance comparison of video compression methods in relation to image compression algorithms.
Fields used: (a) Danger de mort, (b) Chessboard
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Abstract

Objectives. When creating models of system dynamics, the basic construct at the design stage is the representation
of the process under study in terms of a causal relationship consisting of a positive feedback loop and a negative
feedback loop. The construction of a model of a dynamic environment can experience a number of difficulties in
using feedback. This work shows the possibility of designing modules of system dynamics for decision-making
systems based on the situational-activity approach. The study proposes the gap in knowledge about models of
system dynamics to be filled with a conceptual model of an act of activity, by means of which an expert system can
be implemented based on production rules. In this context, conceptual models are applied to human reasoning
with reference to certain types of activity. The objective of the study was to investigate the possibility of applying
the situational-active approach to designing models of system dynamics of infectious diseases based on particular
representations of the conceptual structure of the act of activity.

Methods. By synthesizing Bolotova’s situational algorithm and Shchedrovitskiy’s system-activity approach,
the conceptual structure of the act of activity is presented as a methodology of the situational-activity approach.
The analysis of this structure leads to the construction of a plan of processual structure and a plan of analytical
relationships. The article proposed a hypothesis that the process representations describe the notation of flows and
levels, and the analytical relationships implement differential equations. In order to prove this hypothesis, the subject
area of infectious diseases was investigated.

Results. Based on the set of these plans, a graphic image was synthesized for constructing models of system
dynamics, which is identical to the diagram of flows and levels of development of the SIR process. However, the
problem of constructing conceptual structures is nontrivial, complex, and laborious. Therefore, the Designer—Solver—
Interpreter software suite was implemented. The software tools enable a visualization of the conceptual structures
and implementation of the knowledge bases for expert models of system dynamics. It also tests the completeness
and viability of the model.

Conclusions. To date, there is no single conceptual structure for designing expert systems and situational and
simulation dynamic models. The proposed method and software tools allow these problems to be resolved using
the situational-activity method. Various types of dynamics in expert systems interact, thus confirming the reliability
of knowledge in the models of system dynamics. The conceptual structures of the act of activity are the core part of
designing expert systems, while he derivative process and analytical representations of the act of activity are the core
part of developing modules of system dynamics.

Keywords: situational-activity approach, conceptual structure of an act of activity, process representations,
analytical representations, models of system dynamics
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IIpoexTUpoBaHUEe MOAYJIEH CUCTEMHON TUHAMUKHA
B CHUCTEeMAaX MOAAEPKKU NMPUHATUHS PellieHun
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Pe3iome

Llenu. MNpu npoekTMpoBaHMM MOAENEN CUCTEMHOM ANHAMUKN GA30BbIM KOHCTPYKTOM CTaaun NMpOeKkTUpOBaHUS
ABNSETCH NPeACTaBlEHME UCCIeAyeMOro nNpoLecca B TepMUHaxX NPUYMHHO-CNEACTBEHHONW CBA3M, COCTOSALEN N3
neTenb NOJSIOXUTENBHO 1 OTpULATENIBHON 06paTHON cBS3W. MNpn NOCTPOEHUN MOAENN ANHAMUYECKOM Cpebl BO3-
HUKaeT pag, TPYAHOCTEN UCMNONb30BaHNs 0OpaTHOWN cBA3W. HacToswee nccnegoBaHne nokasslBaeT BO3MOXHOCTb
NPOEKTUPOBAHNS MOAYNIEN CUCTEMHOW OAMHAMUKM AN CUCTEM MOAAEPXKN MPUHATUS PELLEHMIA HA OCHOBE CUTYa-
LMOHHO-AEATENbHOCTHOrO noaxoaa. Npeanonaraetcs BOCMOMHUTL HEXBATKY 3HAHUN O MOAENAX CUCTEMHON Au-
HaMVKWN KOHLLENTYaslbHON MOAENbIO aKTa AESATENbHOCTU, C MOMOLLbIO KOTOPOW MOXET pPeann3oBaTbCs SKCnepTHas
CUCTEMA Ha OCHOBE MPOAYKUMOHHbIX npasui. KoHuenTyanbHble MOAEAN NMPU TaKOM acnekTe NMPUMEHSIOTCH K Ye-
JIOBEYECKMM PACCYXOEHMSM C NPUBSA3KON K ONPeAENIEHHbIM BUAaM aeaTensHocTu. Lenbio paboTbl sBnseTcs mc-
cnenoBaHne BO3MOXHOCTU MPUMEHEHMUS CUTYAUMOHHO-AeATENbHOCTHOrO NoAX0Aa A NPOEKTUPOBAaHNSA MOAENEN
CUCTEMHOW AMHAMUKM MHDEKUMOHHBIX 3a00/1€BaHNIN HA OCHOBE YaCTHbIX NPeACcTaBNeHn pa3paboTaHHOM KOHLEeN-
TyanbHOWM CTPYKTYPbl akTa AEeATENbHOCTH.

MeTopbl. Ha ocHOBEe cuHTE3a ABYX NOOAXOAOB — CUTYaUMOHHOro, npeanoxeHHoro J1.C. bonoToBowr, 1 CUCTEMHO-
[eATenbHOCTHOrO, npeasnoxeHHoro .M. LLleaposuuknm, npeactaBneHa KoHUenTyanbHas CTPYKTypa akTa oedTerb-
HOCTW KaK METOAMKA CUTYaUMOHHO-AEeATENbHOCTHONO NoAxoaa. AHanmM3 AaHHOW CTPYKTYPbl NMPMBOANT K NOCTPOE-
HUIO MPOoLLECCyanbHOrO NiaHa 1 ninaHa aHanuTUYeCckmnx 3akOHOMepHOCTeN. bbina npoBepeHa cnefytoLas rmnoTesa:
NPOLLECCHbIE MPEeaCTaBfeHNsT OMMCbIBAIOT HOTAUMIO MOTOKOB M YPOBHEN, a aHanuTuyeckme 3aKOHOMEPHOCTU
peanusyloT anddepeHLumanbHble ypaBHeHus. Onsa nokasaTtenbcTBa rmnoTesbl UccnenoBanack npegmeTHas o0-
NaCTb NHMEKLMOHHbIX 3a00/1eBaHNIA.

PesynbTatbl. Ha COBOKYNMHOCTN Aa@HHbIX MIAaHOB CMHTE3MPOBAH rpaduyecknii obpas nons NocTpoeHus MoAEeNei
CUCTEMHOW AMHAMWNKM, KOTOPbIN NAEHTUYEH guarpamMmmMe NoTOKOB 1 ypoBHeN pa3smutusa SIR-npouecca. OgHako 3a-
[a4vy NOCTPOEHUS KOHLLENTYyasbHbIX CTPYKTYP CNneayeT Npu3HaTh HETPUBUASIBHOWM, CIIOXHOW 1 TpygoemMkomn. [oaTto-
My pPeann30oBaH NPOrpaMMHbI KOMMIEKC cneaytoLwero coctana: «Odpopmutenb», «Pewwatene» n «MHTepnpeTaTop».
MporpamMMHbIA MHCTPYMEHTAPWIA NO3BOJIU BU3YaNM3npPOBaTh KOHLEMNTYaslbHbIE CTPYKTYPbl U peann3oBaTtb 6a3bl
3HaHWI A58 9KCNEPTHbIX MOAENEN CUCTEMHOM AVHAMMKU, @ Takxke NPOBECTU UCCNEe0BaHNs Ha MONHOTY U aAeKBaT-
HOCTb MOAENN.
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BbiBOoAbl. Ha cerogHaWwWHMN OeHb HE CYLLEeCTBYET €0MHON KOHLENTYyaslbHOW CTPYKTYPbI A1 NPOEKTUPOBAHUSA 9KC-
MEepPTHbIX CUCTEM, CUTYALMOHHbBIX 1 UMUTALMOHHBLIX AMHaAMUYeckux mogenei. MpennoxeHHblin B pabote meton u
MPOrpaMMHbIN MHCTPYMEHTaApPUIA NO3BOASET PELWNTb AaHHbIE 3a4a4M Ha OCHOBE CUTYaLMOHHO-AEATE/IbHOCTHOIO
MeToda. Takum 0oOpa3oM, OCYLLECTBASETCA B3aMMOOENCTBME Pas/iMYHbIX BUOOB OEATESIbHOCTU B 9KCMEPTHbIX
cucTemax, TeM caMbiM NOATBEPXOAETCA OCTOBEPHOCTb 3HAHMM B MOAENSAX CUCTEMHOW AnHaMnKn. KoHuenTyasnb-
Hble CTPYKTYPbI aKkTa AeATENbHOCTU ABASIOTCS SAEPHON YaCTbiO NPU NMPOEKTUPOBAHNM SKCMEPTHbLIX CUCTEM, a Mpo-
M3BOOHbIE NPOLLECCHbIE N aHANIMTUYECKME NMPEeaCcTaBNEHNS aKTa AeATEeIbHOCTY ABAAIOTCS S0EPHOM YacTbio Npu pas-

paboTke Moaynen CUCTEMHOWN ANHAMUKMA.

KnioueBble cnoBa: CUTyauMOHHO-AEATENBHOCTHbIN MOAX0A, KOHUENTyabHas CTPYKTypa akTa AesaTenbHOCTU, NPo-
LLeCCHble NpeacTaBeHns, aHaINTUYECKNE NpeacTaBieHns, MOAEN CUCTEMHON UHAMUKN

e Moctynuna: 27.12.2021 » Aopa6oTaHa: 15.05.2022 ¢ MpuHaTa k ony6nukoeaHuio: 20.06.2022

Ansa uutnpoBaHusa: CopokuH A.B., XenesHsk J1.M., CynpyHeHko [.B., Xonmoropos B.B. MNMpoekTnposaHne moaynei
CUCTEMHOW AMHAMUKW B CUCTEMAaX NOAAEPXKM NMPUHATUS pewleHnin. Russ. Technol. J. 2022;10(4):18-26. https://doi.

org/10.32362/2500-316X-2022-10-4-18-26

Mpo3payHocTb GUHAHCOBOW AEATEJNIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBON 3aMHTEPECOBAHHOCTM B NPEACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOpbLI 329BNAI0T 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.

PROBLEM STATEMENT

The value of the decisions made depends on the
reliability and completeness of the data used. At the
same time, the activity in a highly dynamic environment
is intense and tends to independently choose its own
state. Acts of activity also impose requirements on the
decision-making system. The objects of acts of activity
in situations of a dynamically changing environment and
the need to make a managerial decision are controlled
by their states. These states, in turn, are determined by
the definition of objectives by the controlling object. If
there are sufficient controlling actions in the system,
then there is uncertainty in the dynamics of processes,
favoring a simplified perception of reality and an
emotional solution to a complex control problem [1]. A
situation arises in which the sequence and relationships
of actions in the decisions being made are impossible to
identify. Therefore, the hypothesis of the behavior of a
complex object controlled by several controlling actions
needs to be defined, on this basis, the process of change
in the object with various variants of solutions to be
simulated [2].

A simulation model is defined by a logical-
algorithmic description of the behavior of a complex
object and includes continuous and discrete states. The
discrete model consisting of conventional functional
blocks, can be characterized by an average level of
abstraction, and is implemented using the structured
analysis and design technique (SADT) or function
modeling (IDEF0) methodology. The continuous
modeling supports all levels of abstraction and is written
in the unified modeling language (UML), mainly, state
and activity diagrams.

In the simulation model, there is a high level of
abstraction, referred to as system dynamics. Real-world

processes in the system dynamics are represented in
terms of information and flows between levels and
storages, while their formal basis is represented as flow
rate equations using dynamic processes in the state
space. The idea of changes by feedback loops is one of
the most important in determining the structure of the
system dynamics. This led to the creation of tools for
constructing causal (feedback) loop diagrams (CLDs).
The graphical model obtained by the modeling process
is, in fact, a diagram of links, reflecting the relations
between elements of the system modeled as a CLD. If a
change in the cause entails a similar change in the effect,
then such a relationship is called positive. However, if
the change in the cause causes the opposite change in
the effect, then the relationship is called negative, so the
correctness of the model mainly depends on the correct
definition of the role of the CLD. This process without a
conceptual study is laborious [3].

Knowledge representation models are similar in
expert and situational systems. A frequent tool for
situational modeling is the use of simulation models.
This means that the language of situational design must
include certain tools of modeling languages.

INVESTIGATION OF THE STAGE OF DESIGNING
MODELS OF SYSTEM DYNAMICS

Models of system dynamics comprise two main
stages. The first of them 1is called “qualitative,” the
implementation of which takes into account the
relationships of elements of the system and also
the structure of the problem itself. Here, the basic
construct of the system is the process diagram,
consisting of a positive feedback (“+”) and a negative
feedback (“—) with the corresponding notation of their
polarities (Fig. 1).
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Fig. 1. Polarities of relationships

The second stage is called “quantitative.” When it
is implemented, the correctness and reliability of the
model are checked, as are the scenarios of the behavior
of the system under various conditions [4].

If two negative relationships are connected in
series, they form a positive relationship. In turn, causal
relationships (CRs) can form a loop that is unidirectional
and closed. It can be either positive feedback (PF) or
negative feedback (NF).

The rules for determining the polarity of a feedback
loop in a generalized form state that the absence or
an even number of CRs therein makes it a PF loop,
while an odd number of negative CRs makes it an NF
loop.

The dynamic nature of the modeled environment
can give rise to difficulties. For example, if the
system is sufficiently complex, then there may
simultaneously be both several PFs and several
NFs, while the causes of dynamic changes in the
environment can be difficult to achieve in the model.
Note also that only the CRs that are understandable
without any additional actions need to be determined.
An important role is also played by the objectification
of the feedbacks that incorrectly reflect the objective
reality of the problem [5].

The CRs of the model enable the quantitative stage
of modeling the dynamic system to be determined, thus
making them the main tool for designing flows and
levels of systems. The elementary units of the system
are levels, decisions (of a functional type), information
flows, and material flows (Fig. 2).

Information flow

- ~o

Material flow & P+ Level

Decision function

Fig. 2. Structure of the quantitative stage

Levels have a clear time dependence and denote
a certain variable (at a particular point of time),
while their content can be completely heterogeneous.
Mathematically, the level value at a certain point of time
is equal to the sum of the level value at the previous
point of time, while the product of the rate of change
in the level value and the increment of time. The rate
of change in the level value is the difference between
the rates of the incoming and outgoing flows. Figure 3
presents a model of the levels.

d (Storage) / dt = — Outgoing flow

O

Incoming flow

—=—>3

Outgoing flow

Storage

d (Storage) / dt = Incoming flow — Outgoing flow

Q¢>

Incoming flow

Storage

d (Storage) / dt = Incoming flow

Fig. 3. Simulation dynamic model of the levels

If the equations of the levels allow the value of a
certain level to be determined at the current point of time
from its value at the previous point of time, then the rate
equations are predictive, i.e., can predict the values at
the next point of time [6].

In the problem of predicting the rates, it is important
to take into account not only the direct, but also the
indirect factors of influence, e.g., time, as well as the
information flow.

A single experiment may be sufficient to
obtain results from the decision space. However, a
comprehensive study of the environment requires
a certain set of experiments, which may ensure the
variability of decisions for the decision maker.

DESIGNING MODELS OF SYSTEM DYNAMICS
BASED ON THE SITUATION-ACTIVITY APPROACH

According to the methodology of the situational-
activity approach, the types of activities that exist in the
complex dynamic environment need to be determined,
thereby defining the boundary of the validity of the
selected subject area. Imagine, e.g., a dynamically
complex environment “Combating infectious diseases,”
in which there are many activities (Fig. 4) [7].

(.E Combating infectious diseases

Demographic activity

Virological activity

Epidemiological activity

—J JL _J J

Therapeutic activity

Y

Pharmacological activity ]
. J/

Fig. 4. Numerous activities in a dynamic environment

The structuring of an activity enables certain types of
the activity to be identified. This in turn, makes it possible
to transition to another activity within the selected type
by a logical (formal) analysis. In the structure created,
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Quantitative assessment

Quantitative assessment

. ' —~
Interrelation

Fig. 5. Structure of the plan of relationships

the fundamental unit is an act of activity, which does not
limit the researcher in identifying any other units that
depend on the setting of objectives and problems [8, 9].

From the conceptual structures of acts of activity,
four different contents of the act of activity can be
defined: a plan of functional structure, a plan of
processual structure, a plan of context, and a plan of
analytical relationships [10]. These plans are expressed
in a single structure which combines them into a single
whole. Not only does not this create contradictions, but
also it allows them to be applied both in parallel and in
series [11, 12]. In view of the above, the main subject of
this work is the plan of processes and relationships of the
dynamic simulation model.

The planning of processes is determined by the
processes themselves, the objects involved in them,
the states of these objects, and the means by which the
system reaches its objective state [13].

The planning of relationships is determined by the
set of objects and the set of relations between them, and
also by the properties of the objects and the relationships
between them (Fig. 5).

The plan of relationships is implemented in
accordance with the following rules:

e the state of the object of action is equal to the product
(production element) expressed by the quantitative
assessment and is associated with the decision;

e the properties of the means of action are equal
to the quantitative assessment and are associated
with the parameters defined in the structure of the
equations;

e the relations must be unidirectional, and the relations
of the type of “a > b by x,” “a < b by x,” “a > b by
a factor of x,” and “a < b by a factor of x” (where
x is a real number greater than one, and a and b are
some signs of comparison of objects or relations of
objects of the subject area) should be indicated using
the corresponding arithmetic operations;

e objects of relationships of the “increase” type should
be denoted by the plus sign; of the “decrease” type,
by the minus sign; and “define,” by the equals sign.

A variety of representations of the sequence of
arithmetic operations in the models of system dynamics
is formed due to the plan for defining relationships for
its further application in the differential equations of the
corresponding models.

SOFTWARE SUITE
FOR THE IMPLEMENTATION
OF DYNAMIC MODELS
OF DECISION SUPPORT SYSTEMS

The conceptual modeling of a subject area (SA)
requires the specialist to understand the methods of
analyzing situations, activities, and processes occurring
in a given SA [14]. In particular, there is a range of
assignments that can only be performed using software
that can:

1) represent concepts (as elements of sign systems);

2) check the completeness and consistency of systems;

3) generate databases.

As part of the first assignment, we developed the
Designer application, which performs the following
tasks [15]:

e creates objects based on standard geometric shapes
(primitives);

e implements links between objects;

e cdits text of elements of the model;

e scales the model.

Tasks 2 and 3 are solved using the Small Problem
Solver (SPS) application designed especially for
situational analysis. SPS supports the following
functions [15]:

e creation, storage, modification and testing of the
model, and also verification of the correctness of
production knowledge bases (KB) consisting of a
working database (WDB) and a rule base (RB);

e logical conclusion;

e creation of reports on the analysis of problem situations
and on the achievement of objective situations.

The functionality of the SPS is determined by its
architecture (Fig. 6).
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Fig. 6. Designer—Solver—Interpreter software suite and the SPS architecture

Thus, the following sequence in the operation of
the Designer—Solver—Interpreter (DSI) software suite
can be defined. When a file is saved in the Designer
program, an XML file is created with the markup of a
graphical model. Then this file is opened by the SPS,
and the program using its own application programming
interface (API) reads information from a file. It writes it
to its knowledge base, checks the model for syntax errors,
and informs the user about the loading result. The next
step is to check the knowledge base for completeness
and consistency. Initial values are set in the editors of
objects, relationships, conflict resolutions, and objective
situation, after which the situation is checked in the
Description/Analysis section.

The knowledge base consists of WDB and RB,
which contain the model elements and the names of
rules and products.

Products have a left side (precondition), which is a set
of the values of properties and relations that are required
to activate the rule, and a right side (postcondition),
which is a set of the values of properties and relations
that that these properties and relations take after the rule
is executed.

In essence, the Interpreter is an API receptor for the
perception and translation of XML files of a graphical
model of the concept of the subject area. Its structure
includes:

e aparser which searches for data in the XML markup
using certain pointers (tags);

e alexer which translates the data located in the places
labeled by the tags into a form understandable by
the SPS.

Upon completion of the transformation and
transmission of data by the lexer, the main stage of
the operation of the SPS begins. After setting the
initial conditions for the properties of objects and
relations, the initial situation, and the conflict resolution

strategies, a logical conclusion is attained from the RB
in accordance with the production rules. The report
obtained as a result of the operation of the SPS allows
the researcher to understand the degree of correctness
of the conceptual model of the subject area which he
or she constructed. This is because the SPS not only
can create a basic initial situation but it also allows the
researcher to modify it by changing the initial objects,
properties, relations, and rules and adding additional
ones.

In the act of conflict situations in the modeled
system, or if these conflicts were intentionally created
by the researcher, there are two main ways of resolving
them [16]:

e prioritization of production rules in the rule editor
with subsequent assignment of top priority to a
conflict resolution strategy;

o definition of conflict resolution strategies other than
prioritization, e.g., “getting closer to the objective,”
“not creating cycles,” etc.

The optimal solution for the conflicts created
intentionally when designing the conceptual model is to
set priorities. The highest priority should be defined by
the rule which is related to the most important factor,
e.g., human life. If the conflicts are related to errors
made at the design stage, then the SPS user can manually
change the products in the rule editor. This provides for
the possible branching when the model is implemented
under changed initial conditions.

In general, it is recommended that at least three
problem situations be checked for:

(1) all the conditions of the problem situation should
correspond to the initial logic of the graphical model
(no changes are made to the initial conditions);

(2) for one (or several) key properties, the value of
which changes during the actions of the model,
the values to be reached in the course of the
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operation (state changes in accordance with the

knowledge base) of the model need to be set.

Thus, the result of the operation of the SPS needs

to be checked, in order to verify that it converges

with the logic (which the researcher assumed) of
the model;

(3) one (or several) properties need to be set to such
values that the logic of the model is broken or
does not work at all. This makes it possible for
the correctness of the model to be verified under
impracticable and contradictory conditions.

Thus, the main purposes of the DSI software suite
are [16]:

e to construct a conceptual model of the subject area
of the problem considered by the researcher;

e to convert the model from the graphical model to a
software one, common for most actual applications;

e to analyze the program model for possible problem
situations using a formal theory.

Summarizing all of the above, it can be stated that the
DSI allows the researcher to create a conceptual model
of the subject area under investigation and to understand
how true and complete this model is, i.e., whether the
logic embedded in the model works from the point of
view of program logic (and from the point of view of
formal theory), and whether the model provides for all
kinds of situations and their consequences.
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Abstract

Objectives. The study aimed to develop interspecies and interclass methods for constructing coherent radio
engineering systems based on a modular complementary structure.

Methods. A set of modules and submodules having no narrow specialization and together constituting a flexible
broadband hardware-reconfigurable software-defined radio engineering structure is considered as the basic set
for constructing a digital radio photonic system path. Due to their broadbandness and complementary structure,
modules and submodules have many applications both as self-sustained devices and as part of more complex
systems.

Results. Functional diagrams of modern digital receiver-shapers, as well as modules for amplifying radio frequency
signals and converting radio frequency signals into an optical signal are presented along with a radio photonic
synchronization network for generating clock signals. Calculations of the introduced phase error of a quartz single-
mode fiber and graphs of the dependence of the change in the signal phase on external influencing factors are
given. A concept for integrating the presented modules into the construction of a modular transceiver multiposition
wideband coherent digital radio photonic system is proposed. The results of calculating radiation patterns and
mathematical modeling the beam deflection of a broadband antenna array are presented along with antenna systems
based thereon.

Conclusions. The proposed circuit design solutions allow the time required for developing new types of systems
to be significantly reduced due to the range of ready-made technical solutions. Not only are the parameters of
the developed devices comparable to the best world analogues, but they also surpass existing solutions in terms
of system integration. The developments have been tested under R&D project at the Kaluga Scientific Research
Institute of Radio Technology and Hardware Solution Technologies (TAR). The proposed solutions are integrated at
the subsystem level into advanced developments of products for civil and special purpose. Further development of
the concept of building ultra-wideband devices allows reaching a new level in the technology of constructing modular
multiposition coherent digital radio photonic systems.

Keywords: digital antenna arrays, radar, active phased antenna array, laser, photodiode, digital-to-analog
converter, analog-to-digital converter, digital beamforming
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Pe3iome

Llenu. PaspaboTtka MeXBUOOBbLIX M MEXKIIACCOBbIX CMOCOO0B NOCTPOEHUSI PAANOTEXHUYECKMNX KOFEPEHTHBIX CU-
CTEM Ha OCHOBE MOAYIbHOWM JOMONHAEMON CTPYKTYPbI.

MeTopnbl. B kayectBe 6a3o0Boro Habopa Ans NOCTPOEeHUs TpakTa UMdPOBOIM paanodOTOHHOM cucTemsl npenna-
raeTcsi PAaCCMOTPETb KOMIMIEKC MOAYNEN 1 cyOMOAyner, He UMEIOLLMX Y3KOW Creumanmsanmm n B COBOKYMHOCTHU
COCTaB/SIOLLMX LLUMPOKOMOOCHYO rMOKYIO annapaTHO-pPeKoHGUIryprupyemyto NporpaMmMHo-0npeaensieMyto pagmno-
TEXHWYECKYIO CTPYKTYPY. Bnarogaps LWMpokononocHOCTM 1 AONONHAEMO CTPYKTYPE MOZYN 1 cyOMOoaynn UMeoT
MHOXECTBO NPUMEHEHWIA, Kak B KA4ECTBE CAMOCTOSITENbHbIX YCTPOMCTB, Tak 1 B COCTaBe B0Mee CNOXHbIX CUCTEM.
Pe3ynbTatsl. [peactaBneHbl GyHKUMOHANbHbIE CXEMbl COBPEMEHHbIX LMD POBBLIX MPUEMHUKOB-DOPMUPOBATENEN,
MOJYNEl YCUNEHNS PaaMoYacTOTHLIX CUMHANOB, MOy e Npeobpa3oBaHNs PaMoYaCTOTHLIX CUTHANIOB B ONTUYE-
CKUI curHan, pagnodOTOHHON CUHXPOCETU HGOPMUPOBAHMS TAaKTOBbIX CUrHANoOB. MNprBeaeHbl pacyeTbl BHOCUMOM
$a30Boi oWMOKN KBApLLEBOro OAHOMOOBOIO BOMOKHA U rpadukm 3aBUCUMOCTU M3MEHEHUs dasbl curHana oT
BHELLHMX BO3AENCTBYIOWMX GakTOpoB. [NpennoxeHa KoHLeNuusa nHTerpaummn npeacTaBneHHbiX MOaynen n nocTpo-
€HVS1 MOAYJIbHON NPUEMO-NepeaatoLein MHOMOMO3ULIMOHHON LWMPOKOMONIOCHOM KOFrePEeHTHOM LundpoBOn pagno-
doTOHHOM cnctemsl. NprBeaAeHbl pacyeTbl AMarpaMm HanpaBAEHHOCTU U pPe3ynbTaTel MATEMATUYECKOro MOAENN-
POBaHNSA OTKJIOHEHMS STyHa LUMPOKOMOAOCHOW aHTEHHOM IMHENKN. [NoKa3aHbl aHTEHHbIE CUCTEMbI HA €€ OCHOBE.
BeiBoAbl. [penfioxeHHble METOAbI MO3BOJIAT CYLLLECTBEHHO COKPATUTbL CPOKM pa3paboTKmy HOBBLIX TUMOB CUCTEM 3a
CYET JIMHEIKN rOTOBbIX TEXHUYECKNX pelueHnii. PadpaboTaHHble yCTpoicTBa 061agaioT napaMmeTpamu, He ycTyna-
IOLVIMW NYYLLIMM MUPOBBLIM @aHanoram, a B paMkax MHTerpaumm B CUCTEMy NO3BONSIOT MPEB30MTU CYyLLECTBYIOLLIMNE
peweHunsi. AnpobupoBaHne paspaboTok nposeaeHo B pamkax HVOKP Ha 6a3e AO «Kanyxckuii Hay4HO-Uccneao-
BaTENbCKUA pagnoTexHnYeckmin MHCTUTYT» n OO0 «TexHonormn annapaTHbIX peleHni». NpeanoxeHHble pelue-
HUS UHTErPUPOBAHbI HA YPOBHE NOACUCTEM B NEPCNEKTUBHbIE Pa3paboTky NPOAYKLIMM MPaxXAaHCKOro 1 cneumanb-
HOro HadHa4veHus. JanbHenwee pa3BnuTe KOHUENLMN MOCTPOEHMST CBEPXLUMPOKOMNONOCHbBIX YCTPONCTB NO3BOAUT
OOCTUTHYTb HOBOIO YPOBHSI B TEXHONOMMN MOCTPOEHUS MOAYbHbIX MHOIOMO3ULMOHHBLIX KOFE€PEHTHbIX LU@PPOBbIX
PaanodOTOHHbLIX CUCTEM.

KnioueBble cnoBa: UM@pPOBbIE aHTEHHbIe PeLLeTKM, pagap, akTueHaa ¢asnpoBaHHas aHTeHHas pelueTka, nasep,
doToavon, undpoaHanoroBblii NpeobpasoBaTesb, aHanoroBo-UundpoBo NpeobpasoBaTesib, UMPPOBOE AarpaMmmo-
obpasoBaHue
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npOSpa'-IHOCTb cbvmaucoaoﬁ AeaTesibHOCTU: ABTOpr He NMetoT CI)I/IHHHCOBOVI 3anHTEpPeCOBaHHOCTW B nNpeacTaBieH-

HbIX MaTepunanax nam MmetTogax.

ABTOPbI 3a59BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.

INTRODUCTION

Digital antenna arrays (DAAs) in communication
systems are increasingly used in radar systems (RSs),
as well as for various civil and special purpose systems.
Along with general development trends in electronics and
the component base, the constant increase in operating
frequencies and bandwidth of modern communication
systems including RSs results in the displacement
of traditional active-phased antenna arrays (APAs).
As well as fiber optic networks for frequency transfer
allowing synthesized signals to be converted to any
spectral range, analog-to-digital converters (ADCs)
and digital-to-analog converters (DACs) support direct
digital beamforming (DBF) across a wide frequency
band [1, 2]. Works [3-9] further develop the idea of
constructing ultra-wideband (UWB) devices.

The paper aims to develop interspecies and interclass
methods for constructing radio engineering coherent
systems based on a modular supplemented structure to
achieve a new level in the technology of constructing
modular multiposition coherent digital photonic systems.

FUNCTIONAL STRUCTURE OF THE DIGITAL
RADIO PHOTONIC SYSTEM PATH

A set of modules and submodules having no narrow
specialization and together constituting a broadband
flexible hardware-reconfigurable software-defined radio
structure is considered. Due to their broadbandness and
complementary structure, the modules and submodules
have many applications both as self-sustained devices
and as part of more complex systems.

This system may include the following components:
basic digital module (BDM), submodule for direct
radio frequency (RF) signal amplification (SRFA),
submodule for optoelectronic frequency conversion
(SOFC), auxiliary module for controlling and powering
submodules, photonic synchro network (PSN), and
wideband phased antenna arrays.

The basic digital module, which comprises a self-
sustained receiving and transmitting device, is designed
forthedigital processingandsynthesisof RF signalsacross
a wide frequency range. The functionality of the basic

digital module can be extended by installing additional
submodules. Generally, it is proposed to include the
following: two-channel ADC and DAC, programmable
logic device (PLD), digital signal processor (DSP), low-
noise amplifiers (LNA), controlled attenuators (At), set
of switches (S), bandpass filters (BPF), and input signal
quadrature processing circuit via a dual ADC containing
switches and directional dividers (D). The block diagram
of such a basic digital module is shown in Fig. 1.

The SRFA is designed for amplifying the received
and transmitted signals as well as switching antenna
inputs for receiving and transmitting. The block diagram
of the submodule is shown in Fig. 2.

The SRFA consists of receiving and transmitting
paths. A switched control signal path and transmitter
channels with integrated directional dividers were used
for self-monitoring. In functional terms, the SRFA
comprises directional dividers, directional couplers,
controlled attenuators, low-noise amplifiers, power
amplifier stages, switches, and limiters (LIM). The
submodule was installed on a printed circuit board (PCB)
of the basic digital module in which the standardized
circuit of submodule power supply and information
exchange channel with end-to-end control protocol and
initialization of submodules were organized.

The SOFC comprises a four-channel bi-directional
(2 x 2) submodule for optoelectronic and electrooptical
frequency conversion of broadband signals synthesized
and digitized by transceiver channels of the basic digital
module. The SOFC spaced-apart modules were coupled.
The SOFC receiving channel consists of a photonic LNA,
an optical modulator performing additional modulation
by local heterodyne signal, and an output photodetector
for converting the optical signal into RF signal. The
transmission channel was intended for converting RF
signal to the optical band and transmitting the signal to the
receiver of the spaced-apart coupled SOFC through fiber-
optic communication lines. The scientific, technological,
and practical groundwork for implementing SOFC is
based on research and development activities carried
out by the company Hardware Solution Technologies
(TAR) under the project Development, Manufacture
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Fig. 3. SOFC block diagram

PHOTONIC SYNCHRO NETWORK

The photonic synchro network is intended for
clocking a basic digital module using an optical sync
signal. The characteristic feature of the proposed phase
synchronization system for all ADCs, DACs and PLDs
comprises using the use of a unified highly stable clock
signal source distributed through single-mode fiber optic
cables of equal electric length to reduce the impact of
inherent noise in the clock source and common clock
distribution circuits (up to the optical divider) on

I Development, manufacture and testing of a prototype
photonic transceiver: R&D report (interim), TAR, LLC. Director
Unchenko I.V., executives: Emelyanov A.A., Unchenko 1.V, et al.
Maloyaroslavets, 2021. 48 p. Grant No. 121031900169-9. https://
www.rosrid.ru/ikrbs/detail/MYS684SV10P68CW4NR4SZHWO.
Accessed June 01, 2022 (in Russ.).

2 Photonic radio transceiver: know-how. TAR, LLC. Director
Unchenko I.V., executives: Emelyanov A.A., Unchenko [.V,, et al.
Maloyaroslavets, 2022. 53 p. Grant No. 622011200395-5. https://
www.rosrid.ru/rid/detail/ QPGRZIVOEEAEYARJU4BQ3134.
Accessed June 01, 2022 (in Russ.).

3 Development, manufacture and testing of a prototype
photonic transceiver: R&D report (interim), TAR, LLC. Director
Unchenko L.V, executives: Emelyanov A.A., Unchenko L.V, et al.
Maloyaroslavets, 2022. 70 p. Grant No. 2220217004 14-1. https://www.
rosrid.ru/ikrbs/detail/UICVU86GQ2Y VRM2MUVQMY79U.
Accessed June 01, 2022 (in Russ.).

4 https:/fasie.ru/. Accessed June 01, 2022 (in Russ.).

measuring errors in the received signal phase difference.
The use of single-mode fiber can reduce losses in the
transmission channel, as well as eliminating the influence
of intermodal dispersion, resulting in signal distortion and
fiber optic bandwidth reduction on the signal®. The PSN
structure including a master oscillator and two spaced-
apart ADC radioelectronic modules is shown in Fig. 4.

The clock signal generator produces ADC clock
frequency f; (S-band), signal processor clock frequency
/, (for fast-acting ADC, usually, f; = 2if,, where i = 1,
2, 4), and ADC synchronization and reset pulse signals.
To exclude the time divergence of these four signals,
they are all transmitted through a single optical fiber
several tens of meters long, while four frequency spaced
lasers, optical spectral multiplexers, and demultiplexers
are used for independent transmission and reception.
Bandpass filters are installed after photodiodes in clock
circuits, with no filtering required for the PLD (DRR)
and ADC (ASYNC) reset signals.

In addition to phase noise, other sources of phase
distortion in optical fibers include: temperature, vibration
and acoustics, chromatic dispersion, polarization mode
dispersion, and transient interferences [10]. Based on the
data presented in [10], the introduced phase error was
calculated. The calculation results are set out in the Table.

In the table, the following notation is used: » is the
effective group refractive index of quartz fiber (typical
value n = 1.468 for standard single-mode fiber SMF-28%);
L is a fiber length (20 m for the considered system); c is
the speed of light; ®, is an angular frequency of S-band
synchronous signal; 7 is temperature, °C; (1/L)dL/dT is
the coefficient of thermal expansion (typical value
5.6 - 1077/°C, 1/°C); dn/dT is the temperature coefficient
of refractive index (typical value 1.2 - 1073, 1/°C;
[(1/L)dL/ds]™Y); dn/do are Young’s moduli (typical
values by length and refractive index of fiber are
7.2 - 1010 Pa and —3.4 - 107'%/Pa, 1/Pa, respectively);
D is a chromatic dispersion coefficient (typical value
18 ps/nm-km); AL is the wavelength difference between
the optical carrier and components of the first order
sidebands in the spectrum of the intensity-modulated
optical signal propagating along the fiber, determined
for C-optical range (1551-1563 nm) by the clock radio
signal frequency in gigahertz from proportion
10 GHz = 80 pm; med is the coefficient of polarization
mode dispersion (typical value 0.1 ps / Jkm ;) A, is the
relative level of transient interference appearing during
multiplexing (value is =30 dB ).

Thus, the phase synchronization system proposed
in the paper is capable of distributing a single clock
signal from one source to all ADCs at distance up

5 Belkin M.E. Components of fiber-optic systems: tutorial.
Moscow: MIREA; 2010. 112 p. (in Russ.).

6 https://www.corning.com/media/worldwide/coc/docu-
ments/Fiber/PI-1463-AEN.pdf. Accessed June 01, 2022.
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Table. Calculation results for the introduced phase error
No. Effect Calculating formula Calculated value
1 T t d(p o.L(ndl @ _
emperature T e\ dT e ig.
2 Vibrations and acousti do _OL(ndl  dn Fie. 6
ibrations and acoustics o o \Tds T do ig.
3 Chromatic dispersion A = o DLAL 1.1-107* deg
4 Polarization mode dispersion Ap=oD, L' 2.2-107* deg
5 Transient interferences Ap = arctg(lOAc/ 20) 1.8 deg
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to tens meters, as well as transferring the reset and
synchronization signals to processing devices. Here, the
theoretical phase error of the processed signals, which
would be no more than 1.8 deg, is primarily introduced
by the signal multiplexing unit.
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Fig. 5. Dependence of the signal phase change on
temperature
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Fig. 6. Dependence of the signal phase change
on the level of acoustic noise

DAA MODULAR ARCHITECTURE

The proposed solutions for constructing the
synchronization system and integral path when using
directional antennas with optimal step already comprise
both self-sustained devices and the DAA element. The
basic digital module and submodule for direct RF signal
amplification may be integrated into DA A via the external
interfaces of the basic digital module using solutions in the
field of on-board computers and data processing centers.
The main limitation for DAA extension is the bandwidth
of the information exchange channel interfaces. In
addition, maximum synchronization accuracy between
the ADC and DAC is required for plotting the directional
pattern and providing DAA electronic scanning. The
DAA block diagram based on the modular architecture
is shown in Fig. 7, where CLOCK1-CLOCK# comprise
the PLD, while the ADC synchronizes and resets signals
generated by the photonic synchro network.

The required values for phase distribution between
channels are calculated depending on the antenna
array (AA) design determining the directional pattern,
the viewing angle, and the required number of beam
positions. The eight-element antenna array based on the
Vivaldi aerial shown in general in Fig. 8 is considered to
plot the directional pattern for such system.

PoN CLOCK1 BDM |
o oac Fe&—er —e< | <
1, —e—a o XS,
5 apc Fer<&—e —ex| <
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Fig. 7. DAA block diagram
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Fig. 10. DAA antenna systems

The modifications of wideband radiators based on
symmetric slot lines (Vivaldi aerial) are widely presented
in [11, 12]. DBF methods are described in [13—15],
while beamforming options, APA scanning methods, as
well as phase distribution calculations for such array, are
givenin [12, 13].

The calculated directional pattern and beam
deflection of the eight-element AA are shown in
Fig. 9.

The antenna systems constructed according to the
DAA integration and scaling principle based on modular
architecture, providing reception and transmission of
signals in the range of angles 360° in azimuth and angular
planes, are shown in Fig. 10. Each module is based on
the Vivaldi type radiator having exponential aperture,
one of whose advantages is broadbandness [16, 17].

CONCLUSIONS

The proposed circuit design solutions allow the
time required for developing new system types to
be significantly reduced due to the range of ready-
made technical solutions. Not only are the parameters
of developed devices equivalent to state-of-the-art
analogues, but they also improve on existing solutions in
terms of integration into the system. The developments
were tested as part of an R&D project carried out at the
Kaluga Scientific Research Institute of Radio Technology
in partnership with TAR. The proposed solutions
are integrated at the subsystem level into advanced
developments of products for civil and special purpose.
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Abstract

Objectives. One of the most important tasks in the development of goniometric systems is improving resolution
in terms of angular coordinates. This can be achieved in two ways: firstly, by increasing the aperture, which is very
expensive and often technically challenging to implement; secondly, with the help of digital signal processing
methods. If the recorded signal sources are located close to each other and not resolved by the Rayleigh criterion, it
can be impossible to determine their number, location and reflection characteristics. The aim of the present work is
to develop a digital signal processing algorithm for obtaining angular superresolution.

Methods. Mathematical methods for solving inverse problems are used to overcome the Rayleigh criterion, i.e.,
obtain angular superresolution. These problems are unstable, since there is an infinite number of approximate
solutions and false targets may occur. The search for the optimal solution is carried out by minimizing the standard
deviation.

Results. A description of a mathematical model for a goniometric system is presented. A signal processing algorithm
is developed based on existing methods according to the principle of parameterization of user functions. Results of
numerical experiments for achieving superresolution by algebraic methods are given along with an estimation of
solution stability. The accuracy and correspondence of the amplitude of the obtained objects to the initial parameters
are measured. The degree of excess of the Rayleigh criterion by the obtained solution is estimated.

Conclusions. Algebraic methods can be used to obtain stable solutions with angular superresolution. The results
obtained correctly reflect the location of objects with a minor error. Errors in the distribution of the signal amplitude
are small, appearing false targets have negligible amplitude.
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JJIS MIOJIYYEHUS YIVIOBOIO CBepXpa3penieHus
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Pesiome

Llenu. OnHa n3 BaXXHENLNX 33434 Pa3BUTUS YIITIOMEPHBIX CUCTEM — YJTyuLLIEHNE Pa3peLLatoLL,ein CoCOOHOCTY MO yrio-
BbIM KOOpAVHATaM. TOro MOXHO A06UTLCS ABYMS Crocobamu: BO-NMePBbIX, yBENIMYEHNEM anepTypbl TAKON CUCTEMBI,
4YTO BECbMA 0POro 1 4aCTO TEXHNYECKN TPYAHOBLIMOIHVMMO; BO-BTOPbIX, C MOMOLLLIO METOA0B LMPPOBOM 00paboT-
K1 curHanoB. Ecnm pernctpmpyemblie UCTOYHUKN CUrHAMa pacnosioXeHbl 611M3K0 APYr K APYry 1 HE pa3peLualoTcs no
Kputepuio Panes, To HEBO3MOXHO ONpPenennuTb UX KOIMYECTBO, PACMOIOXKEHNE U XapakTepPUCTUKN OTpaxeHus. Lienb
paboThl — pa3paboTka anroputma LUMdpPoBo 06pPaboTKM CUrHANOB AJ15 NOJIy4EeHUS YI/IOBOrO CBEepXpaspeLleHnst.
MeToapbl. VIcnonb3oBaHbl MaTeMaTU4ECKME METOAbI PELLEHNS 0OPATHbIX 3a4a4. ATV METOAbI MO3BONSAIOT NPEOAONETh
KpuTepuii Panes, T.e. 4aloT BO3MOXHOCTb MOMY4nTb YII0BOE CBEPXpa3peLleHne. JaHHble 3ana4v 06naaatT HEYCTOM-
4YMBOCTHIO. CyLLLEeCTBYET OECKOHEYHOE KONIMHYECTBO NMPUOVKEHHbBIX PELLEHWNI, BO3MOXHO BO3HUKHOBEHME JIOXKHbIX Lie-
nen. Nounck oNTUManbHOro peLleHns NPOBOAUTCA NyTEM MUHUMM3ALUN CPEeAHEKBAAPATUHECKOrO OTKIIOHEHNS.
Pe3ynbTaTthl. B cTathe NprBeneHoO onncaHme MmateMaTyeckon Mmoaenn paboTsl yroMepHon cuctemsl. Ha ocHoBe
CYLLECTBYIOLLMX METOA0B pa3paboTaH anropntmM 06paboTku CUrHana, UCMosb3yIOLLMIA NPUHLMN NapamMeTpmsaumnm
NonNb30BaTENLCKMX OYHKUMIA. [peacTaBneHbl pe3dynbTaTbl YMCIEHHbIX 9KCMEPUMEHTOB MO LOCTUXEHUIO CBEpPX-
paspeLlueHus anrebpanyeckumMmm metogamu. NpoBeaeHa oueHka YCTOMYMBOCTU peLleHus. VIamepeHbl TOHHOCTb U
COOTBETCTBME aMMINTYAbl MOJIyYEHHbIX OOBEKTOB HavyasbHbIM napamMmeTpam. MNpoBegeHa oueHka CTeneHn NpeBbl-
LeHns Kputepus Panes nofy4eHHbIM peLLEHNEM.

BbiBoabl. [lokadaHo, 4To anrebpanvyeckne MeToAbl MO3BOASAT MOSy4yaTb YCTOMYMBLIE PELUEHUS C YI/IOBbIM
cBepxpaspelleHmem. MNMonyyaemMble pe3dynbTaTbl MPABUIIbLHO OTPaXatoT PACMOIoXKeHNe 0O6bEKTOB C HE3HAYUTENb-
HOV owmnbKon. OWwnbKN B pacnpeneneHnn amnanTyabl CUrHana HeBenmku, NnosiBASIOLLMECS NTOXHbIE LLeNn UMEKOT
npPeHebpexXrMo Manyio amnianTyay.

KnioueBble crioBa: KOMMbIOTEPHOE MOAENNPOBaHNE, CBEPXPA3PELLEHNE, MONCK OOBEKTOB, UMUTALMOHHAsA MOAESb

e Moctynuna: 15.12.2021 ¢ Jopa6oTaHa: 17.05.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 24.06.2022

Ona untupoBanua: LyknH A.A., MaenoB A.E. MapameTpusaums nonb3oBaTenbCkux GyHKUMA B umndpoBon obpa-
60TKe cCuUrHanoB AN MOJSyYeHUs YrioBOro ceepxpaspelweHus. Russ. Technol. J. 2022;10(4):38-43. https://doi.

org/10.32362/2500-316X-2022-10-4-38-43

Mpo3payHocTb pUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEKDT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPELCTaB/EH-

HbIX MaTepmnanax nin Mmetogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHMMKTA MHTEPECOB.

INTRODUCTION

Goniometer systems have many applications. The
determining criteria for the implementation of such a
system are accuracy and speed. There are various ways
to obtain angular superresolution—the Capon method,
the thermal noise method, MUSIC (MUIltiple Slgnal
Classification), ESPRIT (Estimation of Signal Parameters

via Rotational Invariant Techniques), etc. Methods such
as MUSIC and ESPRIT use narrowband signals and are
inefficient when applied to broadband and ultra-wideband
signals (UWB). Many of these methods are not sufficiently
effective and universal, because at a signal-to-noise ratio
of less than 20 dB, errors occur in the solution [1-8]. In
addition, not all of the listed methods allow one to solve
two-dimensional problems [9—11].

Russian Technological Journal. 2022;10(4):38-43

39


mailto:shchukin.a.a@edu.mirea.ru
https://doi.org/10.32362/2500-316X-2022-10-4-38-43
https://doi.org/10.32362/2500-316X-2022-10-4-38-43

Parameterization of user functions in digital signal processing

for obtaining angular superresolution

Andrey A. Shchukin,
Aleksandr E. Pavlov

In this study, an algorithm for the approximate
determination of the angular location of closely spaced
targets has been developed. The algebraic methods
considered in the article make it possible to obtain a solution
with low computational costs. The presented algorithm has
a high speed, which allows it to be used in real time. To
assess the quality of the method, the degree of excess of
the Rayleigh criterion by the obtained solution is measured.

PROBLEM STATEMENT

The model of the signal received by the surveillance
system is a two-dimensional integral (1):

U(x,y) :=_|.F(x—q,y—”)1(61»”)d”d% (D
Q

where F(x, y) is the radiation pattern (RP) of the observation
system; Q is the two-dimensional region of the source
location; (g, ) is the angular distribution of the amplitude
of the signal source, which is to be determined [12, 13].

The purpose of the study is to develop a digital
signal processing algorithm for obtaining angular
superresolution. To accomplish this, it is necessary to
restore the angular distributions of the reflected signal
amplitude from the measured signal U(x, y) and the
known characteristics of the goniometric system. This
can be achieved through obtaining an approximate
solution of the linear Fredholm integral equation of the
first kind of the convolution type (1).

Obtaining angular superresolution using digital signal
processing U(x, y) is a solution to the inverse problem.

SOLUTION METHOD

The search for a solution to the inverse problem is
carried out based on the parametrization [14, 15], when
instead of the unknown function /(g, r), the expansion of
the desired distribution of amplitudes with respect to a
given system of orthogonal functions is used. Then the
solution can be represented in the form:

oo N
1(q,r)=2aigi(q,r)zZal-gi(q,r), 2

i=1 i=1

where a; are unknown coefficients; g/(g, r) are functions
specified by the user. The coefficients @, can be found by
minimizing the standard deviation of the solution in the
region 0 > Q from the original signal:

82 =
2

=J U(x,y)—iaij.F(x—q,y—r)gi(q,r)drdq dydx, 3)
0 i=l Q

where 0 is the two-dimensional region of scanning.

To do this, the partial derivatives of 8 with respect
to a, are equated to zero. The result is a system of linear
algebraic equations (SLAE) of N equations:

a=GV, 4)

where

= [ ;W (x, y)dyde,
0

= [ F(x-q.y-r)g,(q.r)drdg, )
Q
V= UGy (x,)dvds. ©)
0

Although the angular superresolution increases
when using a larger number of functions g(q, r), the
dimension of the SLAE also increases along with the
consequent instability of the solution, which manifests
itself in the form of false signal sources and distortions
in the resulting solution. This is due to the characteristic
problem of inverse problems that minor changes in the
initial data—for example, random variables (noise)—
can lead to significant errors, i.e., instability. While low
levels of noise in well-posed problems can lead to small
errors in the solution, the resulting solution in inverse
problems may differ from the true one by several orders
of magnitude.

RESULTS OF NUMERICAL EXPERIMENTS

The resulting solutions of inverse problems were
studied in the course of numerical experiments on
mathematical models. The source objects and the
received signal are shown in Fig. 1, where 0 5 is the
RP half-width. Three-point objects were specified. All
objects are located sufficiently close to each other and
are not resolved by the Rayleigh criterion.

Fig. 1. Model of the received signal
and the source objects:
1 — original objects; 2 — received signal
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The form of the signal U(x, y) does not allow objects
to be observed separately, in particular, three original
objects merge into one (mesh surface 2).

In order to search for a solution, nine functions
g(q, r) are specified to cover the entire region € under
study, three of which are shown in Fig. 2.

e0‘5

Fig. 2. View of three user-defined functions

The original objects and results of solving the SLAE
system (4)—(6) are shown in Figs. 3a and 3b, respectively.

As a result of the experiment, a stable solution
with angular superresolution was obtained. The angular
coordinates of all three objects are determined with good
accuracy, with the found amplitudes of the central and
right object appearing close to the original (= 80%), while
the amplitude of the left object is slightly lower than the
original (= 60%). The resulting angular superresolution
significantly exceeds the Rayleigh criterion (the angular
distance between objects is 0.30).

CONCLUSIONS

The possibility of using algebraic methods to
obtain stable solutions of inverse problems with angular
superresolution, which reflect the location of the original
objects with a slight error (the coordinates of the original
objects and the resulting solution coincide), has been
demonstrated. The errors in the distribution of the signal
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Abstract

Objectives. Numerous studies of biosystems indicate the distinct role of quasi-one-dimensional molecular
structures in the transport of energy, charges, and information. Of particular interest are the studies on the collective
dynamics of quasi-one-dimensional lateral structures in liquid crystalline membranes and the possibility of local
excitation transfer through such structures. In this paper, we developed a model for the collective dynamics of quasi-
one-dimensional domain structures in lipid bilayers interacting with the environment. The objective is to study the
mechanisms of the directed energy transport in liquid crystalline lipid membranes.

Methods. In this paper, the percolation domain structures formed as a result of phase separation in multicomponent
lipid membranes are considered to be quasi-one-dimensional domain structures. The model distinguishes two
subsystems interacting with each other and differing in their structural and dynamic properties, i.e., the membrane
surface formed by polar groups of lipid molecules and the internal hydrophilic region of the membrane formed by
acyl chains of lipids. The acyl chain subsystem is simulated using the Ginzburg—Landau Hamiltonian which considers
the dependence of its dynamics on temperature close to the lipid melting phase transition temperature T ..

Results. Analysis of dynamic states has shown that elastic excitations moving at constant rate in the form of solitons
may exist near temperatures T in the considered quasi-one-dimensional domain structures. In addition, motion of
the elastic excitation region (kink) along domain structures in the acyl chain region causes the formation of acoustic
soliton, i.e., the compression region in the polar group subsystem moving in concert with the kink displacement.
The soliton localization region covers about 10 molecules and depends significantly on the interaction parameter
of the polar group and acyl chain subsystems. Soliton moves at a subsonic speed determined, in particular, by the
magnitude of an external force.

Conclusions. The model developed in this paper shows that liquid crystalline domain structures in lipid membranes
exhibit properties of active media, wherein the formation and displacement of localized elastic excitations on
macroscopic spatial and temporal scales may occur. The proposed molecular mechanism of the soliton transport
along quasi-one-dimensional domain structures may be used for describing the directed energy transfer along
lateral domain channels in biomembranes and the cooperative functioning of the membrane bioenergetic and
receptor complexes.

Keywords: collective dynamics, liquid crystalline domain structures, multicomponent lipid membranes, soliton,

directed energy transport
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Pesiome

Llenu. MHorouncneHHble nccnenoBaHns 6GUOCUCTEM ykasblBalOT Ha 0COOYI0 PONb KBA3MOAHOMEPHbLIX (kBadu-1D)
MOJIEKYNISIPHbBIX CTPYKTYP B MPOLLecCcax TpaHCcnopTa aHepruun, 3apsnos U nidopmauumn. B aToli cBs3n 0cobblli UH-
Tepec NpPeAcTaBnsioT MCCNeA0BAHUS KONTEKTUBHOM AMHAMMUKK KBa3n-1D naTepanbHbIX CTPYKTYP B XUAKOKPUCTA-
nnyeckunx (XKK) membpaHax 1 BO3MOXHOCTW nepeaayn no Takum CTPYKTypaMm nokasnbHbIX BO30yXaeHuin. C Luenbto
ncecnenoBaHus MOJIEKYNSIPHBIX MEXAHWU3MOB HanpasieHHOro TpaHcnopTta aHeprun B XK nunuaHbix MembpaHax
B HacTosLel paboTe paspaboTaHa Moae b KOSIEKTMBHOWM AMHaMUKK KBa3u-1D gomMeHHbIx cTpykTyp (AC) B XK 61-
CNosIX, B3aMMOLENCTBYIOLLMX C OKPY>XaloLLer Cpenomn.

MeTopabl. B kayectBe kBa3u-1D [IC paccMoTpeHbl nepkonsaumoHHble C, dopmupyowmecs npm da3oBom pasae-
NIEHUN NNNNOHBIX MOMIEKYNT B MHOMOKOMMOHEHTHbLIX MeMOpaHax. B Moaenu BblaeneHbl ABe B3aMMOOENCTBYIOLLME
Mexay coboli NoOACUCTEMBI, pa3NnyatoLLMECs MO CBOVMM CTPYKTYPHBIM Y AMHAMUYECKMM CBOMNCTBAM: NOBEPXHOCTb
MeMbpaHbl, 06pasoBaHHas nonsipHeiMy rpynnamu (M) nMnuaHbIX MONEKYN N BHYTPEHHSAS rnapodunsHas obnactb
MemOpaHbl, chbopMmnpoBaHHas aunibHbiMu Lenamu (AL) nunngos. Mpu mogenvpoBaHum nogcuctemMsl ALL ncnosnb-
30BaH ramunbToHMaH MH3bypra — JlaHpay, y4uTbiBalOWMIi 3aBUCUMOCTb €€ AMHAMUKA OT TEMMNEPATypbl BOIM3N
Temneparypbl $pa3oBoro nepexoaa nnasneHns imnuoos 7.

PeaynbTartbl. AHanva AYHaMUYECKMX COCTOSIHWI MoAeny nokasan, 4to B6insm Temneparyp T, B paccmarpuvsa-
eMbix kBa3n-1D AC MoryT cyLiecTBoBaTb NepeMELLALLMECS C MOCTOSIHHOW CKOPOCTLIO BO3OYXAEHMS B BUAE CO-
NUTOHOB. lMpu 3TOM ABMXEHME YyNpyroro Bo3byxaeHus (kuHka) soons AC B o6nactu AL, Bbi3biBaeT o6pasoBaHme
aKyCTMYECKOro CONMToHa — obnacTtu cxaTtus B noacucteme MM, nepemMeLLaioLLelics cornacoBaHHO C ABUXEHNEM
knHka. ObnacTb nokanmMsaumm CoNMToHa 0XBaTbiBAET NpuUMepHO 10 MOnekyn 1 CyLLeCTBEHHO 3aBUCUT OT NapamMe-
Tpa B3anmogenctausa nogcuctem M n AL, BuxeHne conMToHa NPOUCXOANT C OO3BYKOBOM CKOPOCTbLIO, KOTOpas
onpenenseTcs, B YaCTHOCTU, BEIMYNHOM BHELLHErO BO3AENCTBMS.

BbiBoabl. B pamkax paspaboTaHHo Moaenu nokasaHo, 4to XK AC B nunuaHbIx MembpaHax NposiBNSiOT CBOCTBA
aKTUBHbIX CPe[, B KOTOPbIX MOXET MPONCX0AUTb GOPMUPOBAHNE 1 NEPEMELLEHME TOKAIM30BAHHBIX YMPYrMxX BO3-
OyXOeHWIN B BUAE CONMMTOHOB HA MakKpPOCKOMMYECKMX MPOCTPAHCTBEHHBIX M BDEMEHHbIX MacLuTabax. MpeanoxeHHas
MOJENb MOJIEKYSIIPHOIO TPaHcnopTa aHeprum BAoNb kBasun-1D AC mMoxeT 6blTb NPUMEHEHA K OMMCaHWNI0 Hanpas-
JIEHHOW Nepeaayn 3Heprum rno natepasbHbiM JOMEHHbIM KaHanamMm B GuomemMbpaHax n KoonepaTuBHOro MyHKLUMO-
HUPOBaHUSA MeEMOPaHHbLIX BUO3HEPrETUHECKMX N PELLENTOPHBLIX KOMIMJIEKCOB.

KniouyeBbie cnoBa: KONEeKTUBHAS AMHAMMKA, Xnakokpuctannmieckme AoOMeHHble CTPYKTYPbl, MHOTOKOMIMOHEHT-
Hble nTnngHble MeM6paHbI, COJIUTOHBbI, Hal'lpaBJ'IEHHbIﬁ TPAHCMOPT 3Heprun
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HbIX MaTepunanax nin metTogax.

ABTOpbI 329BASIOT 06 OTCYTCTBUMN KOHDNNKTA MHTEPECOB.

INTRODUCTION

The electro-optical and morphological properties
of liquid crystal (LC) planar systems determine their
high sensitivity to external influences resulting in a
fast change in their macroscopic characteristics. The
occurrence of a threshold collective response in nematic
liquid crystal (NLC) films to external factors is the
basis of their high structural mobility. This determines
their wide application in various fields of engineering
as materials with easily controllable properties. The
unique properties of LC are also responsible for the
wide distribution of LC structures in living systems and
their important biological role [1]. The application of
LC physics and condensed matter physics approaches
to studying LC states in living cells has led to the
development of physics of active LC structures in living
systems functioning far from equilibrium states in the
presence of pumping and energy dissipation [2].

Active LC structures in cells include lyotropic
LC cell membranes as one of their main structural
and functional elements. In addition to the functions
of cellular compartment formation, they play an
active role in the spatial organization of the matrix for
embedding signal membrane receptors and bioenergetic
protein complexes on the membrane surface, providing
optimal conditions for their functioning [1]. Due to
the high structural mobility of LC states, membranes
may perform a variety of communication functions,
providing the transmembrane transport of substances
and signal molecules between the cell and the external
environment. Furthermore, LC membranes provide the
lateral transport of biologically active molecules along the
membrane surface. Mitochondrial membranes also play
a complex spatial-organizing role in cell bioenergetics,
providing cluster organization of nanoscale molecular
machines of the respiratory system [3]. It is assumed
that the functioning of active LC membranes is realized
by the excitation of cooperative molecular processes in
complex LC bilayers.

The complex structure of LC lipid membranes is
related to their heterogeneous structure resulting from
the diverse composition of lipid molecules which differ
both in their molecular structure and phase state. The
heterogeneous structure of membranes manifests itself
in their domain organization by determining many

physiological properties of biomembranes [1]. First, the
role of membrane domain organization in the formation
of specific lipid microenvironment for membrane
proteins ensuring their optimal functioning is noted. The
destruction of domain structures (DSs) has been shown to
result in membrane protein system failure [4]. Secondly,
the role of DS in transport and communication processes
on the membrane surface is noted [5]. In particular, this
study considers the formation of quasi-one-dimensional
(quasi-1D) percolation cluster networks formed in the
phase separation area of lipid molecules which differ
in their structure and phase state [6]. It is assumed that
quasi-1D DSs and their networks can act as lateral
channels for the directed energy and charge transport
along the membrane surface, as well as provide
interaction between membrane bioenergetic and receptor
complexes [5]. The directed transport and channelling of
energy and charges along quasi-1D DSs may surpass the
passive transport realized through the two-dimensional
diffusion of molecules along the membrane surface in
its efficiency.

In the paper, we developed the model for collective
dynamics of quasi-1D DSs in lipid bilayers interacting
with the environment, in order to study mechanisms
of the directed energy transport along LC DSs. It was
shown that nonlinear excitations capable of maintaining
the interaction and energy transfer between membrane
proteins and receptors over considerable distances
possibly occur in the DS system. The analytical study
has revealed that when considering the interaction of
lipid molecules with each other and the environment,
excitations like acoustic solitons representing
compression (extension) regions moving at constant rate
may exist in the considered quasi-1D lateral DSs in lipid
bilayers.

1. ADYNAMIC MODEL OF LIPID DOMAIN
STRUCTURES

Let us consider the one-dimensional chain of
lipid molecules which forms a quasi-1D domain in a
flat membrane. The following two subsystems may
be distinguished in the lipid membrane structure: the
membrane surface formed by the polar groups (PG) of
lipid molecules; and the inner hydrophobic region of
the membrane formed by the acyl chains (AC) of lipids.
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Since the PG and AC regions have different properties
and participate in different molecular excitations, the
Hamiltonians of non-interacting PG and AC subsystems
may be written separately, and then the interaction energy
between them may be introduced. The Hamiltonian
of interacting PGs of lipid molecules in the harmonic
approximation may be written as follows:

1 2
— -2 2,2 2
H, _zzm[pn +Q5py + (pn+1 _pn) :|’ (1

n

where p, is the displacements of the nth PG relative to
the equilibrium position of the PGs spaced a distance
a apart; m is PG mass; Q and Q, are the characteristic
frequencies of vibrations in the PG system. The last
term in Eq. (1) takes into account the dispersion of
elastic waves in the PG chain. The point stands for
differentiation by time 7.

The dynamics of the AC subsystem significantly
depends on the membrane temperature 7. The phase
transition, i.e., lipid melting occurring through
AC rotational isomerization of lipid molecules
(conformational melting) thus resulting in their
increased mobility, can be observed in membranes
near the phase transition temperature 7, [1].
Therefore, the Ginzburg—Landau Hamiltonian widely
used for studying critical phenomena in various
structures, including the description of the collective
dynamics of lipid membranes, may be most suitable
for describing the AC chain dynamics [7, 8]. It is
written as follows:

HZ = Z%M[uﬁ +(D2 (un+1 _un)2:|+UT(un) (2)

n

with double-well potential
1 o, 1y
UT(“n)ZEG”n +ZBun, 3

where G <0Oand B>0at7<T; G>0and B>0 at
T> T, Mis AC mass; o®> = K/M, where K is the
membrane elastic modulus. The variable u, characterizes
the instantaneous position of the nth AC relative to the
equilibrium position corresponding to the top of the
potential barrier.

In Eq. (3), the dependence of parameter G on
temperature may be written as follows:

G(T) = E|(TIT, - 1), 4)

where E|, is the height of the potential barrier [9]. The
temperature range near T spans a few degrees [1]. The
symmetric double-well potential (3) has two minima
located at a distance from the barrier top:

= (5)

Within the high-temperature range, the following

harmonic representation of the AC subsystem
Hamiltonian is valid at 7>> T
! 1 .
H) = ZEM[ug + 02, —u,) | (6)

n

The Hamiltonian of the interaction between PG and
AC considering the change in the conformation of the
closest ACs, when PGs are displaced from the stable
equilibrium position may be written as [8]:

Hy =Y xp, i —ud), (7

where y is the interaction constant generally depending
on the lipid molecule structures and the membrane
environment.

Turning from the discrete to the continuum
approximation in describing the dynamics of the
quasi-1D lateral structure in the membrane, the
following expression for the system Hamiltonian may
be written:

1M
Hy = ;J.T(”tz +c(%u)%)+UT(u)+

®)
m
+—2 (pt2 + Q(z)pz + Vozp)%) + )(p(u2 — ug)dx,

where ¢, = aw, is the velocity of sound in the AC
subsystem and V, = a€},.

At temperatures 7 < T, potential function U(u) (3)
may be written as follows:

UT(u)=%|G(T)|u2 +iBu4. 9)

The system of motion equations for the coupled PG
and AC system with Hamiltonian H,, (8) may be written
as follows:

Mu,, — McGu, —| G |u+ Bu® + 2xpu = f,, (10)

Mp, +Q3p—-Vip  Ax@? -u)=0. (1)

When considering the interaction of the two basic
PG and AC subsystems with physical fields of the
environment, the following terms accounting for viscous
friction and external influences should be added to
Egs. (10) and (11):
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Mu,, —Mcguxx —MFuut—|G|u+Bu3 +2xpu = f,, (12)

Mp,, +Q3p - MT,p = VEp A W? —ud) = fp- (13)

where I' > 0 and I' | > 0 are viscous friction coefficients
the PG and AC subsystems, while f, >0 and fp > () are are
right-hand sides of the equations considering external
and internal forces acting upon each subsystem. The
elastic stress forces acting at phase interfaces (domains)
may act as internal forces. The structures in the quasi-1D
DS model under consideration resulting from phase
separation are either influenced by compression forces
or experience tension depending on the membrane lipid
composition and the interface type.

2. DYNAMICS OF QUASI-ONE-DIMENSIONAL
DOMAIN STRUCTURES OF LIPID MOLECULES

Let us consider the equations of motion (11) and (12)
without taking into account the interaction between PG
and AC subsystems and the environment. Then Eq. (11)
for the AC dynamics may be transformed into the well-
known Ginzburg—Landau equation, as follows:

—|Glu+ Bu® =0. (14)

Mul‘l - Mcguxx

In the low-amplitude limit, u(x, f) describes small

displacements du(x, ) of AC near one of the equilibrium

positions u(x, 1) = tu, + du(x, ¢). In a first approximation

in du(x, f), these displacements are described by the
following equation:

Mdu,, — Mcgf)uxx - |G|5u =0, (15)
which has the following fundamental solution:
Su(x, 1) ~ el(@I—kx) (16)

The dispersion of elastic waves is defined by the
following expression:

w? = ‘G|+c0k2_m0+c2k2 (17)
where £ is a wave vector.
In addition, Eq. (15) has a solution in the form of a

soliton wave of non-small finite amplitude:

u(x,t) = Fu tanh x=Vyy|. (18

_ %%
\ lcg -r2

Here, the upper sign corresponds to the soliton
(kink) moving with velocity V' < ¢, while the lower

sign corresponds to the antikink. The width of the
soliton (kink or antikink) is determined by the following

formula:
Jeg -1 \/M(cg ~12)
o, G|

0= >
where o, = (|Gl/M)!".

In the absence of interaction between the PG and AC
subsystems with each other and with the environment,
Egs. (12) and (13) describe longitudinal (sound) waves
with dispersion, as follows:

Q*(q)= Q5 +Viq?, (19)
where ¢ is a wave vector.

Let us consider the dynamics of the quasi-1D
lateral structure of lipids when taking into account the
interaction between the PG and AC subsystems, which is
described by Egs. (12) and (13). In this case, the viscous
friction coefficient I, in the PG subsystem is ignored and
the external influence on the PG subsystem is assumed to
be small, so the PG displacements caused by the external
forces may be neglected. Turning to a new spatial variable
§=x—Vtin Egs. (12) and (13), the following system of
two ordinary differential equations may be written:

M©V? —co)ugg MT u§—|G|u+Bu +2xpu = f,,(20)

M(V2 Vo)p§§+m92p+x(u —uo) 0. (21

Of particular interest is the excitation moving along
the considered structure at constant velocity V = V.
Then Eq. (21) implies the following:

X
mQ%

p=- W? —ud). (22)

Substituting this relationship into Eq. (20) with the
consideration of the expression for u (5), the equation
describing the excitation dynamics in the AC subsystem
may be written in the following form:

M2 = c§Juge = MT jug = G+ B = f,, (23)
where

2
G, =0|G|, B,=0|B|,0=1- ,
mQsB

3 0<0<lI.
0

We shall turn to the new variables in Eq. (23)

& _ 2%

u
Zz=—=— d = —
AN
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where A is the width of the excitation localization region.
Then the equation describing the excitation state in AC
subsystem of lipid molecules is written in the following
form:

N, +un, —n+n*-1=0, (24)
where
M
w=rr, l-———-—- (25)
“\/ (3 -V?)G,
B,
1

The solution of Eq. (24) may be written using the
roots of a polynomial [9]:

oM =-n+n*-A=M-n)M-n,)M-13).  (27)

Here, values mM; <M, <M; satisfy the following
relations:

n+n, +N3 = 0, M, +NyN3 +NN3 = -1, nn,n; = A

and define the stationary states of the system:

u] ()C, t) = Th”()a u2 ()C, t) = nzu()a u3 (x’ t) = n3u0 (28)

In addition, Eq. (24) has a solution describing
excitation moving at constant velocity in the form of a
soliton wave (of non-small finite amplitude), provided
that

=
Il
[+
(98]
S

(29)

The specified solution in variables u, x, and ¢ may be
written in the following form [9]:

n, —"M
u(x,t)zi‘uo nl+ﬁ ,

1+exp

(30)

where

A ,/2M(cg -V2) an
JGmy-my)

The minus sign in Eq. (30) corresponds to the kink
(n < 0), while the plus sign stands for the anti-kink.

Egs. (25) and (26) define the relation between the soliton
velocity and the external field in the following form:

20312
pro 00Oy 2 (32)
2MT? +9G 3

The soliton velocity V' is always less than ¢
because the soliton radiates waves when accelerating
under external influence. This results in the additional
energy loss (dissipation) not considered in Egs. (23) and
(32), according to which V' — ¢, with decreasing f; (at
J, — 0). The propagation direction of excitation (soliton)
is determined by the f, sign.

The excitation (kink) motion in the AC subsystem
causes the formation of the compression (extension)
region in the PG subsystem moving in concert with the
kink motion in the AC subsystem. The spatiotemporal
structure of the deformation region in the PG system
is determined by the equation following from relations
(22) and (30):

o [ exp =P 4 ’
U 1 2
plx,0)= Xgoz Ax_Vt —-1]. (33)
3G 1+exp

At the fixed value of parameter V=V, the solutions
for Egs. (10) and (11) have the following forms:

u(x,t) = Fu, tanh i _AVt ,

(34)

A .

2
U,
p(x,1)= ’:902 sech (35)

0

r0.20

r0.16

nm

r0.12

-0.08

u(x, t),
p(x, t), nm

r0.04

0.00

Figure. Displacements of AC u(x, t) (34) (solid curve)
and PG p(x, t) (35) (dashed curve) of lipid molecules in
quasi-1D DS of the membranes

Figure shows calculation results of the displacement
of AC u(x, t) (34) and PG p(x, t) (35) of lipid molecules
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in a quasi-1D DS of the membrane. Calculations have
been performed with the parameters derived from
the following experimental data. The characteristic
frequency Q, = 10! Hz is estimated on the basis of
experimental data for PG dipole oscillations [8]. The
value ¢, = 200 m/s as an estimate of sound velocity
was taken from the interval of values obtained in
experiments on measuring of the sound velocity in lipid
monolayers [7]. The value u, = 1.1 nm is estimated
on the basis of experimental data for the AC average
angle of inclination (34°—41°) in L,, phase in lecithin
liposomes [10]. The kink width value A = 8.0 nm
is estimated from the data on the size of defect area
formed in the AC subsystem of the lipid membranes
at temperatures close to the main phase transition
temperature (pre-transition temperature range) [10]. At
the calculated value of width A, the soliton region covers
approximately 10 lipid molecules. The kink solution for
the AC displacement u(x, #) describes a dislocation-type
defect forming in AC subsystem. Negative and positive
values u(x, f) correspond to deviations of AC of lipid
molecules in opposite directions. The soliton solution for
the PG displacement p(x, ) describes the compression
deformation in PG subsystem caused by the defect
in AC.

Comparing the equations for the soliton width A
(18) and (31) derived without considering the PG and
AC interaction, it may be seen that the interaction of the
PG and AC subsystems results in increasing excitation

region (kink or antikink width) by VO times. Thus, with
increasing interaction parameter y, the potential barrier
height E = O0FE, decreases and the excitation
autolocalization region increases.

With increasing temperature in the temperature range
below T, the value of parameter G(T) (4), determining
the barrier height of the potential U(u,) (3), decreases
that leads to a single minimum potential 7' > T_ and
disappearing of bistability in the system. A decrease in
G(T) results in the soliton spatial size reduction.

Thus, the degree of excitation localization in the
one-dimensional membrane lipid structure increases
as the temperature approaches T,. This is due to the
increase in the effective force A (26) in Eq. (24), which
increases with increasing temperature as |7 — T c|71'5
up to the maximum value determined by Eq. (26). At
the same time, as noted above, the sign of the external
force determines the propagation direction of excitation
along quasi-linear DCs in the membrane. In addition,
the soliton becomes asymmetric under the impact of the
external field.

With increasing temperature 7 and, consequently,
effective force A (26), the soliton velocity along the lipid
chain also increases. At temperatures close to A =4,
the localized state begins to collapse, and a periodic
spatiotemporal structure of cnoidal wave type is formed.

3. DISCUSSION

Numerous theoretical studies in biophysics indicate
the distinct role of quasi-1D regular molecular structures
in biosystems including the transport of energy,
matter, and information over considerable molecular
distances [11-13]. This research area covers mainly the
transport of energy and charges along linear molecules
such as DNA, polypeptides, and linear polymers [14—-16].
Of particular interest in this regard are studies of the
collective dynamics of quasi-1D lateral structures
in multicomponent biological membranes and the
possibility of transferring local excitations through such
structures, which are caused by physical and chemical
influences on selected membrane components. This
interest is determined by the crucial role of biological
membranes in living cells. It is assumed that the nature
of the cooperative properties of biological membranes is
determined by the interaction of its subunits (receptors
and ion channels) carried out through such quasi-1D
structures in lipid bilayers [5].

This paper undertakes a theoretical study on the
collective dynamics of quasi-1D domain structures
in liquid crystalline lipid membranes. Here, quasi-1D
structures of lipid molecules formed as a result of lateral
domain organization of the bilayer are considered as
quasi-1D DS in the membranes. The existence of these
structures in cellular membranes is confirmed by various
experimental methods: X-ray diffraction, neutron
scattering, electron paramagnetic resonance (EPR), and
electron microscopy in multicomponent lipid bilayers
[6, 17, and 18], as well as by numerical simulation of
DSs in lipid membranes. Computer simulations showed
that the self-organization of percolation DSs may result
from phase separation in two-component membranes
formed by lipid molecules differing in their structural
and physical properties [19, 20].

In the developed model of quasi-1D DS dynamics,
we considered two interacting subsystems in lipid
bilayers: the membrane surface formed by PG of lipid
molecules; and the inner hydrophobic region of the
membrane consisting of lipid ACs. The model took into
account the significant dependence of the AC subsystem
dynamics on temperature 7' in temperature range 7, of
the lipid melting phase transition [1]. Therefore, the
Ginzburg—Landau Hamiltonian, widely used in the
study of critical phenomena, is chosen for describing the
hydrophobic region dynamics of lipid ACs. The results
of an analytical study in the paper showed that elastic
excitations moving at constant velocity in the form
of soliton waves (of non-small finite amplitude) may
exist in the quasi-1D lateral structures of lipids when
taking into account the interaction of two subsystems
with each other and the environment. The formation
and displacement of a defect (dislocation) in the AC
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subsystem causes the formation of the acoustic soliton
as the compression region in the lipid PG subsystem
moving in concert with the displacement of the defect
(kink) in the AC subsystem. Thus, the soliton-type
excitations formed in quasi-1D DS are local regions of
of lipid PG displacements and structural defects in the
AC subsystem moving along the molecular structure.
When increasing temperature 7' (with the external
influence unchanged), the soliton velocity along the
chain of lipid molecules and its localization degree
increase. However, at a certain temperature value close
to melting temperature 7, the localized state begins to
collapse, and the periodic spatial structure of cnoidal
wave type is formed. We suggested that this periodic
structure may be correlated with the Py phase observed
in lipid bilayers in the temperature range below the main
phase transition temperature [ 10]. It should also be noted
that disturbances in the form of small amplitude waves
(small-amplitude phonons) whose frequency decreases
with increasing temperature up to zero at 7' = T, (“soft
mode”) may exist in the considered quasi-1D DS
at T<T_[21].

Experimental data on the observation of soliton-
type excitations in lipid bilayers have been obtained
in a number of experiments using different methods
for excitation and registration of elastic pulses. In the
experiment with optical generation of elastic waves in
lipid monolayers, excitation of acoustic soliton-like
pulses forming and propagating with shape preservation
has been observed at surface pressure above a certain
threshold value [22]. Elastic excitations of the soliton
type have been also observed in lipid liposomes in the
lipid melting temperature range [23]. Soliton formation
and motion have been also detected and studied in
nematic and cholesteric LC planar structures using
methods of nonlinear optics under various experimental
conditions [24, 25]. It has been shown experimentally
that formation of solitons (small-width domain walls)
occurs in the magnetic field or under the action of
shear stresses within a certain range of values. Soliton
formation and motion in nematic LC planar structures
have been described theoretically within the framework
of the Ericksen—Leslie theory for the nematic state [24].
It was shown in our paper that similar soliton-type
excitations may occur in lyotropic LC DSs in lipid
membranes.

The described mechanism of local region
formation of elastic deformation and its motion in
the form of a soliton is considered to be a possible
molecular mechanism of directed transport of elastic
energy along the LC membrane surfaces. The soliton
capture by membrane protein complexes (receptors,
ion channels) results in the elastic energy transfer to
the protein molecule, which may be a trigger for their
conformational transitions and their activation [26].

It is also assumed that excitation and propagation of
the elastic deformation pulse in the form of a soliton
may accompany the nerve impulse propagation in the
axon [23].

The formation and displacement of the local
deformation region in the membrane may also result
in the charge capture by the soliton and the charge
motion together with it. The capture mechanism and
the resulting charge transport process by the acoustic
soliton along one-dimensional molecular structures are
discussed in [13, 27, and 28]. Similarly, the capture of
charges and their transport by solitons in quasi-1D DS
of lipid membranes may result in lateral transport in
cell membranes. The possibility of particle transport by
solitons has been confirmed in experimental studies of
solitons in planar cholesteric LC structures [25]. It was
established in the paper that the soliton corresponding
to the local defect in LC structure is an attraction
region for impurity particles, resulting in the capture
of particles and their transport by the moving soliton.
Further progress and application of the developed model
to the description of soliton transport of particles in LC
membranes will be discussed in the next paper.

CONCLUSIONS

The simulation of dynamic properties of LC
domain structures of lipid membranes, carried out
in the paper, showed that these structures exhibit the
properties of active media, wherein the formation
of localized coherent excitations on macroscopic
spatial and temporal scales occurs. The formation
process of localized soliton-type excitations in quasi-
linear domain structures represents the formation
of the local deformation region in the PG system
and the formation of topological defects in the AC
system of lipid molecules. The simulation results
revealed the possibility of a soliton motion along
quasi-1D DSs as the non-dissipative motion of the
local deformation region in the chain of lipid PGs,
accompanied by the cooperative motion of the defect
(kink) in the region of acyl chains of lipid molecules.
The molecular mechanism herein proposed may
be used for describing the elastic energy directed
transfer along LC membranes and the cooperative
behaviour of membrane bioenergetic complexes.
Further development of the model will be targeted
at describing the molecular mechanisms of particle
capture by moving solitons and directed transport of
charged particles (protons and electrons) along quasi-
linear domain structures in biological and artificial
polymeric membranes.
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Abstract

Objectives. Nonreciprocal spin wave effects can manifest themselves in metalized films of ferrite garnets. By studying
the dynamics of spin waves in micro- and nano-scale magnetic films, the possibility of using multilayer dielectric films of
yttrium iron garnet (YIG) to ensure the manifestation of the nonreciprocity effect is demonstrated. This approach offers
advantages compared to the use of a layered YIG/metal structure due to significantly lower spin-wave losses in the
two-layerYIG film consisting of layers with different values of magnetization. Such films can be used in logical elements
to create controllable Mach—-Zehnder interferometers based on magnonic principles. The purpose of this work is to
reconcile the concept of nonreciprocal spin-wave propagation of a signal with the simultaneous manifestation of the
effects arising from the propagation of spin waves in microwave guides formed by finite-width YIG films.

Methods. We used an experimental microwave spectroscopy method based on a vector network analyzer along
with a finite difference method to perform a numerical simulation of the dispersion characteristics of spin waves in
two-layer magnonic microwave guides. An analytical model was also used to obtain a dispersion equation based on
the magnetostatic approximation.

Results. Based on measurements of the amplitude and phase responses, the possible coexistence of two frequency
ranges for the propagation of a spin-wave signal in a two-layer magnon microwave guide based on a YIG film
formed by two layers with different values of saturation magnetization was demonstrated. Regimes of nonreciprocal
propagation of a spin-wave signal were revealed. A numerical model was using to study the formation mechanisms
of spin wave modes in the spectrum of a two-layer structure formed due to the finite dimensions of the microwave
guide. An analytical model was used to evaluate the transformation of the mode spectrum. The experimental data are
in good agreement with the results of the proposed numerical and analytical models.

Conclusions. The possibility of frequency-selective propagation of spin waves in a magnon microwaveguide consisting of two
layers with different saturation magnetization values is demonstrated. Multimode propagation of spin waves can occur inside a
two-layer structure in two frequency ranges. At the same time, this process is accompanied by a strong nonreciprocity of spin-
wave signal propagation, which manifests itself in a change in the amplitude and phase responses when the direction of the
external magnetic field is reversed. The proposed two-layer spin-wave waveguide concept can be used in the manufacture of
magnon interconnects and magnon interferometers with the support of multiband regimes of operation.
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Pe3iome

Llenun. 9ddekTbl HEB3AMMHOCTU CMNHOBbLIX BOJIH MOTYT MPOSIBASATLCA B METANIM3NPOBAHHbBIX MieHKax deppuT-
rpaHatoB. B HacTosllee BpemMd akTyasbHOM 3ajayer SBJSeTCAa WUCCNefoBaHWe OUHaMUKU CrUHOBbLIX BOJIH
B MMKPO- M HaHOPA3MEPHbIX MarHUTHbIX MJjeHkax. Mcnosnb3oBaHnme MHOrMOCOMHbIX AN3NEKTPUYECKUX MIIEHOK
xeneso-ntrpueBoro rpaHata (OKUIM) obecneunBaeT nposieieHne adpdpekra HeB3aMMHOCTU U B TO Xe BpeMs gaeT
6osbLUee NPENMYLLLECTBO MO CPaBHEHMIO CO CNOUCTOM CTpykTypon XUI/meTann BBMAY 3HAYUTENIbHO MEHbLUNX
CMNVH-BOJIHOBLIX MOTEPb B ABYConHoM nneHke XWIT, cocToawen na cnoes ¢ pasfiyHbiMM 3HAYEHNAMW HaMarHu-
YEHHOCTU. Takme NNEeHKN MOryT HanTu NMPUMEHeHne B 3adad4ax MarHOHHOW JIOFMKU OJ19 CO34aHUsA yrnpaBigeMblxX
nHTepdepomeTpoB Tuna Maxa — LieHaepa Ha OCHOBE MPUHLMNIOB MarHOHUKKW. Llenb HacTosiwen paboTbl — 06be-
OVHEHVE KOHLENUMN HEB3AVMMHOIO CMNH-BOJSIHOBOIO PacnpOCTPaHEHUa cUrHana 1 O4HOBPEMEHHOIO MPOSABIEHNSA
3 PeKToB, BOHMKAIOLLMX MPU PAcNpOCTPaHEHUN CMIMHOBLIX BOJIH B MUKPOBOJIHOBOAAX, 0Opa30BaHHbIX NieHKamm
KNI KOHEYHOWM LLIMPUHBL.

MeTopabl. B paboTe ncnonb3yTcs akCnepuMeHTasbHbIM METO, MUKPOBOIHOBOW CMEKTPOCKONUN HA OCHOBE BEK-
TOPHOIro aHanusartopa Lenen v MeTon KOHe4YHbIX pa3dHOCTen A9 YUCIIEHHOrO MOAENVMPOBAHNA ONCTEPCUOHHbIX
XapakTepuCTUK CMNHOBBLIX BOJIH B ABYCJIOMHbLIX MarHOHHbIX MUKPOBOJIHOBOAAX. Takxe MCNonb30BaHa aHanuTmnye-
cKasi MOAleNb, B paMKax KOTOPOW NoJly4eHO AUCNEPCMOHHOE YPaBHEHNE Ha OCHOBE MarHMTOCTaTUYeCKOro Nnpnoénn-
KEHUS.
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Pe3ynbTtartbl. Ha OCHOBE M3MepeHnin aMmInTyaHO-4aCTOTHLIX 1 Pa30-4aCTOTHbLIX XapakTepuUCTMK nokasaHa BO3-
MOXHOCTb COCYLLECTBOBaHUA [BYX YACTOTHbIX OMarnas3oHOB OJ19 PacnpOCTPaHEHUs CrUH-BOJSIHOBONO CuUrHasnia
B ABYCJIOMHOM MarHOHHOM MUKPOBOJIHOBOAE Ha OCHOBE MJieHku XXUIT, 06pa3oBaHHOM ABYMS CNOSIMU C Pa3/INYHbIMA
3HAYEHMSIMU HAMarHMYeHHOCTU HaCbILEeHWS. BbisiBNeHbl pexyMbl HEB3aMMHOI0o pacnpoCTPaHeHNS CNNH-BOJIHOBOIO
curHana. C noOMOLLLbIO YACIEHHOW MOAENN UCCNEA0BAHbI MEXaHN3Mbl GOPMUPOBAHWS B CNEKTPE ABYCNONHON CTPYK-
TYpbl LUMPUHHBIX MOJ, CIIMHOBbLIX BOJTH, 06pa3yioLLIMXCS BCNeACTBME KOHEYHbIX pa3MepPOB MUKPoBOsIHOBoAA. OueHka
TpaHchOopmMaLmm CrnekTpa MoA, Takxke NPOBEeAEeHA NPUY UCMONb30BAHUY aHANIUTUYECKON MOAENN. DKCNEePUMEHTANb-
Hble aHHbIE XOPOLLO COriacytoTcd C pesysibTatamMum NPeayioXXeHHbIX YACTIEHHOW 1 aHaNIMTUYECKOM MOLESEN.
BbiBoabl. [MpogeMOHCTpMpOBaHa BO3MOXHOCTb 4aCTOTHO-CEJIEKTUBHOrO pPacrnpoCTPaHEHUSA CMUHOBbLIX BOJIH
B MarHOHHOM MWKPOBOJIHOBOAE, COCTOSALLEM N3 ABYX CJIOEB C PA3/INYHLIM 3HAYEHNEM BEJINYMHBbI HaMarHN4eHHO-
CTU HacblweHns. NokasaHo, YTO MHOroMO40BOE PacnpOCTPaHeHMe CNHOBbLIX BOJIH MOXET OCYLLECTB/IATLCH BHY-
TPW OBYXCNIOMHOWM CTPYKTYPbI B ABYX AManadoHax 4acToT. B TO xe BpeMda 3TOT Npouecc COnpoBOXAAETCHA CUJlb-
HOW HEB3AaMMHOCTbLIO PACMpPOCTPAHEHNN CMINH-BOJIHOBOIO CUrHanNa, YTo NPOSABIAETCSH B USBMEHEHUN aMITINTYAHO- U
®az30-4aCTOTHbIX XapakTEPUCTUK NPU N3MEHEHUM HarnpaBieHNS BHELUHErO MarHUTHOI O MOJIs Ha MPOTUBOMOIOXHOE.
MpennoxeHHas KOHUENUMA OBYXCIOMHOMO CNUH-BOJIHOBOIO BOJIHOBOAA MOXET JieXaTb B OCHOBE U3rOTOBJIEHUSA
MarHOHHbIX MEXCOEANHEHUIA N MAarHOHHbLIX MHTEPdEPOMETPOB C NOAAEPXKKOV MHOIOMOJIOCHbLIX PEXMMOB PaboThl.

KnioueBble cnoBa: CMHOBbIE BOJIHbI, HEB3AUMHOCTb, MUKPOCTPYKTYPbI, BOSIHOBOA, MarHoHMKa

e Moctynuna: 14.03.2022 » fopa6oTaHa: 10.05.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 27.06.2022

Ana umtnposanusa: OguHuos C.A., JTokk 3.I., bernHuH E.H., CagoBHunkoB A.B. D dekTbl HEB3AMMHOCTU NPU Pacrnpo-
CTpaHeHn CNHOBbIX BOJIH B ABYXCJIOMHOM MarHOHHOM MUKPOBOJIHOBOZE Ha OCHOBE MJIEHOK Xene30-UTTPMEBOro rpa-
HaTa. Russ. Technol. J. 2022;10(4):55-64. https://doi.org/10.32362/2500-316X-2022-10-4-55-64

Mpo3payHocTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepunanax nin metogax.

ABTOpbLI 325BNSIOT 06 OTCYTCTBUM KOHGDNKTA UHTEPECOB.

INTRODUCTION

Magnetic thin film systems (MTFS) are used
for signal processing [1], magnetic recording and
information storage [2, 3], and new applications of
metamaterials [4]. The variety of MTFES includes systems
of single magnetic films, double magnetic films, and
multilayer magnetic films consisting of ferromagnetic
(FM), antiferromagnetic, as well as nonmagnetic (NM)
films of various thicknesses and arrangements of layers,
of which FM/NM multilayers have recently attracted the
greatest interest [5]. The study of relaxation processes
in magnetic spin systems is one of the most interesting
and topical problems. In particular, this is due to recent
active research revealing prospects for the practical use
of multilayer magnetic film structures.

When creating information processing systems at
microwave frequencies, in which information is encoded
through the amplitude and phase of magnetostatic spin
waves (SW) [6-8] propagating in ferrite films, it is
important to study the dispersion of various types of
magnetostatic SW, which determines the characteristics
of such devices. The concept of magnon logic is being
developed for use in a large number of magnon elements,
such as majority gates, half-adders, NOR, XOR logic
elements [9]. The possibility of creating such elements is
due to the linear modes of SW interference in magnonic
microwave guides. In particular, the forming block
of magnon networks is based on the Mach—Zehnder

interferometer, demonstrating the possibility of both
constructive and destructive interference of different SW
modes in the output section of the interferometer [10].
The use of multilayer dielectric films of yttrium
iron garnet (YIG) ensures the manifestation of the
nonreciprocity effect as well as offering an advantage
over the well-known YIG/metal layered structures due to
significantly lower spin-wave losses in a two-layer YIG
film consisting of layers having different magnetization
values. Ferromagnetic thin YIG films have a significantly
lower dynamic damping of SW compared to metallic
magnetic films, which has been shown even for the case
of YIG of nanometer thickness [20]. Such films can be
used in problems of magnon logic to create controllable
Mach—Zehnder type interferometers based on magnonic
principles.

SW dynamics in nanoscale FM films have been
the subject of research in recent decades [11]. One of
the promising areas of study is the application of SW
for signal processing devices, since the wavelength of
SW is shorter than that of electromagnetic waves in the
gigahertz frequency range [8]. Thus, the miniaturization
of magnonic devices becomes an urgent problem [12].
The concept of dielectric magnonics represents
an alternative to semiconductor signal processing
devices [14, 17-19]. In magnonic media, information is
carried by SW (or magnons) instead of electrons. Thus,
the use of structured YIG provides the basis for the
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next generation of low power computing [14, 21, 22].
A magnonic microwave guide is a universal element
of interconnection between magnonic functional
blocks within a magnon network [23, 24]. The lateral
limitations of a magnonic waveguide [25, 26] comprise
an internal feature that determines the characteristics of
SW propagation along the junction. The simultaneous
use of lateral restrictions and multilayer structure for
SW propagation has application in frequency- and
space-selective modes of waveguide operation.

The nonreciprocity of SW has been known since
the work of Damon and Eshbach [8], in which it was
predicted that the magnetization precession amplitude
of surface modes should be asymmetric with respect
to the propagation direction. This now well-known
behaviour has been experimentally measured in micro-
and nano-sized magnetic films using, for example, the
Mandelstam—Brillouin spectroscopy method [27, 28].
The nonreciprocal behaviour of SW has also been
studied for FM films with different magnetic anisotropy
on the surface [28—32], for films with interband magnon
transitions [33], as well as for exchange-coupled
films [34]. In addition, it has been theoretically and
experimentally shown that the Dzyaloshinskii—Moriya
interfacial interaction [37-39] induced in ultrathin FM
layers coated with heavy metal films has a remarkable
effect on SW spectra, causing nonreciprocity in the
dispersion characteristics. However, the use of YIG
dielectric films provides a greater advantage over
metal films due to significantly lower spin-wave losses
in YIG.

On the other hand, SW nonreciprocity, which can
manifest itself in the phase, amplitude, or frequency
dependence of the direction of SW propagation, is a
potentially powerful tool for applications in communication
and logic devices used in data processing [39—41].
Nonreciprocal wave propagation phenomena have been
the focus of research on photonic and electronic structures.
It was found that such structures provide operating modes
in insulators, circulators, and gyrators [42, 43]. In the
same way, nonreciprocal effects that manifest themselves
during SW propagation determine the functional modes
of operation of magnonic devices [39, 44, 45]. In order
to create interferometers of the Mach—Zehnder type, it
will be decisive to study the modes of SW propagation
in a magnon microwaveguide of finite width made of a
multilayer ferrite film.

In this paper, we study the spin-wave dynamics
in a two-layer magnon waveguide using a numerical
model, as well as micromagnetic simulation and an
experimental study based on microwave spectroscopy.
By analyzing the magnetic properties of each layer and
their equilibrium configurations, optimal conditions are
predicted for increasing the frequency nonreciprocity
coefficient of counter SWs in the Damon—-Eshbach

configuration, which are then confirmed by simulation.
Such counter SWs can be measured using microwave
spectroscopy for a prototype two-layer YIG-based
microwave guide. The proposed concept of a two-layer
spin-wave waveguide can inform the manufacture of
magnon interconnectors and magnon interferometers
with the support of multiband regimes of operation.

1. STRUCTURE AND EXPERIMENTAL RESULTS

mw,

substrate

-

Fig. 1. Schematic representation of a two-layer magnon
microwave waveguide with microwave antennas
on top of one of the layers

B
w

Figure 1 shows the scheme of the investigated
two-layer spin-waveguide structure. Single-crystal
ferromagnetic two-layer ferrite YIG [Y;FesO,] films
(NII MV, Zelenograd, Russia) 0.5 x 7 mm? in size,
epitaxially grown on gallium gadolinium garnet (GGG)
[Gd;Ga;0,,(GGG)] substrates (NII MV), whose plane
coincided with the (111) crystallographic plane, were
used for the study. When creating a film on a GGG
substrate, we first grew a pure YIG layer 7 pum thick
with a saturation magnetization of 4nM, = 1738 G
(we will call this layer YIG,), and a 9 pum thick YIG
layer doped with gallium and lanthanum was grown on
it with a saturation magnetization 4nM, = 904 G (we
will call this layer YIG,). The structure is placed in a
uniform external magnetic field H;, = 670 Oe, oriented
along the positive or negative direction of the x axis.
The width of both samples was w = 500 um, and the
length was L = 7 mm. Input and output microwave
transducers (Mikran, Russia) with a width of 30 um
were attached to the structure and marked in Fig. 1 as
“mw,” and “mw,.”

Using the vector network analyzer (model E8362C
PNA, Keysight Technologies, USA), an experimental
study of the characteristics of the SW was carried out.
Figures 2a and 2b show the frequency dependence of
the modulus of the gain |S,,| in the positive direction
of the external magnetic field (red curve), as well
as in the negative direction (blue curve), which was
measured when the output transducer is located at
the end of the structure. Two well-defined frequency
bands can be observed: the low frequency (LF) band
(2.92-3.01 GHz) in Fig. 2a and the high frequency (HF)
band (3.61-4.0 GHz) in Fig. 2b. When the direction of
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Fig. 2. Transmission coefficient modulus and dispersion
characteristics of SW at the output of the structure

the external magnetic field changes, the bandwidth can
be seen to change in the LF and HF regions. The SW
amplitude decreases in the case of a negative direction
of the external magnetic field due to the fact that the
microstrip converter was located on one side of the
sample, namely, on the YIG, side.

Figures 2d and 2c show the measured dispersion
characteristics of SWs propagating along a two-layer
structure for the positive (solid red curve) and negative
(solid blue curve) directions of the external magnetic
field in different frequency ranges: low-frequency
and high-frequency, respectively. The dotted lines
show the results of micromagnetic modeling of the
dispersion characteristic in the HF range. A change
in the direction of the external magnetic field alters
the characteristics of SW propagation in a two-
layer structure as a result of different values of
magnetization saturation in the layers of the structure
under study. All measurements were carried out at a
magnetic field value of 670 Oe.

2. NUMERICAL SIMULATION

An analytical model of the dispersion equation was
developed based on the magnetostatic approximation
for a YIG waveguide of finite width and a dispersion of
a two-layer film FMI/FM2, described in [25].
Equation (3) from [19] was used with the replacement
of k)% +k§ —k and k, = ﬂ, n=1,2,3, .., where nis

0}
the mode index of the transversal SW. Figure 3a shows
the results of solving the SW dispersion equations in a
two-layer structure for w = 500 um. With the help of
numerical simulation using the finite element method, a

direct solution of the system of Maxwell equations for
the first three SW modes for a two-layer system was
obtained. This result corresponds to the dispersion
characteristic for Fig. 3a, where each mode is indicated
by color: red curve corresponds to n = 1; blue curve
corresponds to n = 2; green curve corresponds to n = 3.
Good agreement was found between the solution of the
eigenmode problem and the analytical approach.
Although the modes appear to be the same for the lower
branch of the dispersion characteristic, the SW
propagates in the YIG layer with a lower saturation of
magnetization.

To estimate the nonreciprocity phenomenon,
we use the nonreciprocity coefficient in the form
Kyp = f. — f., where f is the frequency of SW
propagation in the positive direction of the y axis, while
f_ is the frequency of SW propagation in the negative
direction of the y axis with the same wavenumber £.
The nonreciprocity coefficient for the lower branch of
the dispersion characteristic is determined in the same
way: Kyp = f, — /. Both coefficients are shown in Fig. 3b
and Fig. 3c for w = 500 um. Thus, as the wavenumber
increases, the nonreciprocity coefficient decreases for
the upper branch of the dispersion characteristic but
increases for the lower one. This opens up opportunities
for creating waveguide structures offering the function
of signal demultiplexing, filtering and parallel data
processing across two separate frequency ranges.
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min me——smmax
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Fig. 3. (a) Dispersion characteristics measured using

the analytical model and as a result of micromagnetic

modeling; (b) nonreciprocity coefficient k- for the HF
region; (c) nonreciprocity coefficient k - for the LF region

The distribution of the internal magnetic field was
estimated by means of a micromagnetic simulation
performed using the MuMax3 program code [47].
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Fig. 4. (a) Schematic representation of simulation along the z-axis in MuMax3;
(b) profiles of internal magnetic fields in layers for w =500 um

For this, a model corresponding to the experimental
sample of the structure under study is considered. The
cell size in the system was 4.00 x 4.00 x 1.25 um?,
while the damping constant o = 10*. The material
and the configuration were chosen according to the
parameters used in the experiment. The resolution of the
computational domain along the Nz axis was numbered
by 12 layers, which is shown in the diagram in Fig. 4a.
The coordinate system is based on the global coordinate
system shown in Fig. 1. Figure 4b shows the results of
numerical simulation of the profiles of internal magnetic
fields in corresponding layers Nz, w = 500 pm. As the
structure’s width changes, the internal magnetic fields
can be seen to critically decrease by Nz = 1-4. Even in
the upper layers, internal magnetic fields are impacted
by demagnetizing fields and structure boundaries, which
in turn strongly affects the propagation spectra of SW in
this type of the structure.

The inhomogeneous distribution of the internal
magnetic field leads to a more pronounced nonreciprocal
behavior of the spin-wave signal. In the two-layer
system proposed in [48], frequency nonreciprocity
can be turned on and off by simply switching from
antiparallel to parallel magnetization without any
rotation of the applied magnetic field. Such switching
can be conveniently controlled by applying, for example,
spin-transfer or spin-orbit torques via a local current. In
addition, both parallel and antiparallel states are well
known from giant magnetoresistance and tunneling
magnetoresistance applications and can be tuned to
ensure stability under remanent magnetization. For areal
two-layer waveguide, such switching becomes possible
by replacing YIG material, for example, by CoFeB
[48, 49] and NiFe [50]. This would make it possible to
realize an additional degree of freedom for dual-band
communication. On the other hand, such replacement
can lead to higher losses of SW propagation in metal
films. Thus, two-layer YIG waveguides demonstrate
the ability to imitate the widely studied dynamic

properties of FM-heavy metal layers at the same time as
representing a simple approach for controlling the value
of nonreciprocity through geometry and equilibrium
configuration.

CONCLUSIONS

Thus, the propagation modes of a spin-wave
signal in a coupled two-layer ferromagnetic system
have been studied. Microwave spectroscopy was used
to study the transmission characteristics of SW in a
two-layer YIG waveguide. Using the magnetostatic
approach along with numerical simulation of the
eigenvalue problem, it was demonstrated that the
dipole interaction between FM layers, which is created
by dynamic magnetizations, is a significant source of
nonreciprocity in SW frequencies. The distribution
profiles of the internal field and the nonreciprocity
coefficient for a two-layer structure are calculated.
A transformation of dispersion curves propagating in
two opposite directions is revealed. It is shown that
two-layer structures support two frequency bands of
SW propagation. The formation mechanisms of SW
width modes in the spectrum of a two-layer structure,
which are formed due to the finite dimensions of
the microwaveguide, are studied in a magnonic
microwaveguide. In this case, modes corresponding to
waves with different group velocity signs are observed
in the wave spectrum.

The confirmation of the obtained results by
micromagnetic simulation demonstrates the possibility
of SW propagation in the low-frequency and high-
frequency ranges of two layers in experimentally
observed localization of SW modes. As well as opening
up new ways to fabricate nonreciprocal magnonic
devices, these results encourage a deeper study of this
type of system with the aim of optimizing their design
to meet the desired application requirements. In this
case, the proposed concept of a two-layer spin-wave
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waveguide can underlie the manufacture of magnon
interconnectors and magnon interferometers with the
support of multiband regimes of operation.
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Abstract

Objectives. The theory and methods of spline approximation of plane curves given by a sequence of points are
currently undergoing rapid development. Despite fundamental differences between used splines and those
considered in the theory and its applications, results published earlier demonstrate the possibility of using spline
approximation when designing routes of linear structures. The main difference here consists in the impossibility of
assuming in advance the number of spline elements when designing the routes. Here, in contrast to widely use
polynomial splines, the repeating element is the link “segment of a straight line + arc of a circle” or “segment of a
straight line + arc of a clothoid + arc of a circle + arc of a clothoid.” Previously, a two-stage scheme consisting of
a determination of the number of elements of the desired spline and subsequent optimization of its parameters
was proposed. Although an algorithm for solving the problem in relation to the design of a longitudinal profile has
been implemented and published, this is not suitable for designing a route plan, since, unlike a profile, a route
plan is generally a multivalued function. The present paper aims to generalize the algorithm for the case of spline
approximation of multivalued functions making allowance for the design features of the routes of linear structures.
Methods. At the first stage, a novel mathematical model is developed to apply the dynamic programming method
taking into account the constraints on the desired spline parameters. At the second stage, nonlinear programming
is used. In this case, it is possible to analytically calculate the derivatives of the objective function with respect to the
spline parameters in the absence of its analytical expression through these parameters.

Results. An algorithm developed for approximating multivalued functions given by a discrete series of points using a
spline consisting of arcs of circles conjugated by line segments for solving the first stage of the problem is presented.
An additional nonlinear programming algorithm was also used to optimize the parameters of the resulting spline
as an initial approximation. However, in the present paper, the first stage is considered only, since the complex
algorithm of the second stage and its justification require separate consideration.

Conclusions. The presented two-stage spline approximation scheme with an unknown number of spline elements
is also suitable for approximating multivalued functions given by a sequence of points on a plane, in particular, for
designing a route plan for linear structures.
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Pesiome

Llenu. B HacTosLwee Bpems HabnopaeTcs OypHOe pa3BuTrE TEOPUM M METOA0B CrJalH-annpoKCMaLmMmn MNIOCKNX
KPWBbIX, 3aAaHHbIX MOCNELOBATENbHOCTLIO ToYek. [TpoBeaeHHbIE MCCNEeA0BaHWS, NEPBbIE Pe3ynbTaTbl KOTOPbIX
Obln onybnrMKoBaHbl paHee, Nokasann BO3MOXHOCTb NMPUMEHEHUS CrlaH-annpoKCUMaLmMmM B NMPOEKTUPOBaHUM
TPacc NNHENHBbIX COOPYXEHWIA, HECMOTPS Ha MPUHLUMNMANbHBIE OTANYMS UCMOMb3YEMbIX CMIAaMHOB OT paccMma-
TpYBaeMbIX B TEOPUN N ee NPUNOXeEHUSX. [NaBHOE OTMYME COCTOUT B TOM, HTO B MPOEKTUPOBAHUM TPACC HENb3S
3apaHee cYUTaTb M3BECTHBLIM YACIO 3NIEMEHTOB crnnariHa. Kpome Toro, B OTAMYME OT MNONYYMBLUMX LUMPOKOE pac-
NPOCTPaHeHMe NOSIMHOMMASbHBIX CMIAHOB, MOBTOPSIOLLMMCS 3/IEMEHTOM SIBIIETCS CBA3KA «OTPE30K NPsSMOit +
+ [yra OKpYy>XHOCTU» U «OTPEe30K NPSIMON + ayra Knotouapl + Ayra OKpy>XHOCTU + ayra knotouabl». PaHee Obina
npenJsioxeHa AByxaTanHas cxema: OrnpefeneHne Yucna 91EMEHTOB MCKOMOrO crnariHa, 3aTeM — onTMMu3aLms ero
napameTpoB. ANIrOPUTM PeLLEHMS 3a4a41 NMPUMEHUTENBHO K MPOEKTUPOBAHWIO NPOAOBHOIO NPOdUa peanM3oBaH
1 ony6nvkoBaH. Ho 9TOT anropntm HENPUroAeH AN NPOEKTUPOBAHWSA MaHa TPacchl, T.K. MaaH Tpacckl, B OTIMYmne
oT Npodus, B 06LLEM Clyvyae SBASETCS MHOro3Ha4yHo pyHkumei. Llenb paboTbl — 0606LWNTbL anropuTM Ha ciy4dai
cniarH-annpokCcuMaLm MHOrO3HauYHbIX GYHKLMIA C y4eTOM 0COOEHHOCTEN MPOEKTUPOBAHUS TPACC JIMHENHBIX CO-
OPYXEHUIA.

MeTopabl. Ha nepBoM aTane Ucnosib3yeTcs HoBas MateMaTudeckas Moaesb, No3BoNsoLwas NPUMEHNTL METOS, AM-
HaMW4YeCKOro NporpaMMmMpPOBaHUS C YH4ETOM OrpaHMyeHUi Ha napameTpbl MICKOMOro crnanHa. Ha BTopom atane
NCNONb3YeTCs HENMHENHOE NporpaMmMmnpoBaHne. MNMpu 3ToM yaaeTcs BbIMUCAATb aHANIMTUYECKM MPOU3BOAHbIE Lie-
NeBOW GyHKLMM NO NapameTpam crnnariHa npu oTCYyTCTBUN ee aHaNUTUYECKOro BbIPaXXEeHUS Yeped 3TU napamMeTpsl.
PesynbTaTtbl. Pa3paboTaHbl anropmMtM annpoKCUMaLLMM MHOMO3HAYHbIX PYHKLMIA, 3a0aHHbIX OUCKPETHLIM PSAAOM
TOYEK, CMIANHOM, COCTOSILLMM 13 Ayr OKPYXXHOCTEN, ConpsiraeMblx OTPe3KkaMu NpsiMbIX, AJ1si PELLEHNs 3a4a4M Ha
nepBoOM aTane 1 anropuTM HEIMHENHOTO NPOrPaMMUPOBaHMS A8 ONTUMU3aUMM NapamMeTpoB MNoMy4eHHOro cnnam-
Ha Kak Ha4yasibHOro NpubnuxeHus. B HacTosILLeln cTaTbe pacCMaTPUBAETCS TONbKO NEPBbIA 3Tar, T.K. CNOXHbIM an-
rOpvTM BTOPOro 3Tana 1 ero 060CHoBaHWe TPeBYIOT OTAEIbHONO PACCMOTPEHNS.

BeiBoAbl. [1ByxaTanHas cxema crnianH-annpokcumMaLMm npu HEM3BECTHOM YUCTIE 3/IEMEHTOB CrnyaiHa NpurogHa u
A5t annpoKCMaLUmMmn MHOTO3HauYHbIX PYHKLMIA, 3a4aHHbIX MOCNEA0BATENBHOCTLIO TOYEK HA MIOCKOCTU, B YACTHOCTHU
D151 NPOEKTMPOBAHMWS MiaHa TPacC IMHEHbIX COOPYXEHUIA.

KnioueBble cnoBa: Tpacca, nnaH, NnpoaosibHbIA NPOodUnb, CNianH, AMHAMMYECKOE NPporpaMmMmnpoBaHme, Lenesas

dYHKUMS, orpaHnyeHns

e Moctynuna: 27.01.2022 » Aopa6oTaHa: 26.05.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 24.06.2022

Ana uutuposaHua: Kapnos [.A., CtpydeHkoB B.W. CnnaliH-annpokcMmauusi MHOFO3HauYHbIX (YHKLMIA B NpPOEK-
TUPOBaHUK TPaCC NNHENHbIX COoopyXxeHuin. Russ. Technol. J. 2022;10(4):65-74. https://doi.org/10.32362/2500-
316X-2022-10-4-65-74

Mpo3payHocTb hMHAHCOBOM AeATENIbHOCTU: ABTOPbI HE UMEIDT PUHAHCOBOI 3aMHTEPECOBAHHOCTN B MPEACTABNEH-
HbIX MaTepuanax uam MeToaax.

ABTOpPbI 3a1BASAOT 06 OTCYTCTBMM KOHDIMKTA MHTEPECOB.
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INTRODUCTION

The present paper comprises a continuation of
the work [1] in which the problem of approximating
functions given by a sequence of points on a plane
by the spline of special form was considered. There,
arcs of circles conjugated by line segments comprised
spline elements. The problem was analyzed in relation
to the design of the longitudinal profile of linear
structures (railways, highways, pipelines for various
purposes, etc.). Since a route comprises a plane curve
whose plan is its projection on a plane XOY, while the
longitudinal profile is the function Z(s), where s is the
arc length from a given origin in the plan; then, the
longitudinal profile comprises a flat curve representing
a graph of a single-valued function. The algorithm for
spline approximation discussed in [1] is based on this
circumstance. Here, the route plan may or may not be
the graph of a single-valued function. However, the
earlier implemented algorithms turn out to be generally
unsuitable for multivalued functions. Thus, other
mathematical models and methods are required.

The theory of splines, which appeared in the late
1960s, had been initially considered as a problem
of interpolating given points (nodes) of some curve
consisting of elements of the same given kind, which
would have a common ordinate—and, as a rule, a
common tangent—at the spline nodes [2].

From this point on, only the abscissas of nodes needed
to be recorded, and researchers became to solve spline
approximation problems instead of using interpolation.
Then, spline approximation problems began to be
solved when varying not only the ordinates but also the
abscissas of nodes. In this case, the number of spline
elements was taken as known. The most commonly used
splines were polynomial and, in particular, cubic [3].

Spline approximation problems arising when
designing railway and highway routes and other linear
structures differ in that the repeating spline elements
comprise groups of elements. When designing the
route plan, it is the “straight line + clothoid + circle +
+ clothoid”, etc. Finding the number of spline elements
is a separate and rather complex task, as is optimizing the
spline parameters that determine its position on a plane.

As noted by Professor Hao Pu in [4], China currently
has more than 120 000 km of operating railways, with
about 20 000 km of existing railways to be reconstructed
by 2025. It is noted that Chinese design engineers are
very interested in the emergence of an automatic and
accurate method for designing route plans.

When designing the Baikal-Amur Mainline (BAM)
in the USSR in the 1970s, the first longitudinal profile
design programs were used in all three BESM-4
computers available at the design institutes of the Ministry
of Transport Construction in Moscow, Leningrad, and

Novosibirsk [5]. Due to the extremely limited technical
capabilities of the best computer available at that
time (4 096 random access memory cells and 40 000
floating-point operations per second), the absence of
visualization tools, and difficulties in input of initial data
(punched cards), no significant cost reduction in design
was achieved. However, the results obtained at various
sections of the BAM proved the efficiency of applying
mathematical optimization methods, which was above
all due to the improved quality of design solutions [5].
In the 1980s, the domestic system of computer-aided
design (CAD) of new railways, which used design
programs but without visualization of initial data and
results, was developed on ES EVM (the Unified System
of Electronic Computers) computers. Consequently,
imported systems having such tools and programs but
without using optimization methods became widespread
during the transition to personal computers. Since then,
despite the establishment of a myth that optimization is
unnecessary due to designers obtaining optimal solutions
interactively, authors such as Hao Pu have shown that
this is far from being the case.

At present, the problem of optimizing spline
parameters is solved interactively in existing CAD
systems'-23-43 with the designer specifying information
that uniquely determines the desired design spline.
This is essentially the method of element selection in
graphics mode with visual control: the computer is used
in place of template and ruler without the application
of mathematical optimization methods. Therefore, the
quality of the results depends on the experience, intuition,
and motivation of the designer. Moreover, such “screen
crawling” is a rather labor-intensive process. This would
seem to justify research on formalizing the problem in
mathematical models and applying mathematically
correct optimization algorithms. However, in its place,
various heuristic algorithms have been proposed both in
Russia and abroad. The given points are connected by
line segments to obtain a broken line (first-order spline)
that must be replaced by a spline with circles conjugated
by lines or clothoids and lines at the smallest (in a certain
sense) deviation from the original spline (broken line). At
the same time, technical constraints have been imposed
on the desired spline parameters to ensure normal
operation of the designed new or reconstructed structure.

! Bentley Rail Track. URL: https://www.bentley.com/-med
ia/1EA2B937CB5B42BEASEAE802620C0BA3.ashx. Accessed
January 15, 2022.

2 CARD/1. URL: http://card-1.ru/. Accessed January 15,
2022 (in Russ.).

3 Autodesk. URL: https://www.architect-design.ru/autodesk/
autocad/. Accessed January 15, 2022 (in Russ.).

4 Topomatic Robur. URL:  http://www.topomatic.ru/.
Accessed January 15, 2022 (in Russ.).

3 Credo-Dialog. URL: https://credo-dialogue.ru/. Accessed
January 15, 2022 (in Russ.).
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The first studies on designing a route plan considered
curvature plots [6—8] used as a basis to determine straight
inserts. However, this idea has not been developed
further due to the extreme difficulty of obtaining, even
visually, a straight insert of 30-35 m length on the
disrupted route; this is especially true when the curves
of the same sign are conjugated in complex cases of
surveying points every 20 m.

Next, software developers moved towards the
construction of angle diagrams [9], i.e., graphs of the
angle of the current polyline element with the OX axis
against the distance (polyline length) from the starting
point. In such graphs, the straight line, circle, and clothoid
correspond to the horizontal line, sloping line, and
second-degree parabola in the route plan, respectively.
The task then becomes to determine element boundaries
and perform spline calculations.

Here, the recent work on automated designing the
route plan of reconstructed railways by Hao Pu et al.
[4] should be noted. The paper deals with the analysis
of studies in this field concluding that existing methods
do not allow the problem to be solved automatically but
are only capable of generating a local optimal solution
with allowance for several constraints. In addition, it is
noted in [4] that automatic determination of the number
of curves, lengths of circles, clothoids, and straight
inserts is a complex task. For this reason, it is proposed
to find the number of spline elements (circular curves
with no allowance for the presence of clothoids) at
the first stage using a heuristic algorithm with further
result optimization using genetic algorithms [10—19].
According to [4], after preliminarily approximating the
boundaries of the straight line by the angle diagram, a
heuristic algorithm called a “swing iteration” is proposed
for reclassifying point location and determining the
position of straight lines more precisely, along with
subsequent circular and transitive curves. In a swing
iteration, the segment boundary of a geometric element
is repeatedly changed from left to right, then right to left,
and finally stabilized. It follows from [4] that genetic
algorithms have allowed significant improvements to
the first stage result while solving the real problem.

An apparently more reliable approach utilizes
the same two-stage scheme for solving the problem,
but with mathematically correct algorithms: dynamic
programming algorithms for determining the number
of elements and their parameter approximates at the
first stage and nonlinear programming algorithms
for optimizing the obtained spline parameters at the
second stage. This scheme has been successfully used
in designing the longitudinal profiles of railways and
highways. When designing railways, the spline in the
form of a broken line was originally used [20]; when
moving to the design of highways, a spline consisting of
vertical circular curves conjugated by straight lines was

used [1]. For designing the longitudinal profiles of roads,
a spline having elements of second-degree parabolas has
also been used [21].

The problem of spline approximation of multivalued
functions is relevant for computer-aided design of a route
plan, which in general comprises a graph of precisely
this function.

Spline becomes a multivalued function not only in
the presence of curves having tangent line angles with
the OX axis greater than 90° but also in the case of
several curves of the same sign having small rotation
angles, but at a large total angle of rotation. In general, it
is also necessary to consider curves with rotation angles
greater than 180°.

In this paper, we present dynamic programming
features for solving this problem. First, we consider
spline consisting of arcs of circles conjugated by straight
lines as a multivalued function. This is a separate
problem, since variable curvature curves that include
clothoids are not used when designing route plans of
some linear structures, for example, pipeline trenches of
different purposes. This much simpler problem requires
significantly less computation at the first stage than
when using a spline with clothoids. In addition, when
using clothoids of short lengths and large circular curve
radii their insertion results in insignificant shifts of the
resulting spline with circles, since deviation p of the
circle of radius R from the angle side to which it fits with
a clothoid of length / into may be calculated by the well-
known formula p = I?/(24R). Thus, p < 0.08 m is satisfied
at /=30 mand R =500 m.

Therefore, a spline with circles may be considered
generally as the initial approximation for the second
stage. In any case, the number of curves is not further
changed; the first stage may be repeated at a known
number of elements to find a spline with clothoids.

This drastically reduces the number of calculations
with the use of dynamic programming, since it is not
necessary to consider replacing two curves by one at a
known number of elements.

Optimizing parameters of the spline as a multivalued
function using nonlinear programming is a complex
problem with solution to be discussed in a separate

paper.

PROBLEM STATEMENT
AND FORMALIZATION

For a given sequence of points on a plane (Fig. 1),
we shall obtain a spline consisting of arcs of circles
conjugated by line segments, whose parameters satisfy
the constraint system, while the sum of deviation squares
of given points from the spline is minimal. If there are
areas where it is necessary to obtain small deviations,
the weighted sum of squares can be used instead of the
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simple solution. In addition, the constraints in the form
of inequalities can be imposed on deviations at separate
points. Unfortunately, it is impossible to fix the point
within the discrete search at this stage.

A

Fig. 1. Starting points and approximating spline

The starting point A and end point B are set along
with their directions and not changed during the spline
search. These may or may not coincide with origins.

The deviations are calculated for normal to spline. If
the number of points is 7 and their deviations from the

n

spline are h, (i = 1, 2, ..., n), then the sum Zhlz must be
minimal, subject to the following constralinlts on spline
parameters: the lengths of line segments and arcs of
circles must not be less than the specified values, while
the radii of circular curves must be within the specified
limits.

At the first stage, it would be convenient to consider
the elements in the following order: curve + straight line,
etc. If the number of these links is £, the line lengths are

szl, the curve lengths are L‘J:., and the radii are R, then

the constraints on spline parameters may be formalized
by the following system of inequalities:

1 1
B2l (1)
L£2 L5, 2)
Rpin SIRI SR G=1,2, ... k), 3)

The radii of the curves are positive when moving
counterclockwise and negative otherwise. All limit

values LS., LS. R .»and R are given.

Clearly, it would be sufficient to find the coordinates
of each curve origin and the tangent direction in it. The
first curve origin is considered given. This may be point A
(Fig. 1) or another point on the tangent drawn from point A.
However, if the initial line length is considered unknown at
this stage, then the problem becomes much more complex,
as can be seen below. However, it is possible to avoid

significant complications by specifying several possible

points for the first curve origin from which the initial line
length may be consequently derived. The same procedure
may be carried out with the end point along with the
specification of several starting and ending directions.

The basic concept in dynamic programming—
“system state”—may be defined as an aggregate of the
starting point of the next curve and the tangent direction
to the curve at this point. To that end, normals to the
given polyline should be constructed at starting points.
These comprise a line connecting a given point to the
center of a circle drawn through three adjacent points if
they are not on the same line, or a normal to this line
(Fig. 2). However, it is not necessary to construct
normals at the beginning and end of the route in sections
of length L ;. = L;l]in + LS ;, from the starting and end
points, respectively, since the desired points of curve
origins cannot in any case be located in these sections
due to constraints (1)—(3).

Since the initial direction is given, moving from the
beginning to the end at each point, the direction of the
external normal—and, respectively, the tangent—may
be determined so that they constitute the right-hand
triple. The angles of external normals with the OX axis
(yj in Fig. 2) are precalculated. The tangent direction
is determined by angle (yj — n/2) with the OX axis.
The starting point coordinates along with the tangent
direction determine one “system state” on each normal.
Since the curve origin does not necessarily coincide with
the starting point, several points on each normal with
step A (Fig. 2) and several possible tangent directions
at each point on each normal (the angle side which the
circle fits into) may be set.

Y 4

\<Vrot.an .

rot.ang (i+1)

»

o X

Fig. 2. Defining the normals and sets of “system states”
\Y is the rotation angle vertex

rot.ang.

In this way, a set of possible states may be
constructed. The process of obtaining the spline is
reduced to a dynamic programming problem: construct
a path (sequence of states) to transfer the “system” from
the initial state to the final one with minimum costs
(at the minimum of the objective function). Sequential
states should be selected with allowance for constraints
(1)-(3) and constraints on displacements at separate
points, if given.
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CONSTRUCTING A SPLINE USING
THE DYNAMIC PROGRAMMING METHOD

When constructing a path from the initial to the
final point in accordance with R. Bellman’s optimality
principle [22], options for achieving the same state by
different paths allowed by constraints are considered and
compared; eventually, one option with a smaller value of
the objective function is left in each state.

Implementing this rule requires setting some more
parameters: the already mentioned discretes by normals
A and angles ¢, as well as their numbers per normal,;
maxrix is the maximum allowed deviation of the spline
from surveying points, while L is the maximum length
of the link “circle + straight line,” i.e., the maximum
distance (by initial broken line) between two subsequent
states (curve origins). Typically, L, = (3-4)L, ;. but it
may be greater in the presence of long curves. Due to the
simplicity of the algorithm (in terms of low computational
resources), it is reasonable to set L, “with a margin” and
limit the link length, if L _, already contains two curves
with different sign, since these curves cannot be replaced
by a single link with admissible deviations. The maxrix
value, which specifies the search range on a plane with
respect to the original polyline, should also be set with
care when analyzing specific data. If small values are set,
there may be no solution in the corresponding area due
to constraints. Setting large maxrix values does not affect
the search accuracy but results in the increased amount of
computation that is not very significant in this case.

First stage of the algorithm

For the starting point A (if there are several starting
points given, then for each of them sequentially), the
normals in the range from L ; to L . (points C and D
in Fig. 3) are considered. For every point on every
normal and every tangent direction at this point, the
corresponding vertex of the angle of rotation at the
intersection with the initial direction is determined.
These comprise the points V,; and V, in Fig. 3. Some
other directions are shown as dashed lines.

Fig. 3. Option construction at the first stage
of the algorithm

The distances from each angle vertex to the starting
point and to the point on the normal may be obtained as
follows. For the first vertex, the distances are AV, and V,C,
respectively. If AV, >V,C, —Lﬂlin, then this option of
selecting starting points is rejected. Otherwise, point C; on
the angle side V,C is found such that AV, =V, C,

The distance CC, is the length of the straight line in
the desired link “circle + straight line.”

AV, = Rig(a/2),

where a is the rotation angle, i.e., the difference between
the angles of the angle sides and the OX axis. From here,
value R, followed by the center of the circle using point A
and the normal to the initial direction, may be obtained.
Since a search of the radius values is not required, the
starting point of the curve has also been fixed, along with
several options to be used if finding it is not possible.
When constraint (3) (on radius) or constraint (2) (on curve
length) is not satisfied, the next state may be considered.
Here, it should be noted that if the constraints are violated,
many states could be excluded from consideration.

If constraints (1)—(3) are satisfied, then distances 4,
to the arc of the circle (before going beyond the arc) and
then distances to the straight insert for remaining points
are found. Should 4, > maxrix or the constraints on
displacement of some points be violated, the remaining
distances are not calculated, while this option of locating
starting points of the curve is rejected. Otherwise, the
objective function value is calculated and memorized
along with all data required to subsequently restore the
spline (radius, coordinates of arc end C,, etc.).

Fig. 4. Calculation at angles of rotation greater than nt

Ifrotation angle o> m (Fig. 4), no particular difficulties
arise. In this case, AV = R|tg(7t - OL/2)| = R|tg(0c/2)|,
CC, is straight insert, while the arc length L = Ra. Hence,
checking constraints (1)—(3) is performed in the same
way as for small rotation angles. In the theoretically
possible case of o = & (Fig. 5), there is no angle vortex,
the radius is half the distance between parallel lines; the
arc length L = nR. Straight insert CC, as well as values R
and L may be unacceptable. Deviations from survey
points are calculated in the same way as above.
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Fig. 5. Calculation when parallel lines

It should be noted that there is no option comparison
and their rejection by the objective function value at the
first stage.

General stage of the algorithm

At next stages, all normals ranging from 2L _. to S
is L_.., where S is the length of the original polyline
are considered. For each such normal, the possibility
of constructing the link “circle + straight line” with the
starting point belonging to the preceding normal that is
atleast L, ; and at most L . away from the considered
normal is analyzed. The difference from the first stage of
the algorithm is that now there are many options of the
left angle side instead of one for each point and direction
on the considered normal. All acceptable options of
transition to the considered state from previous states
are compared by the objective function and the best one
memorized. The corresponding state of the constructed
link origin is also memorized. In other words, transitions
not only unacceptable by constraints but also ineffective
are rejected. It may turn out that two admissible paths
consisting of different number of links result in the same
state. This means that dynamic programming considers
paths with different number of elements to eventually
determine the number of elements for the approximating
spline, having previously been unknown.

At the last stage, the same actions are performed for
the final state or several such states, if given. As a result,
the comparison yields the objective function value for
the best option of the path. The path, i.e., the desired
spline, is defined by the usual reversal from the found
final best state along the chain of links used in dynamic
programming, since the corresponding curve origin has
been memorized for each state [20, 21].

REDUCING THE SEARCH OF OPTIONS

The considered problem and the dynamic
programming algorithm may be characterized by the
presence of constraints not only avoiding an unnecessary
complication of the problem but also allowing the
search of options to be significantly reduced. When
the attempt to construct the link “arc circle + line
segment” is unsuccessful, many transitions to another

state (displacements along the right normal or rotations
of the tangent, Fig. 3) are obviously inefficient due to
the constraints remaining violated during this transition.
For example, the minimum radius constraint is violated
when fitting into the angle. Obviously, with the rotation
angle a unchanged, the tangent 7 (the distance from the
tangent point to the angle vertex) cannot be reduced
since R = T/tg(o/2). Accordingly, displacements along
the right normal reducing 7 are unacceptable.

Fig. 6. Rejecting transitions
when constraints are violated

In Fig. 6, T = AV. Transitions to the new state from
point C (displacements along the normal and rotations
of the tangent) unnecessary R < R_. are shown dashed
(e.g., to the left of point C). If straight insert C,C is less
than the acceptable one, the constraints on radii and
curve lengths are satisfied; then, conversely, only dashed
displacements and rotations result in its increase. However,
due to the reduction in tangent AV and curve length, the
“margin” for these parameters may be insufficient.

At any arrangement of normals and different rotation
angles, each violated constraint provides information
concerning which states cannot be efficiently transferred
to on the given normal. Although this analysis slightly
complicates the algorithm for spline construction, it is
fully compensated by reducing the search of options.

CONCLUSIONS

The method for approximating the sequence of
points on a plane by a spline with circles and straight
lines described in this paper may not only be used
in designing routes of linear structures but also in
processing generally any type of data when constructing
paths. As for its practical application in designing routes
of linear structures, the question remains open and is the
lack of interested users.

In Russia, the number of design works may increase
in future due to new railway and highway construction
and reconstruction projects. This may result in the
growing interest of relevant authorities in reducing
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construction costs by optimizing design solutions, thus
giving relevance to developing new design algorithms
and programs.

As was the case during the Soviet period, the
development of such design approaches requires
theoretical and experimental research by specialized
scientific departments. The first Russian developments
in optimization of design solutions were significantly
ahead of their foreign equivalents. However, foreign
authors even now propose mainly various heuristic

algorithms without using modern mathematical
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Abstract

Objectives. A frequently used method for obtaining Pareto-optimal solutions is to minimize a selected quality index
under restrictions of the other quality indices, whose values are thus preset. For a scalar objective function, the global
minimum is sought that contains the restricted indices as penalty terms. However, the landscape of such a function
has steep-ascent areas, which significantly complicate the search for the global minimum. This work compared the
results of various heuristic algorithms in solving problems of this type. In addition, the possibility of solving such
problems using the sequential quadratic programming (SQP) method, in which the restrictions are not imposed as
the penalty terms, but included into the Lagrange function, was investigated.

Methods. The experiments were conducted using two analytically defined objective functions and two objective
functions that are encountered in problems of multi-objective optimization of characteristics of analog filters. The
corresponding algorithms were realized in the MATLAB environment.

Results. The only heuristic algorithm shown to obtain the optimal solutions for all the functions is the particle
swarm optimization algorithm. The sequential quadratic programming (SQP) algorithm was applicable to one of the
analytically defined objective functions and one of the filter optimization objective functions, as well as appearing to
be significantly superior to heuristic algorithms in speed and accuracy of solutions search. However, for the other two
functions, this method was found to be incapable of finding correct solutions.

Conclusions. Atopical problem is the estimation of the applicability of the considered methods to obtaining Pareto-
optimal solutions based on preliminary analysis of properties of functions that determine the quality indices.
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Pesiome

Llenun. Yacto npuMeHsieMblii MeTOZ, Noncka onTMMasbHbIX Mo MapeTo pelueHnii COCTOUT B MUHUMU3ALIMN BbliOpaH-
HOro nokasaTtesisi KauecTBa Npu 3aaHNM OrpaHNYEeHNIn Ha OCTallbHbIe NnokasaTesnv, 3Ha4YeHUs1 KOTOPbIX, Takum obpa-
30M, 0Ka3bIBAOTCS 3apaHee onpeaeneHHbIMU. Mpu 3TOM BbINOHAETCS MOUCK FNo6afbHOr0 MUHUMYMa CKaNsipHOM
uenesor GyHKUMK, B KOTOPYKO OrpaHn4yMBaEeMble NokasaTenu BXOOAT B BuAe WTpadHbiX cnaraemolx. Pensed takom
DYHKUMN COAEPXKUT yHacTKM ObICTPOro pocTa, 3Ha4YMTENbHO 3aTPYAHSOLME NoVCK rnodanbHoro MmHuMyma. B pabo-
Te CPaBHMBAIOTCS PE3YNbTaTbl PA3/INYHbIX 9BPUCTUHECKUX aTTOPUTMOB MNPU peLLeHnn 3aga4 aToro tuna. Kpome Toro,
ncenenyeTcs BOSMOXHOCTb MCMOb30BaHUS anroputMa nociiefoBaTe/lbHOro KBaapaTtMyHOro nporpamMmMupoBaHms
(SQP), B KOTOPOM OrpaHNYeHUsT yHUTLIBAIOTCA He Yepes WTpadHble cnaraeMsble, a BKovaloTcs B GyHKUMIO JlarpaHxa.
MeToabl. B akcneprMeHTax MCNoib30BasNCb ABE aHANUTUYECKN 3a[aHHble LeneBsble GYHKUUM U OBE LeneBble
dYHKUMN, BCTPEYaoLLMeCH B 3a4a4aX MHOMOKPUTEPMAIbHON ONTUMN3ALMN XapaKTEPUCTUK aHANIOrOBbIX GUIbTPOB.
Mccnenyemble anropmutmbl Obiv peanrM3oBaHbl porpaMmmMamu B cpene MATLAB.

Pe3ynbTaTbl. YCTAHOBNEHO, YTO €OMHCTBEHHbBIM 3BPUCTUHECKUM afifOPUTMOM, KOTOPbIM HaLLen ONTUMalbHbIE pe-
LweHns ana Bcex GyHKUMM, okasancs anroputMm pos vyactuu. AnroputM SQP okasancs npuMeHum ans ogHon u3
aHaINTNYECKN onpeaeneHHbIX GYHKUMA 1 A5 OOHON U3 LeneBblX GyHKLNI oNTUMm3aumn GunbTpoB, CYLLECTBEHHO
NpPeB30iasa NPy 9TOM 9BPUCTUHECKME aITOPUTMbI MO TOYHOCTU M CKOPOCTM noucka pelweHnsa. Ho ona aByx opyrmux
DYHKLUMIA AaHHbIN aNropyuTM 0Ka3ascst HECNOCOOHbIM HAXOOUTb NPaBUIIbHbIE PELUEHUS.

BbiBOoAbl. AKTyanbHOW SIBASETCS 33a4adva OLEHKM NPUMEHMMOCTW PacCMOTPEHHbIX METO4OB Ans noucka [lapeto-
OMNTUMaJIbHbIX PELLEHNIA HA OCHOBE NPEABAPUTENIBHOMO aHaIM3a CBONCTB (PYHKLNIKA, ONPEAENSIOLLMX MOKa3aTeNn Ka4ecTsa.
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Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOP HE MMeeT GMHAHCOBOWM 3anHTEPECOBAHHOCTM B NPEACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOp 3asaBnseT 00 OTCYTCTBUA KOHq)J'II/IKTa NHTEepeCOoB.

INTRODUCTION

The global extrema of multimodal objective functions
(OFs) having many local extrema can be obtained using
heuristic algorithms [1, 2]. Unlike classical optimization
methods, heuristic algorithms have not yet been
subjected to comprehensive theoretical analysis [2—4].
Their characteristics can be evaluated and compared
experimentally using sets of test functions [5, 6]. Different
algorithms show the best characteristics on different test
functions, which leads to the problem of choosing the most
appropriate algorithm for an OF with certain properties.

Methods have recently been developed for automatic
analysis of the properties of the OF relief (exploratory
landscape analysis, ELA) and machine learning to select
an algorithm and/or adjust its parameters according to the
results of such an analysis [7, 8]. However, the complete
solution of this problem is still far away.

In radio engineering and other sciences, of
considerable interest are multi-objective optimization
problems [9]. As arule, it is impossible to simultaneously
optimize all quality indices (QI) because improvement
of some of the QIs leads to impairment of others.
Therefore, the goal of multi-objective optimization is to
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find a set of Pareto-optimal solutions [1, 10]. A widely
used way to search for them is to solve the problem

X = arg ;reliDq(Qk (x)),

’ . . (1)
D = {x €D|Q; (x)< Qi=L..M; j= k},
where x is the coordinate vector in the search space, D is
the set (defined by inequality and/or equality restrictions)
of allowable values of x in the search space, Qj(x) are
functions that describe the Qls, M is the number of QIs,
and X" is the coordinate vector of the optimal solution.
Without loss of generality, the problem of minimizing all
the QIs was considered here.

In problem (1), all the QIs, except O,, are restricted
from above, while Q, is minimized. If the QIs are
competing, then the minimum of Q, is at the point x"at
which the other QIs reach the restrictions th imposed on
them. This makes it possible to obtain solutions in which
all the coordinates in the space of QlIs, except the kth, are
fixed at the objective values of Q. It is known that this
method can find any Pareto-optimal solution [10].

One of the methods to solve problem (1) is based on
minimizing a scalar OF of the form

M . —-0.
r(x)=Y, W, - max (Q’L‘rgﬂ),o . Q)
j=1 Qj /

where Qj(x) and th are the current and objective values
of the jth QI, respectively; and Wj is the weighting factor
of the jth QI [2, 10]. If it is necessary to normalize the
deviation of a QI from the objective value to reduce the
terms in (2) to the same range of values, the exponent
q;= 1. If such a normalization is unnecessary, then the
exponent ¢, = 0. At x > 0, max(x, 0) = x; otherwise,
max(x, 0) = 0.

The objective value Q,, of the QI being minimized is
given sufficiently low, e.g., equal to its minimum possible
value, and the weighting factor is taken to be ¥, = 1. The
terms containing the other QlIs are penalties for violation
of restrictions imposed on them. The weighting factors
at them should meet the conditions Wj >> 1 for such QI
to be fixed near the objective values.

Problems of multi-objective optimization of the
characteristics of analog and digital filters by the scalar
OF method were considered earlier [11, 12].

The relief of OF (2) can be complex. If the objective
values of the QIs to be fixed are exceeded, the OF value
rapidly increases; for this reason, the relief has areas
hereinafter referred to as “walls.” In the available works
aimed at analyzing the properties of OFs and selecting
optimization algorithms, such OF properties were not
studied. In view of the importance of multi-objective
optimization, this gap needs to be addressed.

Another approach to solving problem (1) is based on
nonlinear programming methods, in which restrictions
on QIs are not imposed as penalty terms, but included
in the Lagrange function; as applied to problem (1), this
function has the form

M-1
Lx,M)=0,(x0)+ Y Ag;(x),
i=1

gi(x):Qj(x)—Qﬂ, i=1l..,M-1,j=1,..M,j#k (3)
xe>D,

where A, are the Lagrange multipliers. The minimum
of function (3) is found, in particular, using sequential
quadratic programming (SQP) algorithm [3], provided
that the Lagrange function L(x, A) has continuous second
derivatives.

Population algorithms, which comprise an
alternative to the scalar OF method, can give an
approximation of the Pareto set containing a given
number of elements within one search cycle [1]. The
main advantage of these methods is their significantly
accelerated search. However, there are difficulties in
obtaining solutions with given values of some of the
QIs. Moreover, with increasing number of Qls, the
quality of the found approximations of the Pareto set
may decrease. For example, by comparing the results
of solving the problem of multi-objective optimization
of the characteristics of electric filters using population
algorithms and the scalar OF method, it was shown that,
at the number of QIs M = 2, population algorithms are
advantageous not only in terms of search speed, but also
in quality of the solutions obtained. At the same time, at
M = 3, they are inferior in quality to the approximation
of the Pareto set to the scalar function method [13]. The
prospects for the use of population algorithms for multi-
objective optimization require further research and will
not be considered here.

The purpose of the present work was to study the
characteristics of various optimization algorithms of
searching for the global minimum of scalar OF of
type (2) whose relief has walls, as well as to develop
recommendations for choosing algorithms for solving
such problems. In addition, we studied the possibilities
of applying methods for solving problem (1) that do not
use penalty terms.

METHODS OF INVESTIGATION

First of all, let us define OFs with necessary
properties, i.e., with walls. The first two OFs are defined
analytically:

ND ND
fl(x)zle.+Wl'max{2xl.2—al,0], 4)
i=1 i=l
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ND
=Y x+
i=1

ND

+W, -max{ND+ Z(xiZ —COSZTCXI-)—CZZ, 0). %)
i=1

In these expressions, ND is the dimension of the
search space. In both functions, the QI being minimized
is calculated as the sum of the coordinates of the vector x.
In function £, (x), the QI being fixed is defined as the sum
of the squares of the coordinates; while in function £,(x),
it is represented by the known Rastrigin test function [5].
The parameters a, and a, are the objective values of the
QI being fixed, while the parameters W, and W, are the
weighting factors of the penalty terms.

Figure 1 presents the graphs of the OFs f(x) and
H(x)atND=2,a,=1,a,=2,W,=W,=100,-2<x,<2,
and i =1, 2. In the graphs, the values of the functions are
bounded from above at the levels f|(x) = 1 and f,(x) = 2.
The reliefs of both functions contain pronounced
walls. The number of local extrema of f,(x) increases
exponentially with increasing dimension ND.

Let us further define two OFs that are encountered
in the problems of multi-objective optimization of the
characteristics of analog electric filter [11]. The first of
them has the form

DTd(x)- DTd,

A
t

DHP( ) DHp, OJ

+ WHp - max
DHp,

HS, - Hs(x)
+ WHs -max| ————,0 |+
Hst

(6)

+ WHt - max (DHt (x) — DHt,, 0).

1.0~
0.5\- |
o “-
X
- L
-0.5
-1.0
-1
i ! 2.0
X4 2 -15-1.0-05 0 0.5 1.0 1.5 =

X2

(a)

Fig. 1. Graphs of the test functions (a) f;(x) and (b) f.

Here, DHp is the passband attenuation ripple (dB),
Hs is the stopband attenuation (dB), DHt is the excess of
the frequency response over the permissible level in the
transition band between the passband and the stopband
(dimensionless), and DTd is the relative passband delay
time ripple (%). The coordinate vector x consists of the
real and imaginary coordinates of the poles and zeros
of the transfer function (one each from the complex
conjugate pair). Methods to calculate the listed QIs were
described in the literature [11, 14].

OF f5(x) (6) is obtained in the problem of minimizing
the DTd QI under restrictions on the other three QIs. Since
the Hs value should be maximized, this QI is subtracted
from its objective value. In the experiments below, the
values of the following quantities were given: the number
of filter poles, NP = 6; the number of zeros, NZ = 0; the
objective values of QI, DHp, = 0.5, Hs,= 40, DHt,= 1, and
DTd,=10; and the weighting factors, WHp =20, WHs =500,

and WHt = 1000. The search space in all the coordinates
was bounded by the inequalities —3 <x; <—0.01.
The last OF has the form
Tss (x) —Tss,
X)=———F+
/4 ( ) Tss,
T - Tfr,
Tf

+ WUm - max

HS Hs
+ WHs - max +
+ WHt - max(DHt — DH1,,0).

Here, Tss is the transient-process time; Tfi is the
rise time of the transient front; and Um is the maximum

»(x) at the dimension ND = 2
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value (surge) of the transient voltage. The time intervals
and the voltage are measured on normalized scales and
are expressed in dimensionless quantities. The other QIs
are defined above.

OF f,(x) (7) is obtained in the problem of minimizing
the transition-process time 7s under restrictions on
the front rise time 7fr, the maximum transient voltage
Um, the stopband attenuation Hs, and the excess of
the frequency response in the transition band DHt. In
the experiments, the values of the following quantities
were given: number of poles, NP = 6; number of zeros,
NZ = 0; objective values of Qls, Tss, = 0.1, Ifr, = 0.5,
Um,= 1.1, Hs,= 40, and DHt,= 0; the weighting factors,
WTfr =100, WUm = 10, WHs = 100, and WHt = 1000.
The boundaries of the search space are the same as
for f3(x). Information on the methods to calculate the
QIs is available in the literature [11, 14].

The graphs of these OFs are not presented here since
solving the problems of optimizing OFs (6) and (7) at
ND = 2, i.e., for filters of the second order, is of no
interest; moreover, at higher dimensions, the graphical
representation is complicated.

Letus further list the studied optimization algorithms.
All of them were implemented in the MATLAB software
environment!. For each algorithm, an abbreviated
notation is introduced, as presented below:

e SS (Step Search)—a simple coordinate search
algorithm with the step size bound from above [2, 3].

o PS—patternsearch(..) function from the Global
Optimization Toolbox in MATLAB. An improved
coordinate search with the possibility of transition
between the domains of attraction of local
extrema [2].

o MS—fminsearch(..) function from the Optimization
Toolbox. A search for a minimum of an OF using the
Nelder—Mead simplex algorithm [2].

o SA—simulannealbnd(..) function from the Global
Optimization Toolbox. A search for the global
minimum of an OF using the simulated annealing
algorithm [1, 2].

o GA—ga(..) function from the Global Optimization
Toolbox. A search for the global minimum of an OF
using a genetic algorithm [1, 2].

e PSO—particleswarm(..)  function from the
Global Optimization Toolbox. A search for the
global minimum of an OF by the particle swarm
optimization algorithm [1, 2].

e CS—a function realizing the cuckoo search
algorithm for searching for the global minimum
of an OF [1]. The function is not included in the
MATLAB toolboxes and is written based on a
published example [15].

o MCl—fmincon(..) function that is included in
the Optimization Toolbox and realizes the SQP

! http://www.mathworks.com. Accessed December 14, 2021.

algorithm. In this case, an OF is minimized with

penalties (4)—(7), and restrictions are imposed only

on the coordinates of the search space.

o MC2—fmincon(..) function from the Optimization
Toolbox, too. But in this case, a selected QI is
minimized, and functions used to calculate the fixed
QIs are introduced in the arguments of finincon(..) as
inequality restrictions.

Each algorithm was run N7 = 100 times for the
functions f|(x) and f,(x) and NT = 40 times for f;(x) and
J4(x). The starting points in the search space for each
run of the non-population algorithms were given using
the lhsdesign(NT, ND) function, which returns a Latin
hypercube sample matrix; random starting positions of
agents of the population algorithms GA, PSO, and CS
were given by their realizing functions. The algorithms
included in the MATLAB toolbox were set by default.
The end condition of the search was the absence of
changes in the function being minimized that exceeded
the DGF,; level, which was one of the settings and, as
noted above, was set by default. For the CS algorithm,
the population size Npop = 20 and the number of
generations maxgenN = 400 were given. The search was
ended after all the generations had been sought.

RESULTS AND DISCUSSION

Table 1 presents the results of the experiments
with the OF f(x). The first and second subcolumns of
each column show the minimum and maximum values,
respectively, of the found solutions over 100 search
cycles at the dimensions ND = 2, 4, and 8. The third
subcolumns present the numbers Neval of calculations
of the OF in the course of the search. The top row
shows the analytically found exact values of the global
minimum.

Additional information on the operation of the
algorithms is provided by the maps of the positions of the
starting points of the search cycles, which are connected
by straight line segments to the corresponding end
points; examples are given in Fig. 2. For the population
algorithms, in particular, for PSO, only the positions of
the found optimal solutions are shown, since each agent
in the population has its own starting position.

The non-population algorithms SS, PS, MS, and
MC1 move toward a point of minimum until they
reach a wall. Their results over the search cycles have a
significant scatter. The population algorithms PSO and
CS turned out to be significantly better. Since most of the
solutions they found are in the immediate vicinity of the
global minimum, it does not take many iterations of the
search to get a good result. The best results were shown
by the MC2 algorithm. This is understandable because
/1(x) has no local minima. In this case, both the QI to be
minimized and the restricted QI are described by twice
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Table 1. Results of the experiments with the OF f,(x)

ND =2, min(f)) = —1.414 ND = 4, min(f) = —2.000 ND = 8, min(f}) = —2.828
Algorithm min(f)) max(f)) Neval min(f)) max(f)) Neval min(f)) max(f)) Neval
SS -1.414 -1.017 84844 —=2.000 -1.396 320100 =2.717 -2.327 1280948
PS -1.414 —1.126 14503 —1.998 —1.540 30330 —2.780 —1.833 70876
MS —1.414 —-1.052 23623 —2.000 0.053 60650 —2.806 1.010 147627
SA —1.414 —1.386 192039 -1.998 -1.873 381223 —2.782 —2.340 752386
GA —1.414 -1.372 631387 —=2.000 —1.946 1456566 -2.827 -2.821 5748740
PSO -1.414 -1.412 187060 —2.000 -1.996 541760 —2.828 —2.821 1508800
CS -1.414 -1.413 1677900 —2.000 —1.984 1677900 —2.825 -2.793 1677900
MCI1 —1.414 —-0.756 29340 -1.999 —0.542 72418 -2.828 —0.440 100494
MC2 -1.414 -1.414 3465 —=2.000 =2.000 7201 —2.828 -2.828 16211
PS PSO MC2
20 . 2.0 2.0 ;
15 il 1] 1.5 1.5
1.0 / Z 10 1.0
0.5 g 05 05|
0 0 0
-0.5 -0.5 -0.5
A Y
-1.0 - 1.0 1.0} ==
-15 -1.5 -15 ' S

.0 - : — 2.0 -2.0
-2.0-1.5-1.0-05 0 0.5 1.0 1.5 2.0 -2.0-1.5-1.0-05 0 0.5 1.0 1.5 20 -2.0-1.5-1.0-0.5 0 0.5 1.0 1.5 2.0

Fig. 2. Starting points of search and the positions of solutions (blue) for f,(x) at ND = 2

differentiable functions. Under such conditions, the
SQP algorithm quickly and accurately finds the optimal
solution in each run at all the dimensions of the search
space.

Table 2 presents the results of the experiments
with the OF f,(x). The estimated values of the global
minimum in the top row were obtained by an additional
search within the restricted neighborhoods of the best of
the found solutions. Figure 3 gives the examples of the
position maps of the starting and end points of search.
Figure 4 presents the examples of the histograms of the
found optimal solutions at ND = 8.

The algorithms SS, MS, and MCI1 end the search at
the local minimum closest to the starting point (Fig. 3).
To obtain the global minimum or at least a minimum
close to it, a significant number of search cycles should
be performed. At the same time, the algorithms SA, GA,
PSO, and CS end all the search cycles either at the global
minimum or at two local minimums closest to it. This
was to be expected, since these algorithms are intended
for global optimization.

At the dimension ND = 8, the exact value of the
global minimum is only found using the PSO algorithm.
However, as the histogram in Fig. 4 shows, this value
is found once in a hundred attempts. At the same time,

the CS algorithm repeatedly ended the search near the
global minimum, while, in the other cases, it hit local
minima closest to the global one.

The results of the MC2 algorithm should be noted.
Among them are many values that are significantly
smaller than the global minimum of f,(x) (Fig. 4). A
check shows that these solutions violate the restrictions
imposed on the fixed QI. Thus, although both QIs are
described by twice differentiable functions in the
vicinity of any of its local minima, the MC2 algorithm
turned out to be unsuitable for optimizing this function.

Let us turn to the results of optimizing the OF
f3(x) (6) and f,(x) (7). These problems belong to
Black Box Optimization problems, for which neither
the exact solutions nor any information on the
properties of the OF is known before the start of the
search. Tables 3 and 4 present the best solutions for
each algorithm, respectively. Significant violations
of the restrictions imposed on the OF are marked
in italics. The best results are highlighted in bold.
Figures 5 and 6 show the examples of the histograms
of the OF values for the found solutions. For the MC2
algorithm, the scale of the horizontal axis presents
the values of the QI being minimized, rather than the
scalar OF.
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Table 2. Results of the experiments with the OF f,(x)

ND =2, min(f,) = —2.000 ND = 4, min(f,) = —2.040 ND = 8, min(f,) = —2.097
Algorithm
min(f,) max(f;) Neval min(f;) max(f;) Neval min(f,) max(f;) Neval
SS —-2.000 560.2 24313 -2.016 1036.3 94421 86.4 1892.6 376213
PS -1.999 —0.475 15173 —2.034 —0.545 34606 —1.559 —0.690 87668
MS —2.000 564.0 10383 —1.998 1042.0 20267 —2.082 1896.4 88995
SA —2.000 —0.924 190021 -2.039 1.765 455552 —2.089 372.8 819478
GA —=2.000 -1.269 535649 —2.040 —0.633 1400355 —1.593 —0.895 6594051
PSO —2.000 -1.277 208501 —2.040 —0.647 593081 -2.097 0.304 1603361
CSs —2.000 -1.279 31960 —2.040 —1.404 31960 —2.091 —1.566 31960
MClI -1.998 278.1 15445 -2.036 942.1 20946 —-0.609 1608.6 36057
MC2 —2.848 1.897 130078 —5.696 5.696 329294 —11.386 5.701 577958
MS
2.0
= -
N A P
w0~ g N
0.5 :
e W | N
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Fig. 3. Starting points of search and the positions of solutions (blue) for fy(x) at ND = 2

Table 3. Results of the experiments with the OF 75(x)

Algorithm min(OF) DHp, dB Hs, dB DHt DTd % Neval
SS 5.070 0.500 40.040 0.000 60.699 332488

PS 5.615 0.510 40.000 0.000 62.103 46699

MS 6.708 0.500 40.000 0.000 77.084 33887
SA 2.552 0.500 40.009 0.000 35.515 280390
GA 2.253 0.500 40.881 0.000 32.530 3009450
PSO 2.127 0.500 40.000 0.000 31.266 1211160
CS 62.124 1.752 39.559 0.000 75.268 1278400

MC1 2913 0.500 40.533 0.000 39.128 40771

MC2 31.126 0.500 40.000 0.000 31.126 39828

The problem of optimizing f;(x) consisted
in minimizing the D7d QI under the restrictions
DHp < 0.5 dB, Hs > 40 dB, and DHt < 0. These
restrictions are satisfied by all the algorithms,
except CS. The minimum value of D7d was found by
the MC2 method, which also outperformed the other
algorithms in number of solutions coinciding with the
best one (Fig. 5). But at the same time, among the
results of the search by this method, there are several

solutions violating the restrictions. Because of this,
the DTd QI turned out to be less than the correct
optimal value.

The problem of optimizing f,(x) consisted in
minimizing the 75s QI under the restrictions Hs > 40 dB,
DHt < 0, Tfir < 0.5, and Um, < 1.1. The restrictions
are only satisfied with acceptable accuracy by the
population algorithms GA and PSO (Table 4), for which
the best results of searching for the minimum of 73s are
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Fig. 4. Histograms of the found solutions for 7,(x) at ND = 8
MS PSO MC2
6 3 25
5 20
4 2
15
3
10
2 1
1 5
0 I I-L 0 0 | lLJI_n L. .1 0 m
0 50 100 150 200 250 300 350 400 20 25 80 35 40 45 50 55 6.0 6.5 10 20 30 40 50 60 70 80

Fig. 5. Histograms of the found solutions for f3(x)

Table 4. Results of the experiments with the OF f,(x)

Algorithm min(OF) Hs, dB DHt Tf Tis Um Neval

SS 38.283 33.821 0.000 0.528 1.681 1.235 75904

PS 11.888 40.247 0.000 0.500 1273 1116 41477

MS 16.378 40.000 0.000 0.500 1.569 1.269 30440
SA 12.747 40.003 0.000 0.500 1.324 1.151 227064
GA 11.287 40.001 0.000 0.500 1.229 1.100 1512630
PSO 11.301 40.000 0.000 0.500 1.229 1.101 548280
cs 20.796 35.942 0.000 0.500 1.165 1.080 1278400

MC1 33.355 40.267 0.000 0.551 2.391 1.132 15107

MC2 1.480 43.663 0.000 1.044 1.480 1.006 19902
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Fig. 6. Histograms of the found solutions for 7,(x)

the same. According to the statistics of the results, the
two algorithms are also equivalent (Fig. 6), and in the
required number of computational operations, the PSO
algorithm turned out to be noticeably better than GA.
The MC2 algorithm proved to be completely unsuitable
for solving this problem.

CONCLUSIONS

The obtained results showed that the search for
Pareto-optimal solutions by solving problem (1) can
be performed by different methods, which should
be selected based on the properties of the functions
contained in (1). Since, out of the considered
algorithms, the best solutions for all functions were
only obtained by the heuristic algorithm PSO, this can
be recommended as the main method to solve problems
of type (1).

For the functions f(x) and f;(x), the nonlinear
programming algorithm MC2 turned out to be applicable.
For these functions, this method not only finds the
optimal solution in most of the search cycles, but also
requires much less computation resources for the search
than the heuristic algorithms that optimize scalar OF (2).
However, for the functions f,(x) and f;(x), the MC2
algorithm proved to be unsuitable. For the function f,(x),
this can be explained in terms of its multimodality. For
the function f,(x), there is still no explanation because
nothing can be said about the properties of functions
contained in (7).

One of the approaches for assessing the applicability
of nonlinear programming methods of the MC2 type
to solving problem (1) is to preliminarily study the
properties of the functions that determine the values of
the QIs contained in (1). However, this approach also
entails certain problems, for example, in terms of how to
check the multimodality of an OF. The commonly used
approach is based on multiple searches for local extrema
from uniformly distributed starting points. In this case, it is
recommended to use the Nelder—Mead algorithm (referred
to as MS above) [7]. However, if the relief of the OF has
“valleys,” i.e., areas in which the rate of change in the
function in one direction is much lower than in others, then
the local search algorithms will stop at various points of
the bottom of the valley, which are not local minima [10].
Methods for detecting walls, valleys, and plateaus in the
relief of an OF, as well as those that search for extrema in
the presence of such areas, are still poorly developed.

Thus, the issue of assessing the applicability of
MC2-type nonlinear programming algorithms to solving
problem (1) requires additional research. In the meantime,
the following course of action can be proposed. First, it is
necessary to run a certain number of search iterations for
a solution to problem (1) using the MC2 method. If most
of the solutions are close to each other and the imposed
restrictions are not violated, then the best of these
solutions can be taken as the desired optimum. Moreover,
if the solutions have a significant scatter and the majority
have violated restrictions, then one should proceed to the
optimization of scalar OF (2) using the PSO algorithm.
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Abstract

Objectives. Emerging as a response to the global threats presented by the COVID-19 pandemic, the changing
nature of problem-solving in the field of information technology associated with economic globalization, including
possibilities of remote working, imposes new requirements on the competencies and skills of future professionals.
This, in turn, requires adjustments to the higher education process. Agile project management methodologies such
as Scrum, along with Infrastructure-as-Code approaches in information and telecommunication infrastructure
management, and Documentation-as-Code approaches in documentation development, aim to present design,
development, testing, and documentation as short cycle iterative processes to permit the rapid and transparent
addition of new product value in discrete portions. Applied to the education sphere, this approach implies new
knowledge and practical skills of students that can be easily and transparently measured in the process of mastering
a discipline. The present paper aims to develop methods of applying modern software development techniques to
training students of technical specialties.

Methods. The use of reproducible research methods and agile design practices while organizing and managing
practical tasks for students is proposed.

Results. Contemporary tools used in software development based on Git hosting services (GitLab and GitHub)
are presented alongside reproducible research paradigms in distance education using the R Markdown format by
RStudio.

Conclusions. In addition to increasing the involvement of students in the process of practical tasks, the proposed
approach can be used to reduce the workload of teachers when checking and evaluating student working results.
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IIpumMeHeHHne MOAX01a BOCIIPOU3BOAUMBIX UCCJIETOBAHUM
B NpoIecce TMCTAHIUOHHOIO 00y4YeHHus
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N.N. Saxapuyk

MUWP3A — Poccuiicknii TeExXHOIorn4ecknii yamsepceutet, Mocksa, 119454 Poccus
@ AsTOp Ans nepenvcku, e-mail: trubienko@mirea.ru

Pesome

Llenu. MIameHeHMne xapakTepa pelleHuns 3agay B cdepe MHOOPMaLMOHHbIX TEXHONIOMMIA, CBA3aHHOe C rinobannsa-
uMein aKOHOMUKM, BOSMOXHOCTAMU yaaNieHHoM paboThl, a Takxke rnobanbHbiMu yrpo3amu naHgemum COVID-19,
HaknagblBaeT HOBble TPeOOBaHMS K KOMMETEHUMUAM U HaBblkamM OyayLiMx CneuuanmcToB, YTO, B CBOIO ovyepenb,
TpebyeT BHECEHUS KOPPEKTUB 1 B NPOLLECC NoAroTOBKM CMeLnasncToB B BbICLIMX y4eOHbIX 3aBefdeHusx. B Ha-
cTosiILlee BpeMs LLUMPOKO M3BECTHbI pa3siniHblie MeTOOVKN NPOEKTHOro ynpaeneHus Agile n Scrum (4acto elle
Ha3blBaeMble «MeToJonoruaMm rmbkon paspaboTku»), Noaxodbl B yrnpaBieHUn MHOOPMAaLNOHHO-TENEKOM-
MYHUKaUVOHHOW MH@pacTpykTypoli Infrastructure-as-Code, a Takxke nogxonpl B pa3paboTke AOKYyMeHTaumn
Documentation-as-Code. Mx o6was Lenb — npeAcTaBUTb NPOLLECC NPOEKTUPOBAHMS, pa3paboTKn, TECTUPOBAHUS
1 AOKYMEHTMPOBaAHNSA B UTEPATUBHOM BUAE C KOPOTKMMM NepnoaamMm upnkia, No3Bossiowero npo3padyHo gobas-
JITb HOBYIO LLEHHOCTb NpoAyKTa HebonbwmnMn nopumnsmMm. B obnactn ob6pasoBaHns 3TOM LEHHOCTbIO SIBASIIOTCS
HOBble 3HaHUS, YMEHUS U NPaKTUYECKMEe HaBbIKM 00YyHaloLMXCs, KOTOPbIE MOXHO JIErko 1 NPO3pPadYHO N3MepUTb
B MpoLecce 0OCBOEHUS MU ANCUMNANHLI. Llenb nccnepoBaHns — paspaboTtaTtb Crnocobbl MPUMEHEHNSI COBPEMEH-
HbIX MeTOAMK pa3paboTkm NporpaMmmMHOro obecrneyeHns B npouecce oby4yeHnss CTYAEHTOB TEXHMYECKUX cneum-
anbHOCTEN.

MeTopabl. Vicnonb3oBanncek MeToObl BOCNPOM3BOAVMbIX MCCnenoBaHuii (reproducible research) n npakTuk ru6koro
NPOEKTUPOBAHUS NPU OpraHmM3auum U PyKOBOACTBE BbIMOSIHEHMEM 00Y4HaIOLWMMUCS NMPaKkTUYecknx padorT.
PesynbTathl. [peacraBneH Noaxon K MCNoJsib30BaHUIO COBPEMEHHbIX MHCTPYMEHTOB, NPMMEHSeMbIX NPy paspa-
60TKe NporpamMmMHoro obecneyeHns Ha 6ase oHNamH-cepBncoB git-xocTuHra (GitLab n GitHub), a Takke napagur-
Mbl «BOCMPOU3BOAMMbIX UCClefoBaHNn» B MNPoLEecce AUCTAaHLMOHHOMO 00y4eHUst ¢ Mcrnosib3oBaHMeM dopmarta
R Markdown komnaHumn RStudio.

BbiBopA. [MpuMeHeHe NpeasioXXeHHOro noaxona rno3BosisieT, MOMMMO YBESTMYEHNS BOB/IEYEHHOCTU 0By4YatoLLmMXcs
B NMPOLLECC BbIMOJIHEHUS MPaKTUYEeCKNX 3a4aHNIN, CHU3UTb Harpy3Ky Ha npernoaasaTtesis Mo NpoBepke 1 OLEeHMUBaHNIO
pe3ynbTaToB paboTbl CTYAEHTOB.

KnioueBble cnoBa: Bocnpoussoaumblie nccnegosanmsa, R Markdown B o6yyveHum, Git B 06yyeHuun, Agile B 06y-
YyeHuu

* Moctynuna: 09.11.2021 » fopa6oTaHa: 15.05.2022 ¢ MpuHaTa kK ony6nukoBaHuio: 27.06.2022

Ansa umtupoBanus: Epemees M.A., Tpybuerko O.B., 3axapuyk N.N. NMpumeHeHne noaxoaa BOCNPON3BOANMbBIX UCCe-
[0BaHWIN B NpoLecce ANCTaHUMOHHOro obyveHus. Russ. Technol. J. 2022;10(4):86—-92. https://doi.org/10.32362/2500-
316X-2022-10-4-86-92

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

ABTOpbI 325BNSIOT 06 OTCYTCTBUM KOHGMINKTA UHTEPECOB.
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INTRODUCTION

Evolvinginformation technologies have the possibility
to transform conventional approaches to solving various
tasks and problems arising in the course of human life.
The sudden increase in risks to humanity associated
with the COVID-19 pandemic stimulates the search for
new approaches to improve the efficiency of activities
including those in the education sphere. In addition to
the convenience and flexibility of managing the learning
process, the technical ability to support teacher—student
interaction remotely through communication channels
acquires a fundamentally new meaning.

A major trend in development and rationalization
of modern education based on the use of electronic
and mobile learning tools is the so-called collaborative
learning approach, comprising the independent work
of students in collaboration with other students with
the participation of a teacher [1, 2]. The transition
of Russian education system to a competence-based
approach implies creating conditions for students to
master a set of competencies to determine graduate
readiness for sustainable professional activities [3—6].
The idea of applying the technologies used in software
development to other spheres is not new. Various Agile
project management methodologies' such as Scrum?,
along with Infrastructure-as-Code (IaC)® approaches
in information and telecommunication infrastructure
management, and Documentation-as-Code (Docs as
Code)* approaches in documentation development are
widely known. The use of proven tools, such as the Git>
version control system, Wiki® and Markdown’ markup
languages, as well as task management systems such as
Jira®, Asana’, and Trello'?, allows:

1) creation of a unified storage for the common
knowledge product and provision of simultaneous
access for all participants in the process of its
creation;

I https://www.atlassian.com/ru/agile/manifesto. ~ Accessed
May 23, 2021 (in Russ.).

2 https://www.scrum.org/. Accessed May 23, 2021.

3 https://docs.microsoft.com/en-us/devops/deliver/what-is-
infrastructure-as-code. Accessed May 23, 2021.

4 https://openpracticelibrary.com/practice/docs-as-
code/#:~:text=What%201s%20Docs%20As%20Code,you%20
can%?20expect%20t0%20see.&text=A%20culture%200f%20
adaptation%20and,%2C%20and%20processes%2C%200ver%20
time. Accessed May 23, 2021.

3 https://git-scm.com/. Accessed May 23, 2021.

6 http://www.xwiki.org/xwiki/bin/view/Main/. Accessed May 23,
2021.

7 https://daringfireball net/projects/markdown/. Accessed May 23,
2021.

8 https://www.atlassian.com/software/jira#. Accessed May 23,
2021.

° https://asana.com/. Accessed May 23, 2021 (in Russ.).

10 https://trello.com/. Accessed May 23, 2021.

2) the possibility of parallel work on competing
solutions to the same problem and experiments that
allow the possibility of reverting to any initial state;

3) the use of the knowledge and experience of all team
members when making decisions, not just those
directly involved in the project;

4) recording decisions for further retrospective analysis
with a view to developing best practices in this area
and disseminating them;

5) ensuring asynchronous interaction of the participants;

6) the possibility to evaluate the contribution of each
participant to the result more objectively.

The present paper summarizes the experience
of conducting practical and laboratory works
using R Markdown interactive electronic report
technologies [7] along with the Git version control
system. Here, the main aim is to develop educational
technologies that develop skills associated with the
use of contemporary tools that support individual,
independent learning paths at the same time as
demonstrating the possibility of collective work in a
unified information space. The possibility of combining
these seemingly contradictory tendencies focuses
exclusively on software products used in IT industry
without the need to deploy special education software.
By instilling engineering skills involved in building new
information architectures, this eliminates the impression
of “artificiality” in works performed by students, as well
as increasing their commitment and activity. In addition
to improving the quality of training, the use of standard
technologies should increase the attractiveness of the
educational institution for applicants [8].

In the aftermath of the COVID-19 pandemic, issues
of organizing remote work and learning are becoming
more relevant than ever before. However, the main focus
has been on teleconferencing technologies (e.g., Zoom!!,
Microsoft Teams!2, and Cisco Webex!?), which preserve
the traditional structure of teacher—student interaction.
While preserving this important element, the approach
proposed in the present paper also aims to facilitate the
active interaction of students by introducing mechanisms
of gamification and competition.

Of particular note here is the property of
asynchronous interaction in the learning process, which
allows all process participants to manage their individual
time resources flexibly, including supporting interactions
from anywhere in the world regardless of time zone. By
encouraging students to schedule and organize their work
independently, synchronous interaction removes formal
restrictions concerning the timing and length of classes:
only synchronization points (i.e., reporting deadlines)
are required to be observed by university students.

I https://zoom.us/. Accessed May 23, 2021.

12 https://www.microsoft.com/ru-ru/microsoft-teams/group-
chat-software. Accessed May 23, 2021 (in Russ.).

13 https://www.webex.com/. Accessed May 23, 2021.

Russian Technological Journal. 2022;10(4):86-92

88


https://www.atlassian.com/ru/agile/manifesto
https://www.scrum.org/
https://docs.microsoft.com/en-us/devops/deliver/what-is-infrastructure-as-code
https://docs.microsoft.com/en-us/devops/deliver/what-is-infrastructure-as-code
https://openpracticelibrary.com/practice/docs-as-code/#:~:text=What%20Is%20Docs%20As%20Code,you%20can%20expect%20to%20see.&text=A%20culture%20of%20adaptation%20and,%2C%20and%20processes%2C%20over%20time
https://openpracticelibrary.com/practice/docs-as-code/#:~:text=What%20Is%20Docs%20As%20Code,you%20can%20expect%20to%20see.&text=A%20culture%20of%20adaptation%20and,%2C%20and%20processes%2C%20over%20time
https://openpracticelibrary.com/practice/docs-as-code/#:~:text=What%20Is%20Docs%20As%20Code,you%20can%20expect%20to%20see.&text=A%20culture%20of%20adaptation%20and,%2C%20and%20processes%2C%20over%20time
https://openpracticelibrary.com/practice/docs-as-code/#:~:text=What%20Is%20Docs%20As%20Code,you%20can%20expect%20to%20see.&text=A%20culture%20of%20adaptation%20and,%2C%20and%20processes%2C%20over%20time
https://openpracticelibrary.com/practice/docs-as-code/#:~:text=What%20Is%20Docs%20As%20Code,you%20can%20expect%20to%20see.&text=A%20culture%20of%20adaptation%20and,%2C%20and%20processes%2C%20over%20time
https://git-scm.com/
http://www.xwiki.org/xwiki/bin/view/Main/
https://daringfireball.net/projects/markdown/
https://www.atlassian.com/software/jira#
https://asana.com/
https://trello.com/
https://zoom.us/
https://www.microsoft.com/ru-ru/microsoft-teams/group-chat-software
https://www.microsoft.com/ru-ru/microsoft-teams/group-chat-software
https://www.webex.com/

Applying a reproducible research approach
to distance education

Michail A. Eremeev, Oleg V. Trubienko,
Ivan |. Zakharchuk

R MARKDOWN TECHNOLOGY FOR CREATING
INTERACTIVE DIGITAL REPORTS

The product of contemporary scientific research
increasingly involves the participation of entire teams,
with new knowledge emerging from long chains of
smaller studies based on each other’s the results. For
this reason, the costs of mistakes made at any particular
stages can be significant. The problem of reproducibility
of scientific research is not only acute in natural and
engineering sciences, but also increasingly in the
humanities.

The reproducibility of scientific research implies the
possibility of repeating experiments, calculations, and
carrying out modeling on basis of the same initial data
used in the original experiment to obtain a similar result.
To this end, all initial data should be made publicly
available for studying along with a sufficiently detailed
documentation of methods and materials used!* [9]. In
the case of modeling approaches, the source code of
any software tools should be also presented. One of the
most suitable options for realizing these requirements
involves the use of R Markdown technology [10, 11].

By specifying the syntax of markup language,
R Markdown presents a technology for processing
specially generated documents, which include authoring
text, formulas, and program code whose results are
automatically inserted into a generated report. The
results of executing such code may be tables, graphs,
charts, diagrams, geographical maps, heat maps, etc.

As well as the automated generation of reports
or articles, the advantages of this approach include
minimization of error probability when transferring
results to the report. In addition, since the program code
is contained in the report itself, other specialists can
check and reproduce repeatedly performed calculations.
Moreover, the use of already written program code
facilitates the reuse of the performed calculations,
developed algorithms and methods in other in other
works and spheres.

»  HTML
R Markdown
Al
(R, Python, bash...)
Pandoc
Report (text, Microsoft
formulas, and Word
images)
»  HTML

Figure. A scheme for the resulting document generation

14 Zaitsev V.S. Modern pedagogical technologies: textbook.
In 2 books. Chelyabinsk: ChSPU; 2012. 411 p. (in Russ.).

The report can be generated as a MS Word file, a MS
PowerPoint presentation or Reveal.js, in TeX typesetting
system format, in PDF format, or as an interactive Web
application (see figure).

GIT VERSION CONTROL SYSTEM

Created in 2005 by Linus Torvalds, the founder of
the Linux operating system, as a replacement for similar
closed source software, Git was originally intended
as the distributed version control system for software
source code. Since then, it has quickly gained popularity
due to its distributed version control structure and simple
architecture. The following may be also mentioned
among Git’s main advantages:

1) support for a non-linear process of writing the source
code of a software product with the possibility of
branching, working on each branch in parallel, and
merging;

2) use of existing widespread protocols (SSH, FTP,
and HTTPS) to provide communication channels
between repositories;

3) high working speed;

4) cryptographic protection of change history integrity.
With Git, the history of source code changes consists

of sequential “checkpoints” (commits). This sequence
branches out when working on different code versions
in parallel and converges when the changes are merged.

Today, there are many online source code hosting
services, GitHub.com and GitLab.com being the best
known. They are web applications allowing not only
setting up Git code repositories butalso performing a wide
range of design, code writing, testing, documentation,
integration, and software delivery tasks.

ORGANIZING THE EDUCATIONAL PROCESS
USING R MARKDOWN AND GIT

When combining these technologies, the following
main objectives are pursued:

1) mastering student teamwork and interaction skills at
all stages of project implementation, from planning
to report writing;

2) familiarity with modern technologies as well as
analytical and software development tools [12];

3) increase motivation of students for high-quality
performance of tasks due to their interest in the
possible reuse of developments, including in other
disciplines [13];

4) controlling the performance history of the assigned
tasks and evaluating the contribution of each
participant;

5) facilitating validation of presented calculations and
excluding “fitting” data to the desired result, which
stimulates students to study the topic deeper and
more detailed [14].
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During training sessions, trainees are divided into
teams (crews) of 4—6 people. Each team creates its own
central repository (using GitHub or GitLab services), in
which participants can organize their work on a task or
project. The repository is added by the report template
and initial data. Team members may add any materials
related to the assigned task on their own: references, links
to literature and Internet resources, schematics, etc. Thus,
the repository becomes a logical focal point for student
interaction, helping them to acquire and strengthen remote
interaction skills using modern information technologies.

The working results of each team are used to write
the R Markdown report in RMD format for subsequent
output in HTML or PDF format. The main requirement
for the resulting report is its reproducibility, i.e., the
ability to compile an identical report document on the
teacher’s PC using the input data. During this process,
an automatic validation of the methods and tools used
by students is carried out. According to the commits
(checkpoints) in the group repository, the teacher may
evaluate the efficiency of each group member along with
his or her contribution to the resulting product. Each team
member must participate in the task and report-writing
process by creating at least one meaningful commit.
This encourages participants to get involved as early as
possible doing the most obvious work on the assignment.
Conversely, low activity in the course of doing the
work forces participants to supplement and improve the
already posted working results: to comment and design
the program code, study and describe alternatives for the
task, and improve the design of charts, i.e., perform work
requiring more detailed and in-depth study of material.

Among the advantages of this approach to training,
it is worth noting asynchronous interaction of the
teacher with students and students with each other. This
allows each student to organize and schedule study time
individually, while maintaining process interactivity and
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Abstract

Objectives. Nanoelectronics is concerned with the development of physical and technological foundations for
the creation of integrated circuits comprised of elements whose topological dimensions do not exceed 100 nm.
Nanotechnology includes the creation and use of materials, devices and technical systems whose functioning is
determined by their nanostructure, i.e., comprising ordered fragments ranging from 1 to 100 nm in size. The present
research is aimed at developing a concept for training highly qualified specialists in the field of nanoelectronics and
nanotechnologies on the example of the Department of Nanoelectronics of the Institute of Advanced Technologies
and Industrial Programming at the MIREA - Russian Technological University.

Methods. Promising approaches for supporting the educational process within the nanoindustry are analyzed and
compared.

Results. Three fundamental components of education in the field of nanoindustry can be distinguished: physical
(the study and search for new promising physical effects); materials science, related to the study, search,
and synthesis of new advanced materials; informatics (including mastering of modern software packages and
programming languages for modeling a wide range of nanoindustry elements and materials).

Conclusions. All three fundamental components of education within nanoindustry have been effectivelyimplemented
by combining scientific laboratories and centers at the Department of Nanoelectronics. After graduating from the
Department of Nanoelectronics, graduates can work for leading scientific institutes and technical organizations in
Russia, intern at specialized organizations in neighboring and other countries, teach at leading universities, and start
their own knowledge-intensive business.
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Pesiome

Llenu. HaHoanekTpoHuka — 0651acTb COBPEMEHHOM 3NEKTPOHVKM, 3aHMMAIOLLASACs pa3paboTkon GU3nYecKnx n Tex-
HOJIOMMYECKMX OCHOB CO34aHUS UHTErpPasibHbIX CXEM C XapaKTEPHbIMWU TOMOIOrMYECKMMIN pa3dMepamMin 31IEMEHTOB,
He npesblwawowmmmn 100 HM. HaHOTEXHONOrMKN BKIOYAIOT CO34aHME 1 UCMONb30BaHNE MaTEPUAnoB, YCTPOWCTB U
TEXHUYECKNX CUCTEM, DYHKLIMOHMPOBAHNE KOTOPbIX ONPeAENIeTcs HAHOCTPYKTYPO, TO eCTb €€ YNopsa04EeHHbIMUN
dparmeHTammn paamepom ot 1 o 100 HmM. Llenb paboTbl — packpbiTh KOHLEMLMIO MOAFOTOBKM BbICOKOKBaNMOULUM-
POBaHHbIX CMELMANNCTOB B Chepe HAHOINEKTPOHNKN 1 HAHOTEXHONOMMIA Ha Npumepe kadenpbl HAHOINEKTPOHWKN
MHCTUTYTa NepCneKTUBHBIX TEXHONIOMNIA N MHOYCTPUanbHOro nporpammMmnpoBanns PTY MUPDA.

MeTopabl. AHann3 NepcnekTMBHbIX MOAXOA0B B 00pa3oBaTesibHOM NPoLecce B paMmkax HAHOUHOYCTPUN.
PesynbTatbl. B cTaThe BblaeneHbl Tpy GyHAAMEHTalbHbIE COCTaBASALLME 00pa3oBaHnsa B Chepe HaHOUHAYCTPUM:
dur3nyeckasn (M3y4eHrEe 1 NMOUCK HOBbIX MEPCMNEKTUBHbIX Guanyecknx adekToB); MaTepuranoBenyeckas, CBA3aH-
Has C N3y4eHMEM, MOVNCKOM 1 CUHTE30M HOBbIX NEPCMNEKTUBHbLIX MaTEPMANoB; MHHOPMaLMOHHas (OCBOEHME COBpe-
MEHHbIX MakeToB NPOrpamMMm 1 i3bIKOB NMPOrpaMMMpPOBaHns A1 MOAENMPOBAHNS LUMPOKOrO CNEKTPa 9JIEMEHTOB U
MaTepunanoB HAHOVHAYCTPUK).

BeiBoabl. CoyeTaHne HayyHbIX 1abopaTopuii 1 LEHTPOB Ha kadenpe HaHOINEKTPOHUKN NO3BONNI0 3PDEKTUBHO
peanu3oBaTtb Bce Tpu PpyHAAMEHTasbHblE COCTaBNsoLLME 06pa3doBaHus B cdhepe HaHOMHAyCTpuu. [ocne okoHYa-
HUS Kadenpbl HAHOINEKTPOHWKM BbIMYCKHUKM MOrYT paboTaTb B BEAYLLMX MHCTUTYTax M HAYYHO-TEXHUYECKUX OpP-
raHndauusix Poccum, CTaxumpoBaTbCsl B OpraHmn3aumsax 61nmkHEro 1 aansHero 3apybexbs, npenogaBath B BeAYLUNX

By3ax 1 CO34aBaTb CcOBCTBEHHbIE HaykKOeMKue npeanpuaTmna.

Kniouesble cnoBa: HaHO3NEKTPOHMKA, HAHOTEXHOJIOT N, 06pasoBaH|/|e

e Moctynuna: 10.03.2022 » flopa6oTaHa: 11.05.2022 ¢ MpuHaTa k ony6nukoeBaHuio: 28.06.2022

Ana uytupoBaHua: Curos A.C., MNaapbiwes N.B., IOpacos A.H. HaHO3NeKTPOHMKA N HAHOTEXHONOMMN: NEPCMNEKTUB-
Hble noaxondpl B o6pasoBaTenbHOM npouecce. Russ. Technol. J. 2022;10(4):93-100. https://doi.org/10.32362/2500-

316X-2022-10-4-93-100

Mpo3payHocTb GUHAHCOBOW AEATEJNIbHOCTU: ABTOPbLI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOpPbI 329BNSAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Nanoelectronics is a field of modern electronics
aimed at developing the physical and technological
foundations for integrated circuits comprised of elements
whose characteristic topological dimensions do not
exceed 100 nm. For elements having such dimensions,
the increasingly dominant role played by quantum
effects starts to become a fundamentally important issue.

Electronic devices that use such quantum effects form
the basis of emerging nanoheterostructural electronics.
In this connection, the following primary objectives of
nanoelectronics may be distinguished: 1) developing the
physical foundations for operation of nanoscale devices,
especially quantum devices; 2) developing the necessary
physical foundations for technological processes;
3) developing the devices themselves along with the
relevant manufacturing technologies; 4) developing
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nanoscale integrated circuits and electronic products
based on a nanoelectronics element base [1, 2].

Although representing a relatively new direction in
science and technology, nanotechnology has been under
active development in recent decades. Nanotechnology
involves the creation and utilization of materials, devices,
and technical systems whose function is determined by
their nanostructure, that is, by their ordered fragments
ranging from 1 to 100 nm. The term “nano” comes
from the Greek word “nanos,” meaning “dwarf.” One
nanometer (nm) is one billionth of a meter or 10 A. The
term “nanotechnology” was defined in 1974 by Norio
Taniguchi, Professor of Materials Science at Tokyo
Science University as “production technology to get
extra high accuracy and ultrafine dimensions ... on the
order of 1 nm...” [1].

Nanoindustry opens up wide horizons and a range of
opportunities in many industries and national economy
including, but not limited to, the following:

e nanoelectronic and  nanophotonic  elements
(semiconductortransistorsand lasers, photodetectors,
solar cells, and various sensors);

e ultra-dense data recording devices;

e telecommunications, information, and computing
technologies; supercomputers;

e video equipment (flat screens, monitors, and video
projectors);

e molecular electronic devices including switches and
electronic circuits at the molecular level;

e nanolithography and nanoimprinting;

e fuel cells and energy storage devices; micro- and
nanomechanical devices including molecular
motors, nanomotors, and nanorobots;

e nanochemistry and catalysis including combustion
control, coating process, electrochemistry, and
pharmaceuticals;

e aerospace and defense applications; environmental
monitoring devices;

o targeted drug and protein delivery, biopolymers
and biological tissue healing, clinical and medical
diagnostics, creation of artificial muscles and bones,
and implantation of living organs;
biomechanics;
genomics;
bioinformatics;
bioinstrumentation;
registration and identification of carcinogenic
tissues, pathogens, and biologically harmful agents;

e safety in agriculture and food production.

While recent advances in nanoelectronics and
nanotechnology are especially applicable to the defense
industry, the nanoindustry continues to expand into new
areas of science, techniques, and manufacture with the
discovery of new physical effects and the synthesis of
promising materials. Therefore, the training of highly

qualified specialists in nanoindustry becomes an
important task in the contemporary world [2].

PROMISING APPROACHES TO NANOINDUSTRY
EDUCATION AT THE DEPARTMENT
OF NANOELECTRONICS

At MIREA - Russian Technological University
(RTU MIREA), specialists in nanoelectronics and
nanotechnologies are trained in the Department
of Nanoelectronics of the Institute of Advanced
Technologies and Industrial Programming. Currently,
there are two areas of training: 11.03.04 “Electronics
and nanoelectronics” and 28.03.01 “Nanotechnologies
and microsystems engineering.” RTU MIREA is the
only Russian higher education institution awarded
the 2017 UNESCO Medal for its contributions to the
development of nanoscience and nanotechnologies. The
award was given, among other things, for excellence
in training students in this area. Educational programs
related to nanoelectronics and nanotechnologies are
implemented by the Department of Nanoelectronics.

Within the 11.03.04 “Electronics and nano-
electronics” program, students are educated in modern
technologies, materials and electronic products, as well as
the design and use of electronic devices and appliances.
In addition, they acquire knowledge and professional
skills in conducting theoretical and experimental
research, computer modeling, design, engineering,
manufacture engineering, use and application of
materials, components, electronic instruments and
devices, and vacuum, plasma, solid-state, microwave,
optical, micro- and nanoelectronic devices with various
functionalities and purposes.

The program subjects are:

e Electronics and microprocessor technology;
Fundamentals of electronic component platform
design;

Computer-aided design in electronics;

Electronic materials and equipment;

Electronic component platform technologies;
Advanced technological processes of micro- and
nanoelectronics;

Nanoelectronics;

Physics of low-dimensional structures;

Condensed matter physics;

Quantum mechanics and statistical physics;
Research management.

Within  the 28.03.01 “Nanotechnologies and
microsystems engineering” program, the area of
professional  activity —comprises theoretical and
experimental research, mathematical and computer
modeling, design, manufacture engineering and
application of materials, instruments and devices of
nano- and microsystems engineering having various
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functionalities and purposes, as well as the development
and application of nanotechnology processes and
nanodiagnostic methods. Students study materials and
devices of nano- and microsystems engineering, units and
appliances based on them, nanoelectronics technology
and nanodiagnostic methods, as well as equipment for
synthesis processes, diagnostics and testing of materials
and components of nano- and microsystem materials and
components.
The program subjects are:

e Experiment planning, data processing and
interpretation;
e Physical principles of nanotechnology and

microsystems engineering;

¢ Quantum mechanics and statistical physics;

e Condensed state physics;

e Micro- and nanosystem diagnostics and analysis
methods;

e Modeling and design of micro- and nanosystems;

e Materials science and processes of nanostructured
material production;

e Micro- and nanosystem devices;

e Advanced nanomaterials;

e Structure of materials;

e Research management.

In the present job market, the greatest chances for
career success are enjoyed by specialists who are not
only versed in modern technology, but who also have a
grounding in the fundamental sciences; this is likely to
become an even more pronounced trend in the future.
Here, physics, which forms the primary basis of new
high technologies, is increasingly penetrating into other
applied sciences. There is particular interest in quantum
physics, due to forming the basis for nanotechnology
and the creation of new devices and appliances in
nanoelectronics. Here, the concept of the so-called
“quantum computer” capable of revolutionizing
informatics and communications may serve as an
example. The ability of physicists to quickly retrain and
master new disciplines is highly valued. Many young
specialists who have received a good physics education
work successfully not only in science and production but
also in economics and business.

The contemporary nanoindustry is characterized by
the search for new materials with promising properties
that simultaneously permit the miniaturization of
nanoelectronic devices and increased response speed
of their elements. Moreover, the development of
nanosystems is fundamentally dependent on modern
computer technologies for analyzing large amounts of
complex data.

Thus, three fundamental components of education
in nanoindustry can be distinguished: physical (the
study of and search for new promising physical effects);
materials science related to the study, search, and

synthesis of new advanced materials; and informative
(including mastering of modern software packages and
programming languages for modeling a wide range of
nanoindustry elements and materials).

Atthe Department of Nanoelectronics, sufficient time
is devoted to all three components while implementing
educational programs. The training process is carried out
in departmental laboratories, including the specialized
training and scientific Superfast Ferroic Dynamics and
Nanotechnology Femtosecond Optics laboratories.
These laboratories carry out the following educational
and scientific activities:

e training students and postgraduates to use modern
laser equipment;

e conducting research in superfast dynamics of ferroic
materials for micro-, opto-, and nanoelectronics;

e research in the field of terahertz radiation;

e development of elements and devices for modern
electronics;

e research in the field of nanomaterials and
nanosystems for two-dimensional electronics.
Many lecturers of the department are also the members

of the research staff of RTU MIREA scientific centers,
such as the Magnetoelectric Materials and Devices
research and educational center (REC), the Integrated
Circuits, Nanoelectronics Devices and Microsystems
Design Center, the Research Institute of Solid-State
Electronics Materials, and the Technology Center.

The following educational and scientific activities
are carried out at the Magnetoelectric Materials and
Devices:

e training students to operate modern measuring
equipment;

e conducting research in the field of magnetism and
ferroelectricity;

e studying magnetoelectric effect, magnetostriction;

e developing modern nanoelectronic devices and
appliances.

The main activity areas of the Integrated Circuits,
Nanoelectronics Devices and Microsystems Design
Center are:

e cducation, training, retraining, and advanced training
of specialists in the field of integrated systems for
computer-aided design of electronic component
platform and devices;

o design of very large scale integration systems,
“systems-on-a-chip”, and “systems-in-package”;

e research on methodology of computer-aided design
based on the development of theory and practice of
system abstraction layer for describing integrated
circuits;

e modeling and development of new devices and
instruments of microsystems engineering;

e implementation of integrated circuit prototypes and
design of electronic modules based on programmable
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logic circuits, and development of control and

measuring systems with various functionalities and

purposes;

e instrumental and technological modeling of new
microwave solid-state electronics devices based on
AlGaN nanoheterostructures.

The Research Institute of Solid-State Electronics
Materials carries out activities in the following areas:

e training students to work with modern equipment
(laboratory work);

e conducting research in the field of condensed state
physics and solid-state electronics;

e research of optical, structural, and magnetic
properties of modern materials and elements of
electronics;

e research in the field of nanomaterials and
nanosystems for modern electronics.

The Technology Center REC is active in research
and training in the following technologies:

e technologies of dielectric thin films and
nanostructures, including active dielectrics;

¢ film-forming solutions and methods for the formation
of ferroelectric heterostructures (PZT?, BST?, etc.);

e film-forming solutions and methods for the
formation of porous insulating dielectrics with low
dielectric constant (low-k) using molecular self-
assembly methods;

e film-forming solutions for producing various oxides
(Si, Ti, Zr, etc.) and inorganic-organic hybrids;

e planarization in BEOL? and FEOL* processes;

o segnetoelectric thinfilms, hetero- and nanostructures,
and composites;

e CSD? and ALD® technologies.

In addition to activities carried in RTU MIREA
laboratories and research centers, students undergo
practical training, participate in R&D, and carry out
their final qualification works at a wide range of partner
enterprises and universities, which are also their potential
employers. Such organizations include: Roselektronika,
NPP Pulsar, Pluton, NPP TORII, MICRON, the Institute
of Physics and Technology of Russian Academy of
Sciences (RAS), Lomonosov Moscow State University,
National Research Center “Kurchatov Institute,” Central
Research and Technology Institute “Tekhnomash,” I.P.
Bardin Central Research Institute for Ferrous Metallurgy,
and many others.

I'PZT is lead zirconate titanate, chemical formula
Pb[erTiHc]O3 0<x<).

2BST is barium strontium titanate, chemical formula
Ba, Sr TiO; (0<x<1).

3 BEOL (back end of line) is the second portion of IC
fabrication.

4 FEOL (front end of line) is the first portion of IC
fabrication.

5 CVD is chemical vapor deposition of coatings.

6 ALD is atomic layer deposition.

Along with the corresponding postgraduate
programs, the Department of Nanoelectronics offers
bachelor’s and master’s degrees, i.e., there is a full
educational cycle in areas related to nanotechnology and
nanoelectronics.

Students and graduate students of the Department
of Nanoelectronics are actively published in leading
international journals (indexed in Web of Science and
Scopus) including Q1 journals [3-6] and in leading
Russian journals (included in the List of the peer-
reviewed science press of the State Commission
for Academic Degrees and Titles of the Russian
Federation), present their work at international and
national conferences, become winners and medalists of
all-Russian and international competitions, and receive
grants, including megagrants.

A significant personal contribution to the training and
development of the department, the institute, and the entire
RTU MIREA is made by teachers, who are also leading
scientists and specialists in their field. Here, we would
especially like to remember those who, unfortunately,
are no longer with us. The loss of Aleksander Igorevich
Morozov is especially poignant: Professor, Doctor of
Physical and Mathematical Sciences, RTU MIREA
Vice-Rector for Science, a remarkable teacher and author
of a large number of scientific works (in particular, [7-9]).
The scientific group led by Professor A.l. Morozov
has predicted a new type of domain walls formed by
frustrations in these nanostructures, as well as constructing
their magnetic phase diagram. The contribution of
“unusual” domain walls to the giant magnetoresistance
has been calculated. Professor Vladimir Georgievich
Morozov, Doctor of Physical and Mathematical
Sciences, is one of the world’s leading experts in
nonequilibrium thermodynamics, the author of the two-
volume book “Statistical Mechanics of Nonequilibrium
Processes” being in demand among professionals, and
a remarkable teacher and methodologist. We should
also mention Vladimir Fyodorovich Meshcheryakov,
Doctor of Physical and Mathematical Sciences, a leading
specialist in the field of electron paramagnetic resonance,
Andrei Fyodorovich Volkov, Doctor of Physical and
Mathematical Sciences, Professor, and losif Grigorievich
Yerusalimchik, Doctor of Chemical Sciences, Professor,
as well as Boris Vladimirovich Magnitskii and Aleksandr
Borisovich Romanov, associate professors. All of them
have devoted their lives to training highly qualified
specialists. Their students continue to work and teach at
the Department today.

At present, active scientific work is carried out by
scientific groups under the leadership of A.S. Sigov,
Academician of the RAS, Professors E.D. Mishina,
Y.K. Fetisov and L.Y. Fetisov, A.A. Bush, V.S. Pokatilov,
K.A. Vorotilov, V.I. Kapustin, M.S. Blanter, A.N. Yurasov,
Associate Professor E.F. Pevtsov [10-20].
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CONCLUSIONS °

In conclusion, we note that all fundamental °
components of education in the field of nanoindustry are
effectively implemented by taking a balanced approach °
of combining scientific laboratories and centers in the
university structure. Graduates of the Department

working for Russian scientific and technical
institutions;

traineeship and work in specialized institutions in
neighboring and other countries;

starting their own knowledge-intensive business.
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