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Abstract

Objectives. One of the topical tasks in the development of radio electronic systems for various purposes is a sharp
increase in the volume and data transfer rate between the elements of the system. This problem is most successfully
solved using fiber optic technology, which has no alternative to meet a number of indicators. The use of optical
fibers (OF) as a physical medium made it possible to transfer large information flows over considerable distances.
Increasing the capacity of communication systems is pushing manufacturers to develop new OF brands with
improved optical and operational characteristics, which makes it possible to improve various optical components
that use an OF as an active information transmission medium. The dual-channel single-mode wavelength division
multiplexing (WDM) multiplexers/demultiplexers, which are one of spectral selective splitters types, are most widely
used in fiber-optic communication systems. Among the advantages of WDM, it is worth to note the transmission of a
large amount of information over one OF by the arrangement of channels at different wavelengths and the ability to
transmit signals of several wavelengths simultaneously in both directions via one OF that do not interact with each
other (duplex communication). During operation, WDM multiplexers can be subjected to various external influences
that affect the operation and stability of the device parameters. Currently, there are no data on the effect of OF
bending on the optical characteristics of WDM multiplexers. In this regard, it is important to study this dependence,
which includes measuring the parameters of optical isolation and insertion loss. The purpose of the study is to work
out the manufacturing technology and investigate the manufactured WDM multiplexers based on certain types of
bend-resistant OF.

Methods. For the formation of two-channel WDM multiplexers, the technology of fused biconical tapering was
used, which makes it possible to achieve low insertion loss along with a high degree of channel isolation in the wide
temperature range.

Results. In the paper, the possibilities of manufacturing fiber multiplexers based on bend-resistant fiber Corning
SMF-28 Ultra were discussed. The results of manufacturing and studying the experimental samples of WDM
multiplexers optical characteristics were presented. It was established that the use of SMF-28 Ultra quartz fiber made
it possible to significantly reduce the deviation of the channel optical isolation in the event of mechanical stresses in
the multiplexers OF structure.

Conclusions. The possibility of creating two-channel multiplexers with low bending losses and optical isolation up
to 20-22 dB was experimentally shown. Possible mechanisms of the influence of the multiplexer fiber twisting on the
optical isolation of channels were considered. The results obtained showed that when mechanical stresses in the
fused structure of the multiplexer occur, the change in the optical isolation coefficient at two operating wavelengths
does not exceed 1 dB.

Keywords: fiber-optic communication systems, bend-resistant optical fiber, multiplexer, WDM multiplexer, fused
biconical taper technology, coupling region
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WDM-MyJIbTHILIEKCOPbI/AeMYJIbTHILNICKCOPbI
¢ MAJIBIMH U3TMOHBIMHU MOTEPAMH

A.A. UsaHos @

MUP3A — Poccuiicknii TexHosAorn4eckn yamsepeutet, Mocksa, 119454 Poccus
@ AsTOp A9 nepenvicku, e-mail: d.ivanov@tmvos.com

Pe3iome

Llenu. OgHOM 13 akTyanbHbIX 33424 Pa3BUTUS PAANOSNIEKTPOHHBIX CUCTEM PA3IMYHOIrO Ha3HAYEHUS SBNSIETCA pes-
Koe yBennyeHne obbema 1 CKopocTu nepenayn nHdopmaumum Mexay aemMeHTaMmm aTnux cuctem. Takas 3agada Haum-
60J1ee yCrneLHo PeLLaeTcs C UCMNOob30BaHNEM CPeACTB BOJIOKOHHO-OMNTUYECKOM TEXHUKU, HE MMEIOLLIMX anbTepHa-
TUBbI MO psay nokasartenen. MpumeHeHne ontTuyeckmx BonokoH (OB) B kavyecTBe pumamyeckon cpenbl No3Boamio
OCYLLLECTBUTb Nepeaady 60bLINX MOTOKOB MHPOPMALIMN HA 3HAYUTENIbHbIE PACCTOSAHNA. YBEMYEHNE NPOMYCKHOMN
CMOCOOHOCTM CUCTEM CBA3U NMOATANKMBAET NPOU3BOANTENEN K pa3dpaboTke HOBbIX Mapok OB ¢ ynyyLleHHbIMKY onTu-
YECKUMU 1 IKCMyaTauMOHHbIMU XapakTEPUCTUKAMU, YTO NO3BONSET YCOBEPLUEHCTBOBATbL Pa3/IMyHbIE ONTUYECKNE
KOMMOHEHTbI, KOTOPbIE MCMONb3YIOT BOJIOKOHHbIN CBETOBO/, B KAQ4ECTBE akTUBHOWM Ccpenbl nepenayn nHdopmaumn.
Haunbonee WmMpoko NCNonb3yeMbiMn B BOSTOKOHHO-0ONTUYeCknx cuctemax ceasu (BOCC) aenaoTca AByxKaHaslbHbIE
opgHomMmonoBble WDM-MynbTUNAEKCOPbI/AEMYNLTUMIEKCOPBI, NPeACcTaBnsiowmMe cobol BUA CnekTpasibHO-Cenek-
TUBHbIX padseTBuTenel. Cpean npenmylects WDM-MynbTUNNEKCUPOBAHUS CTOUT OTMETUTbL Nepeaady 60bLLoro
obbema nHpopmaummn no ogHoMmy OB 3a cHeT opraHM3aunmy KaHaioB Ha PasHbIX AJIMHAX BOSIH, BO3MOXHOCTb nepe-
nasatb No ogHomMy OB 0gHOBPEMEHHO B 060X HANPaB/IEHUAX CUTHAMbI HECKONbKMX AJINH BOJH, KOTOPbIE HE B3au-
MOOENCTBYIOT APYr C APYroMm (aynnekcHas cBa3b). B npouecce akcnnyataumn WDM-mMynbTrUnAekcopbl MOryT noa-
BEpPraTbCs PasfMyHbIM BHELLUHMM BO3OENCTBUSM, BUSIOLLMM HA paboTy U cTabubHOCTbL NapaMeTPOB YCTPONCTRA.
B HacTosLee BpeMsi OTCYTCTBYIOT AaHHbIE MO BANSIHUIO 13rn6os OB Ha onTuyeckune xapaktepuctukn WDM-mynb-
TUMIEKCOPOB. B CBA3KM C 9TUM aKkTyasibHbIM SBASETCH UCCNeLOBaHNe JaHHOW 3aBMCUMOCTU, KOTOPOE BKOYaeT B
cebs n3mepeHre napaMmeTpoB ONTUYECKON N30NALUM U BHOCUMbIX NOTEpPb. Llenb paboTel — oTpaboTka TEXHOOrMKn
M3roTOBJIEHUS U UCCNefOoBaHNE U3roToBneHHbIXx WDM-MynbTUNIEKCOpPOB Ha OCHOBE onpeneneHHbix Buaos OB,
YCTONYMBbIX K N3rnoy.

MeToabl. ns GopmmpoBaHus ABYXBOSTHOBbIX WDM-MynbTUMIEKCOPOB MCMNONb30BaHa TEXHONOMMS CriaBHOM Ou-
KOHM4eckom BbITXKK (FBT), no3BonsioLwen 4oCTUYb HU3KNUX BHOCUMBbIX MOTEPb OAHOBPEMEHHO C BbICOKOW CTene-
HbIO N30MSLMM KaHANOB B LUMPOKOM AMana3oHe Temneparyp.

PeaynbTaTtbl. B paboTte paccMoTpeHbl BO3MOXHOCTU U3rOTOBJIEHNS BOJIOKOHHbBIX MYJIbTUMIEKCOPOB HA OCHO-
BE M3rnboycrtomnumeoro BosnokHa Corning SMF-28 Ultra. NMpeacTtaBneHbl pe3ynbTaTbl U3rOTOBAEHUS U UCCe-
[0BaHNS ONTUYECKUX XapakTePUCTUK IKCNEepUMeEHTasNbHbiXx 06pa3u,oB WDM-MynbTMNNEKCOPOB. YCTaHOBMEHO,
4TO NPUMEHEHME KBapL,EeBOro BosokHa SMF-28 Ultra no3BonN0 CyLeCcTBEHHO CHU3UTb AeBMaLLNI0 ONTUYECKOM
M305LNM KaHaN0B NPU BO3HUKHOBEHUN MEXAHNYECKNX HAMNPSXXEHUN B CBETOBOLHOMN CTPYKTYpPE MyNbTUMEK-
COpOB.
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BbiBOAbI. OKCMEPUMMEHTAIbHO NOKa3aHa BO3SMOXHOCTb CO34aHUS ABYXBOSIHOBbIX MY/IbTUM1IEKCOPOB C MasbiMU
M3rnbHbIMK NOTEPSAMU U oNTU4eckon nsonaumvein no 20-22 ob. PaccMoTpeHbl BO3MOXHbIE MEXAHU3Mbl BJM-
SAHUSA CKPYYMBAHUS BOJIOKOHHbIX BbIBOAOB MYJbTUMANEKCOPA HA ONTUYECKYIO U30ASUMI0 KaHanoB. [ony4yeHHble
pe3ynbTaThl MOKAa3bIBAKOT, YTO MNPU BO3HUKHOBEHUN MEXAHWYECKUX HAMPSXEHWUN B CMNNABIEHHOW CTPYKType
MynbTUMIEKCOPA N3MEHEHME KO3DPULMEHTA ONTUYECKOM N30NSLUM Ha ABYX PaB0oynX ANIMHAX BOJSIH HE NPeBbI-

wano 1 ab.

KnioueBble cnoBa: BOJIOKOHHO-OMNTUYECKNE CUCTEMbI CBSI3WN, M3rMOOYCTONYMBOE ONMTMYECKOE BOSIOKHO, MY/bTU-
nnekcop, WDM-mynbTunnekcop, FBT-TexHonorus, o6nactb cBa3un

e Moctynuna: 18.06.2021 » flopa6oTaHa: 19.10.2021 ¢ MpuHaTa kK ony6nukoBaHuio: 23.02.2022

Ans untnposanua: VeaHos [.A. BonokoHHO-onTudeckme WDM-MynbTUNAEKCOPbI/AEMYNLTUNNEKCOPLI C MaNbIMU U3-
rmbHbIMK NnoTepsamu. Russ. Technol. J. 2022;10(2):7—13. https://doi.org/10.32362/2500-316X-2022-10-2-7-13

Mpo3payHocTb PUHAHCOBOW AeATeNbHOCTU: ABTOP HE UMeeT GMHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepunanax nin metogax.

ABTOp 3asB155€T 06 OTCYTCTBUM KOHGDINKTA UHTEPECOB.

INTRODUCTION

Modern fiber-optic communication systems
(FOCS) are characterized by a constant increase in
throughput, improvement in the optical components
performance, and the ever-increasing introduction
of fiber-optic devices into special equipment. This
imposes increased requirements on the reliability,
miniaturization, and performance of FOCS
components [1].

In the recent years, FOCS with wavelength
division multiplexing have been actively used in
various telecommunication systems. To implement
such systems, special passive optical devices are often
used, such as fused wavelength division multiplexing
(WDM) multiplexers/demultiplexers, designed to
combine and separate several information signals with
wavelengths of 1.31 ym and 1.55 um and transmit
them over a single optical fiber (OF) [2]. Such devices
have been used in the market for a long time and
have proven themselves due to a fairly high level of
performance and low cost. Multiplexers currently
produced by a number of leading companies and
enterprises are usually made from standard Corning
SMF-28e+ category G.652.D fiber, which is actively
used in urban and access networks. However, such a
fiber has one significant drawback. This is an increase
in losses caused by macrobends, which degrade the data
transmission and reception quality [3—5]. Therefore,
multiplexers based on this fiber are also affected by the
fiber bending and, as a result, the deterioration of their
optical characteristics.

This work analyzed the issues of manufacturing
technology and the possibility of forming fused
multiplexers based on bend-resistant single-mode
Corning SMF-28 Ultra! fiber and presents the

I SMF-28® Ultra Optical Fibers. URL: https://www.corning.
com/ru/ru/products/communication-networks/products/fiber/smf-
28-ultra.html. Accessed June 7, 2021 (in Russ.).

results of manufacturing and studying the optical
characteristics of WDM multiplexers experimental
samples.

CORNING SMF-28 ULTRA
QUARTZ BEND-RESISTANT FIBER

Corning SMF-28 Ultra single-mode fiber with
improved optical attenuation and bending loss
resistance exceeding the requirements of ITU-T
G.657.A1 makes it possible to upgrade existing fiber
optic telecommunications devices, in particular,
two-channel WDM multiplexers, whose light
guide structure is sensitive to various influencing
factors.

Figure 1 shows bend attenuation for standard
G.652.D fiber and bend-resistant SMF-28 Ultra
fiber [6].

1.4 —— * Bended fiber

m1'2 —-- Straight sectjon of the fiber /

© 1.0 Previousfiber G:652.D

§0.8 with high bending loss

®©

50.6

S04 \

<o o| Bordrosoam e e —7
2L e eatber == ==
1250 1300 1350 1400 1450 1500 1550 1600 1650

Wavelength, nm
* Attenuation of a 1-km fiber with 10 coils of 30 mm in
diameter.

Fig. 1. Bend attenuation gain
in standard G.652.D fiber
and bend-resistant SMF-28 Ultra fiber

Figure 1 shows that at longer wavelengths, when
the optical signal is less dependent on the core of a
single-mode OF, the bending losses in the G.652.D fiber
increase significantly compared to the bend-resistant
SMF-28 Ultra fiber.
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CORNING SMF-28 ULTRA
WDM MULTIPLEXER
MANUFACTURING TECHNOLOGY

The manufacturing technology of fiber optic
two-channel WDM multiplexers with low bending
losses is based on the fusion of two bend-resistant
SMF-28 Ultra fibers with simultaneous stretching of
the branching section to obtain a smooth biconical
taper necessary for effective waveguide coupling
between the fibers (fused biconical taper (FBT)
technology) [7].

The method of creating a single-mode WDM
multiplexer is illustrated in Fig. 2 [8].

=K

Fig. 2. Structural diagram of the device for the
manufacture of fused WDM multiplexers:
(1) SMF-28 Ultra OFs,

(2) high-temperature heater,

(3) fiber clamping units,

(4) movable carriages,

(5) heater power supply,

(6) electric drive unit,

(7) place for fusing the pigtail with SMF-28 Ultra fiber,
(8) light source,

(9) photodetector,

(10) control unit,
and (11) personal computer

Sections of SMF-28 Ultra fibers prepared in advance
and cleaned at a length of =35 mm from the protective
outer coating were interconnected by twisting around
the longitudinal axis for one full turn (Fig. 3), forming
a branching section for forming a multiplexer, fixed on
carriages and placed into the heater.

Py g )
Stretching‘ > — Stretching
= D P
Heatingm .

Fig. 3. Branching section of two twisted fibers

During the manufacture of the multiplexers,
the current values of the radiation power P, and
P, coming fromthe output channels of the multiplexer
to the photodetectors of the computerized measuring
system were monitored [9]. The process was
terminated when a certain length of the coupling
region (z) was reached, which is necessary for the

spectral selection of two wavelengths (Fig. 4)
[10, 11].

OF core

P)\1:P)\2<=\’> =>PA1

:>PA2
OF cladding

Fig. 4. Schematic representation of the FBT multiplexer

One of the main characteristics of fused WDM
multiplexers is the insertion loss 4.  and the isolation
coefficient K, which determines the level of signal
attenuation in those channels, in which this signal is not
the main one. For this device, the above parameters are

defined by the following expressions:

5 L. ...
A =IOIgF; K, =101g;;] #i=1,2, (1)
i J

where P, is the optical power in the input channel at
wavelength A; P, is the optical power at the output
of the ith (main) channel at wavelength A; P, is the
optical power in the jth (non-fundamental) channel at
wavelength ..

The most important requirements for optical
splitters for WDM systems are to provide a given
splitting ratio between channels with minimal
deviations from the given value and the minimum
value of insertion attenuation over the entire operating

spectral range [12, 13].

MANUFACTURING AND RESEARCH
OF WDM MULTIPLEXERS

In the present work, FBT multiplexers were
fabricated using a Japanese FCI-0201 facility from NTT
AT with a ceramic microheater [14—16].

The method for forming light guide biconical
structures is schematically shown in Fig. 5 [17].

Fig. 5. Multiplexer manufacturing method:
(1) SMF-28 Ultra OFs and (2) ceramic microheater

For the successful manufacture of WDM multiplexers
based on SMF-28 Ultra fiber, a technology with optimal

Russian Technological Journal. 2022;10(2):7-13
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Fig. 6. The result of manufacturing the WDM multiplexer:
(1) radiation power P, at the output of channel Ch1,
(2) radiation power P, at the output of channel Ch2,
(3) heating temperature of the fiber fusion zone, and (4) insertion loss

temperature and time parameters of the process was
developed. The heating temperature of the fiber fusion
zone was 1500-1550°C, and the pulling speed decreased
from 60 um/s at the beginning of the process to 10 pm/s
at the end.

In the process of stretching and formation of a
biconical waist, the change in the radiation power
P, and P, in the fiber outputs of the multiplexer was
displayed, and the insertion loss for a wavelength of
1550 nm was monitored (Fig. 6). The pulling time of the
sample during fusion was about 431 s. The pull length
after fusion was 17.26 mm, and the total length of the
multiplexer fiber structure was 53 mm. The insertion
loss of the fabricated sample did not exceed 0.1 dB.
The optical isolation factor of the WDM multiplexer
channels was 20-22 dB.

The performance stability of WDM multiplexers
under operating conditions greatly depends on their
light guide structure. Various mechanical influences
that a multiplexer may be subjected to during operation
can lead to deformation of its biconical structure and,
as a result, to a decrease in the isolation coefficient and
disruption of the transmission line [18].

One of possible mechanical influences is due to
the twisting of the light guide structure of the formed
multiplexers that may cause the redistribution of
optical power in the channels and the change in the
optical isolation value. Such an effect was observed in
the study of multiplexers based on the standard fiber
SMF-28e+ [19].

The experiment was conducted with multiplexers
manufactured based on SMF-28 Ultra bend-resistant
fibers to study the effect of twisting of the fused
structure on the optical isolation of channels. For this,
one section (1) of the fiber leads (2) of the multiplexer
on the side of the optical light source rotated around
the optical axis of the biconical structure, and the other

section (3) on the side of the optical power meter was
fixed (Fig. 7). The distance / between sections 1 and 2 of
fibers was 200 mm. During the experiment, the isolation
factors were continuously measured at two operating
wavelengths A, = 1310 nm and }, = 1550 nm.

Po— (=

) I Y \—

—P
_,P2

Fig. 7. Schematic representation of the twisting of the
fiber structure of WDM multiplexer

As a result of the study, it was found that when
mechanical stresses occurred in the fused structure of
the multiplexer, the change in the optical isolation factor
at two operating wavelengths did not exceed 1 dB. The
use of SMF-28 Ultra quartz fibers made it possible to
significantly reduce the optical isolation deviation of the
channels in the event of mechanical stresses in the OF
structure of the multiplexers.

CONCLUSIONS

A method for manufacturing the fused single-mode
multiplexers from Corning SMF-28 Ultra fiber was
presented. The optical characteristics of the fabricated
samples were studied. Possible mechanisms of the
influence of the multiplexer fiber leads twisting on
the channels optical isolation were considered. The
possibility of creating two-channel multiplexers with
low bending losses and optical isolation up to 20-22 dB
was experimentally shown.
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Abstract

Objectives. The aim of this paper is to analyze the electromagnetic safety of 50Hz industrial frequency electrical
networks in residential buildings when using workplaces equipped with personal computers (PCs), as well as to
develop recommendations on reducing the impact of levels of industrial frequency electromagnetic fields on human
health in residential premises.

Methods. Electromagnetic fields in residential premises with the single-phase TN mode industrial frequency power
supply system regulated by the Rules of Electrical Installations Design were measured and calculated in accordance
with Russian and international legislative documents.

Results. It was established that electromagnetic fields induced by TN networks in workplaces equipped with PCs
might increase significantly and even exceed the maximum permissible level of 25 V/m and 0.25 uT recommended
by Sanitary and Epidemiological Standards. Residential buildings are not subject to the requirements of the Energy
Supervision services; therefore, any unprofessional modification of electrical networks in residential premises,
including the use of unapproved extension cords, may result in sparking, high-frequency harmonics, and, in turn,
conditions which impact human health, as well as electric injures, fires, and gas explosions.

Conclusions. It has been shown that IT (TT) mode symmetrical two-phase electrical networks may function efficiently
for decades without accidents and effects of industrial frequency electromagnetic field on humans, as they are used
in medical institutions, defense enterprises, and state institutions. Thus, legislative transition to installing IT (TT)
systems in residential buildings, replacement of existing TN power supply systems with IT (TT) system, and legislative
strengthening of requirements for household protection and commutation devices, may also be required to reduce
man-made disaster risks in residential buildings.
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Pe3iome

Llenb. MNpoaHann3npoBaTtb 3/EKTPOMArHUTHYO 6e30MacHOCTb 3NEKTPUYECKUX CETEN MPOMbILLIIEHHOW YacToThl
(MY) 50 'y, B unbix goMax npu aavtensHon pabote Ha paboyunx MecTtax (PM) ¢ nepcoHanbHbIMK KOMMbOTEPaMU
(MNK). BeipaboTaTb pekOMeHAaLLMM N0 YMEHbLUEHWIO BO3AENCTBMS YPOBHEN 3/1eKTPOMAarH1UTHbIX nonen (AMIM) MY Ha
300POBbE JIIOAEN B XUJTbIX MOMELLEHNSAX.

MeToabl. B COOTBETCTBUN C POCCUNCKUMN N MEXOYHAPOAHBIMU HOPMATUBHbLIMUY LOKYMEHTAMU MPOBELEHbI N3-
MEPEHNS N pacyeTbl 3IEKTPOMArHUTHbLIX NOJIEN B XWUJIbIX MOMELLLEHNAX, FOe NpuMeHdgeTca ogHodasHaga cuctema
anekTpocHabxeHusa Tuna TN MY, pernaMmeHTUpoOBaHHas nNpasuiamm akcryaTaumm anekTpoycTaHOBOK.
PesynbTaThbl. BoigieneHo, 4to Ha PM c K anekTtpomMarHUTHbIE NOos, HAyuMpyemble cetamu Tuna TN, cylecTBeH-
HO BO3pacTaloT, NPeBbILlag NPeaesbHO A0NyCTUMbIE YPoBHU: 25 B/M 1 0.25 MKTn, pekoMeHAyeEMbIE€ CaHUTAPHO-
anuaemMmosiornieckumm TpedosaHuaMn. Ha xunble 3gaHus TpeboBaHns cnyx6 dHeproHaa3opa He pacnpocTpa-
HAOTCS, NOSTOMY JtoOble HENPOMECCUOHANBHBIE NEPEENKM SNTIEKTPUYECKUX CETEN B KBAPTUPax 1 UCMOJIb30BaHNe
HecepTUPULMPOBAHHBLIX YOJMHUTENEN NPMBOOSAT K MICKPOOOPA30BaHMIO, NMOSBIEHMIO BLICOKOYACTOTHBIX FAPMOHNK
1, B CBOIO 04yepedp, K ANCKOM@POPTHbLIM YCIIOBUSM, BIINKAIOWMM Ha 300POBbE, a TaKXe K 3/IEKTPONOpaxeHnsam, rno-
Kapam 1 B3pbiBam rasa.

BbiBoabl. [10ka3aHo, 4To AByxdasHble CUMMETPUYHbIE 3nekTpuyeckue cetn cuctemsl IT (TT) apdekTBHO PyHKLN-
oHUpYIOT 6e3 aBapwuii n Bo3aencteua AMI MY Ha noaei 4ecaTkn NeT U UCMOJb3YITCH B MEOULIMHCKMUX, 0O0POHHbIX
npeanpusaTuaX 1 rocydpexaeHusix. C Lenblo YMEHbLUEHNS TEXHOMEHHbIX KaTacTPod B XUJbIX JOMaxX HEO6X04MMO
3aKoHoZaTeNbHO nepeiiTn Ha cuctemy IT (TT) B XuUbiX 4OMAX, 3aMEHUTb CYLLECTBYIOLLIME CUCTEMbI 3/IEKTPOCHA0-
xeHus TN Ha cuctemy IT (TT) n, kpome TOro, 3aKOHOAATENbHO MOBLICUTL TPeboBaHWS K ObITOBLIM YCTPOCTBAM
3aWMTbl U KOMMYyTALMN.

KnioueBble cnoBa: xunoe nomMmelleHme, oMCTaHUMOHHaa paboTa, HECOBMECTUMbIE HOPMbI, OMacHOCTM 0gHOda3-
HOWN 3N1eKTPOCETU, 3PPEKTUBHOCTb CUMMETPUYHON CETU, PEKOMEHAYEMbIE YCNOBUS, CAMOKOHTPOJb

e Moctynuna: 09.08.2021 » flopa6oTaHa: 24.09.2021 ¢ MpuHATa kK ony6nukoBaHuio: 28.02.2022

Ana umtnpoBanusa: Pa6os tO.I7., Jlerkuii H.M., Jlomaes I".B. BeaonacHOCTb 3/1eKTPOMarHNUTHbIX GakTOPOB HA KOMMbIO-
TEPHbIX Paboumx MecTax B XWJbIX NoMeLLeHusix. Russ. Technol. J. 2022;10(2):14-27. https://doi.org/10.32362/2500-
316X-2022-10-2-14-27

Mpo3payHocTb GUHAHCOBOM AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaBEH-
HbIX MaTepuanax uiam meTogax.

ABTOpPbI 3291BNSAOT 06 OTCYTCTBMM KOHDIMKTA MHTEPECOB.
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Safety of electromagnetic factors for the workplace
equipped with personal computers in residential premises

Yuri G. Ryabov, Nikolai M. Legkiy,
Geliy V. Lomaev

INTRODUCTION

In practice, even one workplace equipped with
PC (WP PC) (sometimes more than 8 hours and
during night-time) in residential premise may give
rise to problems threatening the life and health of
employees (students), as well as other residents.
Some households have three or more WP PCs. In
addition to the negative stress impact of domestic
and family worries, many other cases of extreme
fatigue, tiredness, and decreased performance at
the end of the working day have been identified
in results of private surveys and remote employee
complaints, when compared with using WP PCs
located in offices.

According to Order No. 33n of January 24,
2014 of the Ministry of Labor and Social Protection
of the Russian Federation', a special assessment
of working conditions in respect to WP PCs
was nearly canceled. The new version of the
Sanitary and Epidemiological Norms (SanPiN)?
approved by the Federal Service for Surveillance
on Consumer Rights Protection and Human Well-
being (Rospotrebnadzor) entered into force. This
was without any argumentation in terms of sanitary
impacts, or discussions with experts on Internet.
This also excluded Swedish electromagnetic
compatibility (EMC) requirements for WP PCs
(SanPiN 2.2.4.3359-163, paragraph 7.2.7, Table 1),
while canceling SanPiN itself.

Remote WP PCs are located usually in residential
premises often unadapted for this purpose (power
supply, Internet connection, office equipment, and
communication). While the employer is responsible
for safety in office WP PCs, ensuring responsibility for
the fire, electrical, and electromagnetic safety of the
remote workplace does not fall under supervision of the
Russian Ministry of Emergency Situations, Energy, and
Sanitation Departments.

All departmental documents related to ensuring safe
conditions in housing and communal services (HCS)

I Order of the Ministry of Labor and Social Protection
of the Russian Federation No. 33n of January 24, 2014 on the
endorsement of the Method of special assessment of working
conditions, Classifier of adverse and/or hazardous production
factors, form of report of the carried out special assessment
of working conditions and its filling instruction. Amended on
April 27, 2020 (in Russ.).

2 SanPiN 1.2.3685-21 Hygienic Standards and Requirements
for Ensuring Safety and/or Harmlessness of Environmental Factors
for Humans. Approved by the Order No. 2 of 28.01.2021 of the
Chief State Sanitary Physician of the Russian Federation (in
Russ.).

3 SanPiN 2.2.4.3359-16 Sanitary and Epidemiological
requirements for physical factors in the workplace. Approved
by the Order No. 81 of 21.06.2016 of the Chief State Sanitary
Physician of the Russian Federation (in Russ.).

refer to paragraph 1 of Article 161 of the Housing Code
of the Russian Federation of 03.04.2018 Ne 59-FZ*. This
states that “the management of an apartment building
should ensure the favorable and safe living conditions for
citizens”. It also proposes a General Declaration. Thus,
users themselves are now responsible for monitoring
living conditions in premises and safety of WP PCs, in
order to preserve their health as well as the health of
other residents.

Remaining indoors for too long may become
uncomfortable and dangerous in conditions of
weakened geomagnetic field (GMF) and distorted
geoelectric field (GEF), as well as in conditions of
increased man-made electromagnetic fields (EMF).
Residents today may not even realize the reduced
natural EMF and increased man-made EMF in
their homes, WP PCs, bedrooms, and kitchens.
The Ministry of Emergency Situations, health
and sanitary information, and mass media cannot
encourage residents to monitor EMF conditions in
their premises independently, despite the simplicity
of such monitoring comparable with the use of a
smartphone [1-7].

After monitoring complaints from house
residents for several years concerning dangerous and
uncomfortable living conditions has revealed that up
to 60% of all cases are caused by electrical networks
with TN earth system® with solidly grounded neutral
(French: Terre — Neuter) in accordance with the
Rules of Electrical Installations Design (PUE)® for
residential premises (PUE, paragraph 7.1.13) and
public buildings (PUE, paragraph 7.2.9) [1]. Left
over many years, unattended household TN electrical
networks may result occasionally in sparking and
short circuits (SC). This may result in multiple
accidents, such as explosions, fires, and electrical
injuries causing destruction of buildings and loss of
life.

In contrast to international standards on electrical
safety, Russian electrical networks are equipped with
circuit breakers (CBs) and residual current devices
(RCDs) with reduced reliability requirements. This
exacerbates the risks of explosion, fire, and electrical
hazards in buildings with TN mode single-phase power
supply. Two-phase symmetrical IT (TT) networks’ with
safety criteria much higher than those of TN networks
should be used in residential and public buildings

4 Federal Law on Amendments to Housing Code of Russian
Federation No. 59-FZ, dated April 3, 2018 (in Russ.).

5 Electrical network with solidly grounded neutral in
accordance with PUE, paragraph 1.7.3 (in Russ.).

6 Rules of Electrical Installations Design (PUE). Approved
by the Order No. 204 of the Ministry of Energy of the Russian
Federation on July 8, 2002 (in Russ.).

7 Electrical network with isolated neutral in accordance with
PUE, paragraph 1.7.3 (in Russ.).
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with no actual network supervision (before failure or
emergency).

Forty-four cases of domestic gas explosions in
Russian residential buildings in 2017-2018 have
resulted in victims and casualties. The explosions
in Izhevsk (09.11.2017) and Magnitogorsk
(31.12.2018) were the most devastating. In the
latter case, repair costs are estimated at over
RUR 5 bn. The recent explosions (in Noginsk on
September 8, 2021 and Yeletz on August 11, 2021)
resulted in more than ten dead and about hundred
injured people. The total damage to the Budget and
expenditures of the affected population amounts to
billions of rubles.

Even S.K. Shoigu, the Minister of Emergency
Situations, has stated that every third fire and explosion
in the HCS sector is caused by the TN electrical network.
Every year up to 30000 people die due to electric shock
in Russia. The level of electrical injury in Russian
households is much greater than that in the USA and
Japan®,

TN networks with an industrial frequency (IF)
of 50 Hz, network extension cords, and appliance
and adapter cords may induce a wide spectrum of
EMF harmonics with amplitude exceeding maximum
permissible level (MPL) of 25 V/m for WP PCs,
according to SanPiN 2.2.4.3359-16, in living spaces
(WP PC, bedroom, and kitchen) at a distance of over
0.5 m, thus creating uncomfortable living and working
conditions [1].

INCOMPATIBILITY BETWEEN SANPIN
CONCERNING IF EMF FOR RESIDENTIAL
PREMISES AND WP PC CONDITIONS

The sanitary and hygiene standards and rules
for IF EMF (EF and MF are electric and magnetic
fields, respectively), and MPL established by SanPiN
2.1.2.2645? for living conditions in residential buildings
and premises do not meet MPL requirements for WP PCs
as specified in the latest version of SanPiN 2.2.4.3359-16
(paragraph 7.2.7).

The MPL of significant EMF factors for WP PCs
as specified in SanPiN 2.2.4.3359-16 is compared
in Table 1 with the IF EMF (EF and MF) MPL as

8 About active harmonic filters for “weasels” and the
rules for choosing filter compensating devices. URL: https://
www.mircond.com/blog/ob-aktivnykh-filtrakh-garmonik/.
Accessed April 20, 2020 (in Russ.).

9 SanPiN 2.1.2.2645-10 Sanitary and Epidemiological
Requirements for Living Conditions in Residential Buildings
and Premises. Approved by the Order No.64 of 10.06.2010 of
the Chief State Sanitary Physician of the Russian Federation (in
Russ.).

specified in SanPiN 2.1.2.2645-10. For many years,
designers and power engineers have been using this
reference MPL (500 V/m and 5 pT). The aim is to
avoid using safe symmetrical two-phase IT mode
power supply system (PUE, Fig. 1.7.4) in residential
and public buildings instead of TN networks which
are potentially dangerous to households. However,
the use of an IT system may reduce the risk of
emergencies and maintain suitable conditions for IF
EMF factors [1].

This paper proposes advisable practically
achievable criteria of safe conditions for EMF
factors in their combined effect on WP PCs, in
order to reduce the risk of emergencies, while
preserving the health of remote WP PC users.
This also prevents the uncontrollable effects of
uncomfortable IF EMF factors along with other
significant EMF factors. The recommended criteria
were developed on the basis of experimental data
and are compatible with the EMF values specified
in SanPiN 2.2.4.3359-16 (Table 1), the criteria
of Standard der Baubiologischen Messtechnik
(SBM-2015) (Germany)'? for sleeping areas, and
the World Health Organization (WHO) principles
[1,2].

The primary aim of the paper is to establish the
following: the causes of TN network operational
hazards in residential premises; the safety and
efficiency of IT networks; and the need for self-
monitoring of recommended IF EMF criteria for
WP PCs.

Uncomfortable EMF conditions in premises
today depend not only on the construction
quality and external environment, but also on the
residents and their qualifications, as well as self-
monitoring system and the capability to normalize
these conditions. Equipping WP PC should be
accompanied with continuous monitoring of IF EMF
and other factors (Table 1). Periodic monitoring
should be carried out when WP PCs are operating,
as well as changes to conditions in the premises.
Individual study recorders (ISR) used as control
devices are used for nondestructive testing and are
not subject to state verification (Art. 1.23, Federal
Law No 102-FZ!! of 26.06.2008, as amended on
23.06.2014).

10 Supplement to the Standard of Building Biology Testing
Methods SBM-2015 and the associated Building Biology
Evaluation Guidelines for Sleeping Areas. [Acting from 5th Draft
5/2015]. Germany: Institut fiir Baubiologie + Okologie IBN;
2015, p. 18.

11 Federal Law No. 102-FZ On Ensuring the Uniformity of
Measurements, dated 26.06.2008 (in Russ.).
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Table. 1. Comparison of EMF MPL for WP PC and EMF MPL for the residential premise

1 L *
SanPiN 2.2.4.3359-16 (8 h) Background MpL |  SanPIN 2(; ff)glo 10 MPL
5-2000 Hz 25 V/m
EF intensity 50 +2 Hz EF bagkground in the 500 V/m
premise
2-400 kHz 2.5V/m
5-2000 Hz 0.25 uT
N .
MF intensity 50+ 2 Hz MF ba(%kground in the 5(4) T (A/m)
premise
2-400 kHz 25nT
SHF frequency 300-300000 MHz 10 pW/cm? 300-300000 MHz 10 uW/cm?
ESF intensity 15 kV/m - 15 kV/m
GMF reduction factor, K| . K <2.0 - K . <1.5

Notes:

1. ESF is electrostatic field measured according to paragraph 7.3.7. of SanPiN 2.2.4.3359-16; it specifies the superposition of GEF and

ESF in the premise.

2. GMF is geomagnetic field; K . is GMF reduction factor, according to GOST (State Standard) R 51724-01(08)**.

* SanPiN 2.1.2.2801-10 Amendments and additions No. 1 to SanPiN 2.1.2.2645-10 Sanitary and epidemiological requirements for
living conditions in residential buildings and premises (with amendments approved by the Order No. 2403 of the Russian Government

dated 31.12.2020) (in Russ.).

** GOST R 51724-2001. Shielded facilities, spaces, installations. Reduced geomagnetic field. Methods of measuring and
assessment of field intensity compliance with technical requirements and hygiene standards. Moscow: Standartinform; 2001 (in

Russ.).

CAUSES OF UNSUITABLE
CONDITIONS FOR REMOTE WP PCS
IN RESIDENTIAL PREMISES

Millions of WP PCs located in offices, classrooms,
and factories are subject to EMF requirements and
standards (Table 1) and these should also be extended to
remote users in residential premises. These requirements
were first set out in the MPR 1990 standard (Sweden)!2,

12 Standard MPR 1990:10 1990-12-31 within MPR 1I
standards developed by the Swedish Board for Technical
Accreditation (SWEDAC) as the User’s Handbook for Evaluating
Visual Display Units. Adopted as European Standard in June
1992 by the Council Directive 90/270/EEC of May 29, 1990.

and have been used worldwide as MPL for WP PCs
equipped with electronic tube displays. Since
2000, WP PCs have been equipped with new and
safer LCD displays. At the same time, secondary
switched power supplies (SMPS), such as adapters,
electric appliances, light-emissive device, and etc.,
distorting IF currents and voltages of 50 Hz in TN
network have come into broader use. This induces a
parasitic EF and MF spectrum on frequency bands
almost equal to the MPR 1990 standard in the
premises.

Figure 1 shows typical voltage and current waveform
distortions in a three-phase 50 Hz electrical network of a
residential building.
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Fig. 1. Typical distortions:
(a) of voltage;

(b) of currents and their harmonics distorting
the current waveform in the three-phase 50 Hz
electrical network of a residential building;
the x-axis shows time while the y-axis corresponds
to the parameter amplitude

Current distortions may be caused mainly by
asymmetry of consumer phase loads in the building
network and nonlinear current loads in phases. Each
current (voltage) harmonic of the TN network phase
induces MF (EF) in living spaces and form a wideband
spectrum with energy possibly greater than that of the
Ist harmonics. The Swedish standard requirements for
IF EMF (Table 1) are kept in SanPiN 2.2.4.3359-16 for
office WP PCs. In the meantime, they have proven
their efficiency in terms of preventing harmful effects
on users and fail-safety. Today, the monitoring of these
requirements is provided by a large network of devices
in Russia.

However, paragraph 7.2.7. of SanPiN 2.2.4.3359-16
(Table 1) concerning EMF norms for WP PCs has been
completely removed from the new SanPiN 1.2.3685-21
version. This was done with no argumentation in terms

of sanitary and discussions with experts on Internet,
while the SanPiN norms were cancelled themselves.
The impact of this initiative on the health of WP PC
users located in offices, and especially remote users
in residential premises where TN networks induce
uncontrolled high IF EMF exceeding MPL for
WP PCs, is unpredictable. Today even entrepreneurs
and administrative managers (constructors and power
engineers) are interested in accident-free conditions
and protecting the health of their remote employees.
Their business depends on their efficiency, and they are
keen to protect the health of children, pregnant women,
students, and etc.

The SanPiN 2.1.2.2645-10 (Table 1) requirements
and their control methods do not reflect the sanitary
hazard of IF EMF in natural conditions of residential
premises (as well as in the equipped WP PC, respectively)
for the following reasons:

1. Today, up to 80% of the parasitic energy of the

IF EF and MF harmonic induction spectrum
which actually affects individuals in residential
premises (Fig. 1) is not controlled. According
to the “thermal concept” criteria established in
Russia and applied to standards in other countries,
e.g., to Directive 2013/35/EU'3 of 26 June,
2013, MPL induction norms should be reduced
in the low frequency range in proportion to the
increasing frequency (minus 6 dB per octave).
SanPiN sets flat MPL norms, irrespective of
frequency.
The flat wideband MPL norms for exposure to
EMF of band frequencies ranging from 10 kHz to
300GHzasestablishedinthe USSR inthe 1960s(also
given in the new version of SanPiN 1.2.3685-21)
were developed secretly. This prevents the
possibility of determining the narrowband
frequencies of codes, heterodyne radiations,
transceivers, and antennas. Incompatibility
between foreign standards for the specific
absorption rate (SAR) and MPL set in SanPiN
may require additional costs for controlling
imported facilities. This approach prevents the
harmonization of Russian sanitation and hygiene
standards with those of the developed Western
countries.

Network harmonics may result in additional

heating of power transformer windings. This

also decreases their rated power and residual life.

Industrial standards for the harmonic levels in

13 Directive 2013/35/EU of the European Parliament and
of the Council of 26 June 2013 on the minimum health and
safety requirements regarding the exposure of workers to the
risks arising from physical agents (electromagnetic fields) (20th
individual Directive within the meaning of Article 16(1) of
Directive 89/391/EEC) and repealing Directive 2004/40/EC
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industrial (but not residential) building networks
have been already standardized to the 40th
harmonic (up to 2000 Hz) in GOST 32144-201314
(for voltage) and GOST IEC 61000-3-2-201713
(for current). Thus, damage to power equipment
and unscheduled power outages may occur more
often in HCS.

2. The entire TN network including socket and
lighting circuits, network extension cords, inter
alia are sources of IF EF and MF induction
in the premises (also in WP PCs). Plugged in
SMPS extensions and cord (~220 V, 50 Hz), as
well as two-wire networks even without load are
the most intensive EF sources close to the user.
Due to specificity of SMPS (adapters), their
cords may induce the EF frequency spectrum of
100-500(2000) Hz with intensity £ > 25 V/m at
a distance up to 0.5 m, where first EF harmonic is
100 Hz rather than 50 Hz [3].

3. Exposure energy of EP and MF harmonics may
increase in premises due to the broad introduction
of wireless power transfer (WPT) sources for
charging mobile and portable devices, household
appliances, and electric cars. In the USA, more
than 30% of cell phones are now charged from
WPT sources.

4. In SanPiN 2.1.2.2810-10 (Table 1), MPLs for IF
EMF are given on the assumption that EF and MF
induction may occur in residential premises from
the single-phase network only. However, some
locations including WP PCs may be in the region
of rotating IF EMF (REMF) (REF and RMF for
components) induced via a three-phase cable
layout connecting kitchen cookers, transformers,
engineering equipment, distribution panels, and
elevators.

The effect of RMF on living organisms may be
more dangerous when compared with the effect of
MF from a single-phase circuit. Right-hand RMF is
less destructive than left-hand. Exposure to lefthand
RMF is more dangerous even at low levels. Today,
there are no standards for REMF directions. Premises
intended for remote work should be inspected for the
absence of RMF and REF from external and internal
sources [8—10].

The results of measuring zones of spatial distribution
of 50 Hz IF EMF levels (MF, EF, and their ellipticity)

14 GOST 32144-2013. Electric energy. Electromagnetic
compatibility of technical equipment. Power quality limits in the
public power supply systems. Moscow: Standartinform; 2014
(in Russ.).

I5GOST  IEC  61000-3-2-2017.  Electromagnetic
compatibility (EMC). Part 3-2. Limits. Limits for harmonic
current emissions (equipment input current no more 16 A per
phase). Moscow: Standartinform; 2020 (in Russ.).

in four directions, according to the method specified
in SanPiN 2.2.4.3359-16, paragraph 7.3.4, induced
by five types of cast resin dry type transformers
(CRT) ranging from 1000 kVA to 2500 kVA used
in urban transformer substations and facilities are
given in [11].

About forty transformer substations built-in and
attached to building in Moscow, Moscow region,
and Samara are equipped with shields (thin-walled
steel sheets with a grid between them). They convert
elliptical IF RMF of the source to the quasi-linear
component of IF MF (less dangerous), according to
the method described in [11].

5. Today, foreign environmental organizations
recommend (oblige) builders to comply with
rigid SBM-2015 standard (8th edition) for
advisable 50 Hz IF background in residential
premises. This should be no more than 5 V/m and
0.1 uT, motivated by WHO warning provisions
for residents’ exposure to household EMF and
other harmful factors. The SBM-2015standard
of building biology methods is used as a guide
for professionals and independent testing of
residential  buildings worldwide, including
Europe, Israel, USA, Canada, Australia, and New
Zealand [12].

6. In the European Union, the transition to standards
for IF MF ranging from 0.2 to 0.4 uT is considered
as a promising target for coming years. The
decisions at the WHO level are expected to be made
in 2022-2024 [13].

CAUSES OF DANGEROUS CONDITIONS
IN RESIDENTIAL PREMISES
DUE TO TN POWER SUPPLY SYSTEMS

The mass media often cite TN electrical networks
among the causes and conditions of accidents occurring
in residential and public buildings, resulting in injury
and death. According to the degree of potential danger
to the quality of life (QOL) and health of the residents,
costs of treating victims, as well as damage to work
results along with costs of future restoration and repair,
these accidents should be classified as extremely
dangerous for their resulting frequently in catastrophic

damage.

Two-wire TN-C network!®, among other
TN modes, may most frequently cause domestic
gas explosions, fires, electrical injuries, and

parasitic inductions of 50 Hz IF fields in premises.
These networks may be found in building walls
towards outlets and light sources (due to mistakes

16 TN electrical network with combined earthing (PE) and
neutral (N) wires.
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of constructors) as well as in cases of contact failures
in the third PE!'7 wire and non-standard extension
cords. The two-wire network may be detected by the
increased EF induction.

A short circuit in a TN-C network can result in
fire. When a PEN'8 neutral wire is broken or burnt,
the voltage at the L (phase wire) terminals may
increase up to 0.4 kV. This voltage is dangerous to
people and may appear on all metal parts connected
to the PEN wire. According to PUE, paragraph
7.1.78, plugged in and unprotected domestic
appliances, adapters, and light sources may be
burnt. In Russia, using the TN-C networks and
two-wire extension cords are currently prohibited
by fire authorities.

Despite the use of upgraded TN-S!° and
TN-C-S?° power supply systems in residential
buildings, according to PUE, paragraph 7.1.13,
gas explosions, fires, and electric injuries
may also occur from time to time in recently
constructed buildings. In Russia, about 30-50%
of annual household gas explosions are caused by
sparking in TN electrical network. This usually
happens when commutating light switches, socket
contacts, electrical appliances, inter alia. Spark
intensity may increase due to the additional
discharge energy of the distributed capacitance
Cp = 110...130 pF/m from the “earth” wire. It is
therefore not recommended to use TN networks
in areas of possible concentrations of dust and air
explosive mixtures. Sparking may be dangerous
for electronic devices in the event of earth fault
(contact loss) and other factors.

Today, protection against electrical hazards and
short circuits in TN-S and TN-C-S building networks
depends on the CB and RCD response speed. Fires
and electrical hazards may often occur due to the
low contact reliability of electromechanical devices
and long response time (up to 5 seconds, according
to PUE, paragraph 1.7.79) in residential and public
building networks. According to the expert opinion
on the cause of the fire in the Zimnyaya Vishnya
shopping mall: “The fire started in the LED light
fixture which was inundated by melt water from

17 PE is protective earthing. It is used for protection against
electric shock and emergency shutdown of differential protection
and circuit breakers in case of insulation failure in electrical
appliances with earthed enclosure.

18 Protective earthed neutral (PEN) conductor is a
single conductor combining the function of the neutral and
protective earth conductor.

19 TN electrical network with earthing (PE) and neutral
(N) wires.

20 TN electrical network with combined earthing (PE) and
neutral (N) wires at the network beginning and separate earthing
(PE) and neutral (N) wires further on.

the roof. The circuit breakers intended for switching
off the lighting device and then the power supply
failed to actuate?!.”

Electric shock and commutation sparking occurring
in TN building networks is always added to the
discharge energy of the distributed capacity Cp,. This
causes degradation (erosion) of contacts. In TN system,
the presence of electromechanical CB and RCD does
not mean full protection against short circuits and
electrical hazards. Protection devices with a cut-off time
two orders of magnitude less than that established in
PUE [1, 2] are required.

CAUSES OF UNSUITABLE CONDITIONS
FOR REMOTE WP PCS DUE TO IF EMF

Complaints from domestic residents with regard to
unsuitable living conditions are often due to the 50 Hz
IF EF and MF induction. These frequently do not
exceed the MPL established by SanPiN 2.1.2.2810-10
(Table 1). Voltages in TN electrical networks running
in walls, ceiling, and floor may actuate steel rebars
and wall grids (not earthed) and induce parasitic
(secondary) EF with intensity up to 25 V/m (MPL
for WP PCs) in premises at 0.4-1.0 m from walls.
Network extension cords running under the user’s feet,
especially two-cable ones (used at more than 50% of
WP PCs in Russia), appliance and adapter cords, and
table (wall) lamps may induce EF in the surrounding
space. This excites secondary EF in metal objects
located close to the user, such as tabletop, chair,
armchair, support, spring mattress, inter alia.

In the case of locating WP PCs, conditions
may become unsuitable even when all the cords of
IT devices and adapters are merely plugged into
the sockets and extension cords of the TN power
supply (~220V). IF EMF intensity at a distance
of 0.1 m from cords and three-wire extensions
may reach 100-125 V/m. This is 4-5 times more
than MPL for WP PCs (25 V/m) established by
SanPiN 2.2.4.3359-16 (Table 1) [1, 2].

The need to multiply the TN network (plugging
appliance cords, adapters, and etc. in) by means of
extension cords, as well as increasing the number of
current commutations when equipping and operating
WP PCs in residential premises, may increase the risk
of explosion, fire, electrical sparking, and unsuitable
conditions, which are monitored and protected by
nobody. In TN network, dangerous conditions often
arise when the contacts of the working and protective
earth wires are broken or lost even before entering
the premises, apartment, distribution board, inter
alia.

21 The Kommersant newspaper of August 24, 2018 (in
Russ.).
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There have been a number of instances, when a
baby’s bed located close to and exposed to EF voltage
of ~(80—100) V/m emitted by device cords (heater,
ionizer, baby monitor, etc.) has been relocated to
another place, thus normalizing EF conditions to less
than 10 V/m, resulting in the disappearance of chronic
diseases [2].

SAFE POWER SUPPLY SYSTEMS
REQUIRED FOR REMOTE WP PCS

There is no statistical data regarding accidents
and excesses of IF EF and MF values in healthcare
facilities, defense enterprises, and banks using
potentially safe two-phase symmetrical IT (TT)
networks, manufactured pursuant to GOST R
50571.28-2006 (IEC 60364-7-710: 2002)*2 (PUE,
Fig. 1.7.4).

The results of inspections and tests
performed in Dbuildings in accordance with
RD 153-34.0-15.501-00% and RD 153-34.0-15.502-2002%*
show that the IT electrical network efficiency is
higher than that of the TN, in terms of the following
values:

e Explosion and fire risks, up to 5 times;
e Electrical safety, more than 10 times;
o Electromagnetic safety, at least 10 times;
e Pulse (lightning) resistance, by 1.5-3 times (civil
defense);
Energy saving (current drain reduction), up to 5%;
e Resource conservation including network isolation
and commutation device contacts as well as
reduction in the electro corrosion rate of building
engineering systems, by 2-3 times, etc.

Contact with any wire of the IT network is safe,
and secondary inductions from ungrounded objects do
not occur. IF EF inductions from network extensions
decrease. Conventional CB and RCD protection
devices, as well as electromagnetic shielding would be
more effective for these networks. When commutating
current loads and short circuits, the spark energy is

22 GOST R 50571.28-2006 (IEC 60364-7-710: 2002).
Electrical installations of buildings. Part 7-710: Requirements
for special installations or locations. Medical locations. Moscow:
Standartinform; 2007 (in Russ.).

23 RD 153-34.0-15.501-00 Guidelines for monitoring
and analyzing the quality of electric energy in general-
purpose power supply systems. Part 1. Electrical
energy quality control (approved by Ministry of Energy
of the Russian Federation on December 27, 2000)
(in Russ.).

24 RD 153-34.0-15.502-2002 Methodological guidelines
for control and analysis of power quality in power supply
systems for general purposes. Part 2. Analysis of power
quality (approved by Rostechnadzor on July 15, 2002) (in
Russ.).

several times lower due to the absence of capacity
discharge Cp,. This energy may be compensated by
multidirectional bias currents from each wire of the
network. The cases of domestic gas explosions are
unknown yet [1-3].

In the case of a single ground fault in one of
the IT network conductors, even though the circuit
breakers have not tripped, the IT network may be
converted provisionally into TN-C network until the
fault is eliminated. In the case of a ground fault in the
second conductor, the emergency network should be
switched off. Voltage to earth from each IT network
wire is about 110 V. The EF intensity is 1-2 V/m,
while the MF one is about 10 nT at 0.1 m from the
wires [2].

Today, the service entrance for the three-
phase TN network (~220V) in an apartment or
detached house may have been equipped by certain
enterprising people with an isolation transformer
(PUE, paragraph 1.7.85) up to 15.0 kW. This
transmits an already potentially safe electrical
IT network or TT network earthed via a middle
point (PUE, Fig. 1.7.5) to WP PCs in residential
premises through the same wires. In order to
protect a detached house from EF and MF parasitic
inductions, as well as from parasitic interferences
in the electrical network which may occur during
thunderstorm, short-circuit, and wire breakage, an
isolation transformer with separate windings (or
with the earthed shield) and overvoltage suppressors
may be installed on the property line [2].

In order to protect remote WP PCs from IF EF of
TN network (~220 V), neutralizers may be used for
decoupling ~220 V from ground (earth), suppressing EF
in the range from 5 Hz to 400 kHz, with a noise level up
to 20 dB, such as Cyclone 650 with 4 sockets (produced
by the Cyclone-Test?3).

RECOMMENDED VALUES AND CRITERIA
OF EMF CONDITIONS FOR REMOTE WP PCS

Table 2 indicates the values for EMF factors
recommended for different degrees of harm and/or
danger criteria for WP PC, where 1 is comfortable, 2 is
allowable, 3 is safe, and 4 is unacceptable. These values
are harmonized with SBM-2015 standard criteria and
WHO principles.

EMF factor levels for WP PCs may be monitored
pursuant to the methods described in paragraph
7.3.7 and Appendix 11 of SanPiN 2.2.4.3359-16, until
a time when new recommended methods are proposed.
IF EMF criteria 1 and 2 (comfortable and acceptable
conditions) in residential premises (in WP PC, also)

25 www.ciklon.ru

Russian Technological Journal. 2022;10(2):14-27

22



Safety of electromagnetic factors for the workplace
equipped with personal computers in residential premises

Yuri G. Ryabov, Nikolai M. Legkiy,
Geliy V. Lomaev

are reliably fulfilled, provided that an IT network
(or TT network) is used and there is no induction or
radiation from external sources which exceed the
criteria, specified in Table 2.

JUSTIFICATION
FOR EMF RECOMMENDED
CRITERIA (TABLE 2) FOR WP PCS

An example of parasitic EF (23 V/m) induced by
a cord plugged into the network adapter (~220 V) at
~0.5 m (wooden ruler) close to IF EF MPL for WP PC
(Table 1) is shown in Fig. 2. However, the EMF
MPL value is currently measured at 0.1 m from the
device (SMPS for WP PC of <25 V/m), according to
SanPiN 2.1.2.1002-0032, paragraph 6.4.3.1.

Fig. 2. Induction of EF (23 V/m) at ~0.5 m from cord
plugged into a network adapter (~220 V)

An example of a household WP PC is shown
in Fig. 3 [14]. Clearly the PC power cords and LCD
display and laptop cables are hanging down from the
metal tabletop and are plugged into extension outlet
sockets. When a TN network is used, the EF and MF
secondary induction (ranging from 5 Hz to 2 kHz) from
the tabletop and cords near the user’s knees may be up
to 80 V/m and 0.6 uT instead of MPL amounting to
25 V/m and 0.25 pT.

26 SanPiN 2.1.2.1002-00. 2.1.2. Design, construction and
operation of residential buildings, public utilities companies,
education, culture, recreation, and sport institutions. Sanitary
and epidemiological requirements for residential buildings and
premises. Sanitary and epidemiological rules and regulations
(Approved by the Chief State Sanitary Physician of the Russian
Federation, December 15, 2000, edited August 21, 2007) (in
Russ.).

Fig. 3. Household WP PC [14]

Other factors of discomfort (Fig. 3) may
be: IF MF, EF, and RMF induction from power
cables behind the wall; inductions of the opposite
directions of GEF or ESF vectors of the armchair,
foot support and floor laminate; reduction of GMF
due to wall metal structures; SHF radiation from
nearby devices, such as Wi-Fi devices, laptop board,
and cell phones (especially, using GSM standard).
When an IT network is used, IF EF and MF values
would automatically meet the conditions specified in
Table 2.

Remote WP PCs should comply with EMF values
and criteria (Table 2) rather than EMF MPL established
by SanPiN (Table 1) for living conditions. The reasons
are as follows:

1. Hygiene and sanitary documents for residential
premises as developed by the Research Institute
of Occupational Medicine contain MPL values for
single-component exposures to EMF factors only
(Table 1). In addition, these MPL values (500 V/m
and 5 pT) conflict with EMF norms as established
by SanPiN 2.2.4.3359-16 for office WP PCs (25 V/m
and 0.25 uT).

2. WP PC users today may be exposed to the
range of EMF factors, all of which can have
a devastating impact on health. Based on
publications by medical and other experts, the
following body systems may be susceptible to
each EMF factor exposure (Table 1): nervous
system; cardiovascular system; endocrine
system; immune system; digestive system; and
the reproductive system [10]. When WP PC
is exposed to the range of EMF factors, the
intensity of each factor should be reduced to
protect against the devastating health impact on
users.

3. The recommended criteria for factors 4 (Table 2)
are more severe than EMF MPL (Table 1). Here,
the following aspects have been considered:
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Table 2. Recommended values and criteria of EMF conditions for remote WP PCs

Criteria
Values UM
1 2 3 4
5-2000 Hz V/m <1 1-5 5-25 >25
EF intensity, line-to-earth
2-400 kHz V/m <0.1 0.1-0.25 0.25-2.5 >2.5
5-2000 Hz V/m <0.3 0.3-1.5 1.5-10 >10
EF intensity, ungrounded
2-400 kHz V/m <0.02 0.02-0.1 0.1-0.5 >0.5
5-2000 Hz nT <25 2.5-7.5 7.5-25 >50
MF intensity
2-400 kHz nT <0.25 0.25-0.75 0.75-25 >5
. g uW/m? <1.0 1-100 100-1000 >1000
SHF energy flux density 300-300000 MHz W/cm? <104 104-102 102-0 1 ~0.1
ESF intensity E kV/m <0.1 0.1-0.5 0.5-3.0 >+3.0
ESF leakage time in humidity 4
conditions (30-60)% s <2.0 2.0-6.0 6.0-15 >15
GMF reduction factor, K, K. = Hyg/Hy Ratio <1.1 1.1-1.3 1.3-1.5 >1.5

Notes:
1. ESF (E) intensity is measured under simulated conditions for WP PCs and leakage time (#) of induced ESP charge on the floor
and WP PC dielectric materials (including electrostatic charging of the user body [clothes and shoes] in motion), according to
GOST 31610.32-2-2016 / IEC 60079-32-2:2015%*.
2. Safety analysis, as well as the monitoring and justification of the recommended criteria for SHF, ESF, and GMF factors for remote
WP PCs in residential premises will be given in subsequent papers.
3. Hg is open space GMF intensity; Hyy is indoor GMP intensity.

* GOST 31610.32-2-2016/IEC 60079-32-2:2015. Explosive atmospheres. Part 32-2. Electrostatics hazards. Tests.
Moscow: Standartinform; 2017 (in Russ.).

use of safe IT (TT) network in buildings and
premises; exposure to the reduced and distorted
GMF factors in premises practical achievability
of the criteria indicated in Table 2; MPL
reduction of other physical factors in the event
of 24 hours, instead of 8 hours, in the office.

CONCLUSIONS

. Based on the above results, the following priority

activities should be implemented in residential
buildings and premises as legislation:

Replacement of TN power supply system with IT (TT);
Use of a more reliable commutation and protection
systems;

Implementation of a system for monitoring physical
factor conditions by residents and users of household
WP PCs who use modern mobile devices.

2. The following requirements should be conveyed

to the Government of the Russian Federation,
regional authorities, population, investors,
constructors, and power engineers: use of
ungrounded IT power supply system in designing
new residential and public buildings, rebuilding,
and overhauling; recommendation for the safe
and comfortable EMF factor conditions as shown
in Table 2 for sleeping accommodation and
WP PC.

. Itis recommended that the Head of Rospotrebnadzor

perform the following activities:

To include the canceled SanPiN 2.2.4.3359-16,
Table 7.12, defining the EMF MPL values for
WP PCs (preferably, as indicated in Table 1 in the
paper) in new version of SanPiN 1.2.3685-21.

To promote the self-monitoring of safety conditions
for remote WP PCs.
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Abstract

Objectives. Focused ion beam etching remains one of the most common methods for fabricating 2D photonic
crystals and structures based on functional materials. This technique is quite well developed for semiconductors.
But at the same time, the change in the properties of ferroelectric materials under the action of a focused ion beam,
including parameters of distribution and switching of the polarization state under the action of an electric field,
remains poorly studied. The purpose of this work is to determine the local piezoelectric parameters in perforated
ferroelectric films of barium strontium titanate (Ba, gSr, ,TiO5) with ordered vertical air channels fabricated by
focused ion beam etching.

Methods. Experimental studies were conducted using piezoresponse force microscopy under applied electric field
in planar geometry.

Results. It is shown that the perforation of a ferroelectric film leads not only to the formation of significant
inhomogeneities in the piezoelectric response distribution in the structure, but also to the noticeable increase in
the magnitude of both the vertical and lateral components of the piezoresponse near the perforation holes. The
calculation results showed that the greatest enhancementis observed for the lateral component of the piezoresponse:
from 5 pm/V for a nonperforated film to 65 pm/V in the perforated area.

Conclusions. The most probable mechanism for such a change in properties is the influence of a disturbed layer
that occurs at the boundary and the inner surface of vertical air channels. The properties of this layer are due to
two factors: amorphization of the structure as a result of the focused ion beam etching and the appearance of
pinned domain states near the hole, leading to the formation of the complex piezoresponse distribution both at the
hole boundary and in the gap between the perforations. The information obtained is important for understanding
the peculiarities of the formation of local piezoelectric and ferroelectric responses in photonic crystals fabricated
by focused ion beam etching, as well as for finding ways to control their state when an external electric field is
applied.
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Pe3iome

Llenu. MeToanka TpaBneHus GOKyCUpPOBaHHbIM MOHHLIM My4KOM OCTaeTCsl 04HOW 13 Hanbonee BocTpeboBaH-
HbIX 0151 U3rOTOBNEHUS ABYMEPHbIX GOTOHHbLIX KPUCTANIOB U CTPYKTYP Ha OCHOBE MYHKLMOHAsbHBIX MaTepua-
noB. [laHHas meToanka 40CTaTo4yHO XOPOoLwo oTpaboTaHa s NonynpoBoAHUKOB. Ho B TO e BpeMsi USMeHeHue
CBOIACTB CErHETO3/IEKTPUYECKMX MaTepPMasnoB Noa AenctenemM GoKyCMpoBaHHONO MOHHOMO Ny4yka, B T.4. napame-
TPOB pacnpefeneHns N nepekstoyeHns Nonsapm3aLmMoHHOro COCTOSHUSA Nog AENCTBMEM 3NeKTPUYECKOro nons,
ocTaeTcs cnabounsydeHHbIM. Llenb paboTbl — onpeaeneHmne nokasnbHbIX Nbe303NeKTPUYECKNX NapaMeTPOoB B Nep-
$OPMPOBAHHbBIX CErHETOINEKTPUYECKMX MIIEHKax TuTaHarta Gapua-cTpoHums (Bay ¢Sy ,TiO3) ¢ ynopanoyeHHbl-
MW BEPTUKAJIbHbIMM BO3AYLLIHBIMW KaHanamMm, N3roToBIEHHbIMM METOLOM TPaB/eHUs GOKYCUPOBAHHbLIM MOHHbBIM
My4YKOM.

MeTopabl. SKkCneprMeHTaNbHble NCCeA0BaHMS NPOBEAEHbI METOA0M CUI0OBON MMUKPOCKOMNUM Nbe300TKANKa Npu
NPUIOXEHUM 3/IEKTPUYHECKOrO MOS B MiiaHapPHOM reoMeTpum.

PeaynbTaTbl. [TokazaHo, 4To Nnepdopaums CerHeTo3IeKTPUIYECKON MEHKM MPUBOANT HE TOJIbKO K GPOPMUPO-
BaHWIO 3HAYMTENbHbIX HEOOHOPOAHOCTEN B pacnpeaeneHnn Nbe3oaieKTPUYEeCKOro OTKaMKa B CTPYKType, HO
M K 3aMEeTHOMY POCTY BEJINYMHbI Kak BEPTUKaSIbHOW, Tak U naTepasbHO KOMMOHEHTbl Nbe300TKAnka B6IN3n
oTBepcTuin nepdopaumn. Pedynbtatel pacyeTta nokasanum, 4To Hanbosnbllee ycuneHne HabnwogaetTca gnsa na-
TepanbHOWN KOMMOHEHTbI Nbe300TkAnKa: oT 5 nNM/B ansa HenepdopupoBaHHOI nNneHkn Ao 65 nm/B B obnactu
nepdgopaymn.

BbiBoabl. Hanbonee BepoOATHbIM MEXaHU3MOM MOA0OHOro M3MEHEHUST CBOMCTB SBNSIETCS BANSIHNE HAPYLLUEHHO-
ro C/osl, BOSHMKAIOLLLErO HA rpaHnLEe 1 BHYTPEHHEeM NOBEPXHOCTU BepTUKasbHbIX BO3AYLIHbIX kKaHanoB. CBoMcTBa
3TOro cnosi 06ycnoBfeHbl ABYMS dakTopamu: amopdusaumeint CTPYKTypbl B pedyfibTaTte TpaBieHns GoKyCupoBaH-
HbIM NOHHbIM MY4YKOM W BO3HWKHOBEHMEM BOM3N OTBEPCTUSA 3aKPENIEeHHbIX AOMEHHbIX COCTOSIHUI, NPUBOASILLMX K
dOPMNPOBAHNIO CITOXHOMO pacnpeneneHns Nbe300TKIMKA Kak Ha FpaHuLLEe OTBEPCTUI, TaK U B MPOMEXYTKE MEXAyY
oTBepcTuaMM nepdpopaumm. MNMonyyeHHas nHpopmaums MMeeT 3HavYeHne oist NoOHMMaHUA ocobeHHoCcTen dopMu-
POBaHUS NOKaSIbHbIX MbE30- W CEerHEeTOJNIEKTPUYECKNX OTKIIMKOB POTOHHBLIX KPUCTANIOB, N3rOTOBMIEHHbLIX TPaBJe-
HMeM POKYCUPOBAHHLIM MOHHbLIM MYYKOM, a Takxe A1 noucka nyTer ynpasieHus UX COCTOSTHUEM MPU NPUTOXEHUN
BHELLIHErO 3/1eKTPMYECKOro nons.

KnioueBble crioBa: CerHeToaekTpuk, GOTOHHbIE KPUCTaSIbI, CUI0Bask MUKPOCKOMUS Nbe300TKIINKA, TPaBNEHNE
GbOKYCMPOBaHHBLIM MIOHHBIM MY4YKOM

e Moctynuna: 04.08.2021 » fopa6oTaHa: 18.10.2021 ¢ MpuHaTa k ony6nukoeaHuio: 02.03.2022

Ana uutupoBaHus: LlepcTiok H.D. JlokanbHble NMbe30aniekTpu4eckne CBOMCTBA NepdOpPUPOBaHHbIX CErHETO3IeK-
TPUYECKMX MNEHOK TUTaHaTa 6apusi-ctpoHums. Russ. Technol. J. 2022;10(2):28—-34. https://doi.org/10.32362/2500-
316X-2022-10-2-28-34
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INTRODUCTION

The practical application of ferroelectric thin
films is due to the peculiarities of the formation of the
domain structure and its change under the action of
an external electric field. At film thicknesses below
100 nm the average domain size becomes close to the
film thickness, and the distribution of domains per unit
volume is significantly affected by defects of various
nature, surface topology, and properties of interfaces.
These factors lead not only to noticeable distortions of
the switching parameters (for example, the magnitude
of the coercive field changes, the asymmetry of the
hysteresis loop arises, etc.), but also to changes in
the optical and nonlinear optical properties of the
ferroelectric film due to its polarization state [1, 2].
Nevertheless, this approach opens up the possibility
of creating, within the framework of one technology,
a wide range of functional elements of integrated
electronics and photonics with a controllable change in
parameters due to the formation of ordered structures
with certain geometry on the surface or in the volume
of a functional material—superlattices and photonic
crystals (PCs).

With the evolution of integrated photonics and
the development of new principles for the functioning
of its elements, systems, based on a combination of
PCs of several types (for example, one-dimensional—
two-dimensional) or on a combination of PCs of the
same type, but with different geometric parameters,
are of particular relevance, which ensures the
implementation of various processes within a chip.
This approach is already used in the design of hybrid
electron-photonic chips based on semiconductor
materials. Similar devices based on two-dimensional
ferroelectric photonic crystals (FEPCs) are obviously
not so common, but the fundamental possibility of
creating tunable devices controlled by an electric field
with their help maintains the interest of researchers in
these materials [3—6].

Focused ion beam (FIB) etching is one of the most
common methods for fabricating two-dimensional
FEPCs, which, compared with lithography methods,
has a number of advantages. It is easier to adapt to
various materials and makes it possible to fabricate
structures with different geometries within one
technological cycle, while providing relatively low
energy consumption at the sufficiently high spatial
resolution, up to 5 nm [7].

Based on numerical simulations, it was shown in [8]
that the domain structure of two-dimensional FEPCs,
which are an ordered array of submicron holes, is quite
complex even in simplified model that does not take
into account defects in the structure and surface layer.
In this case, the polarization distribution depends on the

number and mutual arrangement of the channels, as well
as on the depolarizing field that appears on the inner
surface of the channels. In particular, it was shown that
periodic perforation of a homogeneous ferroelectric film
by cylindrical vertical air channels leads to the formation
of polarization vortices at the edge of the holes, which,
in turn, significantly increase the electric field in the
region between the holes. This statement was partially
confirmed by the method of electric force microscopy
and optical second harmonic generation (SHG)
in [9—11]. However, the results obtained by the SHG
method, due to the spatial resolution of the technique,
which is limited by the wavelength of the radiation used,
make it possible to obtain only a qualitative agreement
with the results of [8].

Despite the significant number of studies, the
influence mechanism of the manufacturing method
and geometric parameters of FEPC elements on the
polarization distribution in the perforated region and,
consequently, on the ability to control the state and
properties of the material when an external electric field is
applied, remains poorly understood. This paper presents
the results of the experimental study by piezoresponse
force microscopy (PFM) of the ferroelectric polarization
state in the edge region of holes in perforated ferroelectric
films of barium strontium titanate when an electric field
is applied in planar geometry. Such a structure makes
it possible to carry out local studies of the switching
process both in the film and in the near-electrode region;
in this case, in contrast to the z-geometry, the recorded
piezoresponse is not averaged over the entire film
thickness.

RESEARCHED STRUCTURES
AND EXPERIMENTAL DETAILS

Thin barium-strontium titanate films Ba,, ¢Sr,, ,TiO5
(BST) of 1 pm thick were epitaxially grown on a
MgO(001) substrate by high-frequency sputtering of
ceramic targets [12]. An external electric field was
formed in the film plane using an aluminum interdigital
electrode (IDE) system with a gap between the
electrodes of 1 um and a period of 2 pum; the electrode
height was 200 nm. Using the FIB method, a system
of ordered vertical air channels with a hole diameter
of about 880 nm was formed in the gaps between the
electrodes. A Quanta 3D microscope (FEI Technology,
United States) was used for etching; etching was
performed with gallium ions; the etching current was
0.5-0.7 nA (Fig. 1a). The hole depth estimated by the
etching time was about 1 um.

The local piezoelectric properties of the obtained
structure were studied by the PFM method using
the contact mode of an Ntegra Aura scanning probe
microscope (NT-MDT, Russia) in the vertical and
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Fig. 1. Topography of the studied structure in the perforation area obtained by atomic force microscopy (a)
and the distribution of the vertical (b) and lateral (c) components of the piezoresponse obtained by the PFM method
for two adjacent perforation holes in the area marked by a dotted line at position (a). The white circle marks
the vertical channel boundary

horizontal planes (Figs. 1b and 1c), respectively.
During the scan, the movement of the cantilever
was severely limited by the complex structure of the
connecting electrodes and significant fluctuations
in the sample topography. Therefore, scanning was
carried out only in one direction perpendicular to the
electrodes (along the Y axis in Fig. 1a). Cantilevers of
the PPP-EFM series (resonant frequency 45-115 kHz;
force constant 0.5-9.5 N/m, NANOSENSORS,
Switzerland) were used for measurements; the voltage
applied to the IDE system was in the range of 5-30 V.
PFM measurements were carried out with alternating
voltage applied with a frequency of 50 kHz and an
amplitude of 5 V.

RESULTS AND DISCUSSION

Examples of PFM images of the vertical (vertical
piezoresponse force microscopy, VPFM) and lateral
(lateral piezoresponse force microscopy, LPFM)
components of the piezoresponse at the edge of
the air channel (region 1) and in the region located
approximately in the middle between the two
channels (region 2) are shown in Fig. 1b and Fig. lc,
respectively. It can be seen that the distributions of the
piezoresponse in these regions are distinctly different.
In the nonperforated region between the electrodes, the
distributions of both components of the piezoresponse
are more or less uniform. When voltage is applied
to the electrodes in a nonperforated structure, the
maximum value of the piezoresponse is localized in
the near-electrode region. This agrees with the results
of [13], in which it is shown that both components
of the electric field sharply increase at the electrode
boundary. In our measurements, the decrease in
intensity from the maximum to the average value in the

gap is observed at a distance of approximately 250 nm
for both the lateral and vertical components. When a
field of the opposite sign is applied, the near-electrode
peak of the piezoresponse has a different value: the
maximum intensity of the piezoresponse, when a
constant voltage of +10 V is applied, significantly (by
a factor of 2.8 for the lateral and about 1.7 times for
the vertical component of the piezoresponse) exceeds
the same value when a constant voltage of =10 V is
applied. One of the reasons for this difference may be
the nonswitchable polarization, which usually occurs
at the film/substrate interface due to mechanical stress
caused by the lattice period mismatch. However, at a
film thickness of 1 um the effect of this polarization
on the lateral component of the piezoresponse near
the surface can be considered insignificant. Another
explanation for this difference in the piezoresponse
may be the contribution to the recorded signal due to
a change in the profile of the entire structure caused
by the piezoelectric effect in the film under the
electrodes. Previously, we showed [9] that an electric
field can lead to a change in the structure profile within
a few hundred nanometers. When a voltage of +10 V
is applied, the change in the profile does not exceed
50 nm, but this may be sufficient for a noticeable shift
of the laser beam in the recording system of an atomic
force microscope, which, as a result, manifests itself
in the asymmetry of the piezoresponse. This issue
requires clarification.

On the perforated structure hole boundary,
there are points at which a change (switching) of
polarization is observed when an opposite potential
difference is applied to the electrodes (for example,
region 1) and points that retain their state at any
value of the applied field (Fig. 2a). This distribution
is explained by the influence of not only the features
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Fig. 2. Maps of the distribution of the piezoresponse in the area of one hole of the perforated structure
when an external field is applied to the interdigital electrodes (a) and the dependence of the amplitude
of the vertical (upper panels) and lateral (lower panels) piezoresponse on the voltage at the electrodes
of the interdigital system of electrodes measured in regions 1 (Fig. 2b) and 2 (Fig. 2c¢). The red line is the result
of averaging over 5 measurements for each cycle

of the topography, but also several mechanisms.
The distribution of the piezoresponse is affected by
structural defects that appear on the inner surface
and on the hole edge as a result of etching. Firstly,
the impact of high-energy ions is manifested in
the implantation of high-energy Ga® ions into the
material structure, and secondly, in the formation
of a large number of microdamages on the surface
and, as a result, in the amorphization of the near-
surface layer. These factors create a defective layer
on the structure surface (on the hole edge and on
the air channel inner surface), which properties
may differ significantly from those of the base
material [14, 15]. It was also shown in [15] that
the damaged region is not limited by the structure
specified by the electronic template but extends no
less than 1 um from its edge into the depth of the
region not subjected to etching. These damages and
related distortions of properties are all the more
significant, the more complex and more dependent
on local polarization properties is the structure of PC
elements. A rough estimate of the grains parameters
in the hole region, performed using the NT-MDT
Ntegra Aura scanning probe microscope software,
showed that most of the grains in the holes have an
average size of less than 100 nm, which corresponds
to an amorphous structure.

Another factor affecting the inhomogeneity of the
resulting distribution of the piezoresponse is the pinning
of domains to the inner surface of the air channel, which
interact with the side surface of the conducting needle
of the cantilever. As a result, the overall piezoresponse

in the hole region has a much greater intensity and
inhomogeneity than the typical response of an amorphous
structure.

To study the effect of a defective layer on the
piezoresponse parameters, piezoelectric hysteresis
loops were measured in the region containing the
switched domain (region 1 in Fig. 2a) and in the
gap between two air channels (region 2 in Fig. 2a).
Details of the measurement technique are given
in [9]. Since the structure has a significant number
of defects, 5 measurements for each cycle were
averaged. The results of individual measurements,
the averaged value, and the errors for the vertical and
lateral piezoresponse are shown in Figs. 2b and 2c,
respectively. During the measurements, the external
bias voltage changed from the initial state (0 V) to a
positive value and back.

The vertical piezoresponse loop in region 1 is not
symmetrical and has a relatively low saturation state at
+10 V and a large, about 3 GV/m, saturation field at a
negative value of the applied field (Fig. 2). The vertical
piezoresponse loop in region 2 (in the gap between the
holes) is more symmetrical and slightly shifted to the
negative part. The nonswitchable polarization caused by
mechanical stresses at the interface with the substrate
does not affect the formation of the piezoresponse.
Therefore, such a shift can be explained by the influence
of pinned domain states near the boundary of the air
channel opening. The possibility of the formation
of short-range mesoscale domains in a perforated
ferroelectric structure is confirmed in a number of works

(e.g., [16]).
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The field dependences of the lateral piezoresponse
recorded in region 1 show a more complex
piezoelectric behavior compared to that observed in
the gap between holes (region 2). This behavior is
consistent with the relaxation of mechanical strain
near the holes, where the film material is removed by
ion etching [17]. However, an important feature of
these results is that the perforated structure showed a
high response in the LPFM signal even with hysteresis
behavior. The increase in the PFM signal and the
different loop termination tendencies can be explained
by the assumption that the LPFM domains formed
a closed structure around the hole with the opposite
orientation of the spatial domains. In accordance with
this assumption, the LPFM signal in the second region
is formed under the influence of two 180-degree
domains from adjacent holes, resulting in the formation
of 90-degree domains between the holes, which are
visualized by measuring VPFM. This mechanism
partly agrees with the simulation results presented
in [8] and requires further detailed study.

Based on the measured piezoelectric hysteresis,
the piezoelectric coefficients in regions 1 and 2 were
estimated in accordance with the approach described
in [9, 10], in which it is assumed that the effective
piezoelectric coefficients of the vertical &y, and lateral
response d; are: dy, = dyy, dp =d 5+ dy).

The calculation results showed that perforation of
a ferroelectric film leads to an increase in the lateral
component of the piezoresponse from d; = 5 pm/V
for a nonperforated film to 65 pm/V in the region of
perforation. The VPFM tensor also increased but not as
sharply, from 11 to 40 pm/V.

CONCLUSIONS

When an ordered structure of vertical air channels
is formed in an epitaxial film of the Ba, ¢Sr;,TiO,
ferroelectric by etching with a focused ion beam,
a damaged layer is formed on the inner surface of
the air channel, the properties of which are due to
two factors: amorphization of the structure and the
appearance of pinned domain states near the channel
boundary. This, in turn, leads to the formation of a
complex piezoresponse distribution in the area of
the perforation hole. If the vertical component of
the piezoresponse dominates in the nonperforated
structure, then in the perforated structure the
contribution of the lateral component increases due
to the formation of a complex structure with opposite
domain orientations in the region adjacent to the hole
boundary. Perforation leads to an increase in both the
vertical and lateral components of the piezoresponse
compared to the nonperforated film. The results
obtained must be taken into account when calculating

and modeling the distribution of the piezoelectric
properties of two-dimensional photonic crystals based
on ferroelectric films.
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Abstract

Objectives. The development of technological methods with the purpose of increasing the structural strength of
defense engineering products can be carried out by creating new methods for obtaining and processing parts or
improving traditional methods based on anintegrated (synergistic) approach. The article presents a complex method
for surface treatment of parts and assessment of the hardness and surface roughness of the initial workpiece from
alloys of the AI-Mg system to improve the quality of manufacturing the module cases of the MSP-418K product
related to electronic warfare devices.

Methods. This approach consists in the vision of a metallic material as a system subjected to a chain of
technological impacts in the process of chemical, thermodynamic, and mechanical interaction of its components.
The workpieces were obtained by metal pressure treatment according to various schemes and temperature
conditions Then they were processed with a blade tool using a dynamometer. The resulting cut was examined
using a metallographic method along the entire end face from the outer surface to the center of the sample of
workpieces.

Results. Experiments were carried out for the case of Al-Mg alloys. It made it possible to reveal the relationship
between the parameters of the change in the structure of the material being processed and the stability of the cutting
process, as well as the quality of the surface during finishing turning.

Conclusions. The proposed technological solutions based on a synergistic approach provided a balanced
improvement in material parameters by eliminating the shortcomings of the original semi-finished product. The
obtained experimental data allowed concluding the deformation of workpieces according to complex schemes
at low temperature has a beneficial effect on the machinability of the metal material, ordering the structure and
improving the quality of the surface of the parts. Using a synergistic approach, it became possible to correct
the poor technological heredity of material properties obtained in previous operations: the surface quality of the
workpieces due to the continuity of the processed material and the strength properties of parts for critical and
especially critical purposes were improved. The existing technological process for manufacturing the “petal” part
was changed in practice using an integrated method, which made it possible to improve its technological and
technical characteristics.

Keywords: machinability, annealing, surface quality, cutting tool load, material structure, hot-rolled plates,
extruded bar
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HAYYHAA CTATbA
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JJISA YJAYYIICHUS Ka4eCTBA U3T0TOBJICHUS 1eTaJIeH
NPuOOPOB PAANOIEKTPOHHOU OOPHObI
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Pe3iome

Llenb. PaspaboTka TEXHONOrMYECKMX MPUEMOB, HANpPaB/IEHHbIX HA MOBbILLUEHWNE KOHCTPYKTMBHOM MPOYHOCTU N3-
nennin 060pOHHOIr0 MaLLIMHOCTPOEHUS, MOXET OCYLLECTBAATLCS C MOMOLLbIO CO34aHNS HOBbIX CNOCOB60B nosyye-
HUS 1 06paboTKN AeTanen Unm ynydeHns TpagnuLMOHHbIX MPYEMOB Ha OCHOBE KOMIMIEKCHOMO (CMHEPreTU4ecko-
ro) nogxopna. B cratbe NnpnBOANTCS KOMMIIEKCHBIN MeTOA 06paboTKM NOBEPXHOCTU AeTanel, OLEHKN TBEPAOCTHU
M LUEPOXOBATOCTN MOBEPXHOCTN MCXOOHOM 3aroTOBKM M3 CNaaBoB cuctemMbl Al-Mg ong yny4yweHns ka4ectsa ns-
roToBfieHust kopnycos moaynen nagenms MCI-418K, oTHocsiwerocs kK npuéopamMm CUCTEM PaaV03/IEKTPOHHOWN
60pbLObLI.

MeTopabl. [JaHHbI NOOX0A 3aK/I0YasCs B BUOSHUM METANNMYECKOro MaTepuana Kak CUCTeMbl, NOABEpraemMon Le-
NMoYKe TEXHOJIOMMYECKMX BO3OENCTBUN B XMMUYECKOM, TEPMOAMHAMNYECKOM U MEXaHNYECKOM B3anMOOeNCTBUN
CBOUWX COCTaBnsoWmMX. 3aroToBKM NoJly4an MeTogomM o6paboTkm MeTania AaBfeHMEM MO Pa3/INYHbIM CXEMaM 1
B PasfiMyHbIX TEMMNEPATYPHbIX PeXMMax, 3aTtemM obpabdaTtbiBany NX NE3BUNAHBIM NUHCTPYMEHTOM C UCMOJIb30BAHMEM
JMHaMOMETpa 1 nccnenoBanu noslydeHHbIn pe3 Metanorpaduyeckm crnocoboM no BCEMY TOPLLY OT HApPY>KHOIo
avamMeTpa K LeHTpy obpasua.

PesynbTaTtbl. Ha npumepe Al-Mg cnnaBoB NpoBefeHbl 9KCMEPMMEHTbI, MO3BOJIMBLUME 0OHAPYXWTb 3aBUCUMOCTb
Mexay napaMmeTpamMu U3MeHeHUs CTPYKTypbl 06pabaTeiBaeMoro Matepuana n ctabunbHOCTbIO Npouecca 06paboT-
K1 pe3aHneM, a Takke Ka4eCTBOM NMOBEPXHOCTU NPU YNCTOBOM TOHEHUM AeTanu.

BoiBoAbl. [1peaioXeHHbIE TEXHOIOMMYECKNE PELLEHMS HA OCHOBE CUHEPreTUyeckoro noaxona obecneynnu cba-
JNIaHCMPOBAHHOE YyyLLEHME NapaMeTPOB MaTepurana 3a CHeT yCTpaHeHMs HEAOCTAaTKOB MCXOAHOMo nonydabpuka-
Ta. Ha ocHOBaHMM NONY4EHHbIX ONbITHLIX JAHHBIX CAEMAH BbIBOA, O TOM, YTO NpoBoavmMas gedopmarms 3aroToBOK no
CNOXHBIM CXeMaMm Mpu NOHMXKEHHOW TemnepaTtype 61aroTBOPHO BNMSET Ha 06pabaTbiBAEMOCTb METANSIMYECKOrO
Marepuana, ynopsao4mBaHne CTPYKTYpPbl 1 NOBbILLAET Ka4eCTBO NOBEPXHOCTM AeTanen. lNpn npuMeHeHnn cuHepre-
TUYECKOro NoAxo4a eCTb BO3MOXHOCTb MCMPABUTb MJI0XYIO TEXHONOMMYECKYI0 HACNeACTBEHHOCTb CBOMCTB MaTepu-
anoB, NOJIYHEHHYIO HA NPeapIayLLMX Onepaumvsax; NOBbICUTb KA4ECTBO MOBEPXHOCTU 3arOTOBOK 3a CHET CMJIOLIHOCTHU
obpabaTbiBaEMOro matepmana; yayyinTb NPOYHOCTHbIE CBOMCTBA AeTaNeli OTBETCTBEHHOIO 1 0COH0 OTBETCTBEH-
HOro HasHayeHusi. bnarogaps NONy4eHHbIM pe3ynbTaTam Ha NMPakTUKe NOABEPrHYT M3MEHEHUIO CYLLECTBYIOLLNIA
TEXHOIOMMYECKNIA NPOLLECC N3rOTOBAEHWSI AETANN «JIENECTOK», KOTOPbIA NO3BOAW YAYYLLUTb €€ TEXHONOrMYeckne
N TEXHNYECKNE XapaKTEPUCTUKN.

KnioueBble cnoea: o6pabaTbiBa€MOCTb, OTXMWI, KA4eCTBO MOBEPXHOCTU, Harpyska Ha PexyLmii UHCTPYMEHT,

CTPYKTypa MaTtepmunana, ropa4ekaTtaHble ninTbl, I'IpeCCOBaHHbII‘/JI MPYyTOK
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npOSpa‘lHOCTb ¢I/IHaHCOBOI7I AedaTesibHOCTU: ABTOp HEe nMmeet CbVIHaHCOBOVI 3anHTEepPeCcoBaHHOCTW B nNpencTaBJieH-

HbIX MaTepunanax nam MmetTogax.

ABTOp 3asBnseT 06 OTCYTCTBUM KOH(DINKTA MHTEPECOB.

INTRODUCTION

Electronic warfare (EW) is an armed struggle
during which an effect of electromagnetic interference
(EMI), also called radio-frequency interference (RFI),
or jamming on the electronic means of enemy control,
communication, and reconnaissance systems. Electronic
warfare products are used to protect electronic equipment
from exposure to powerful electromagnetic and acoustic
radiation, as well as high-precision weapons equipped
with passive homing devices for RFI sources. The use
of selectively directed weapons against radioelectronic
means (REM), as a rule, does not lead to catastrophic
destruction and irreparable losses [1]. Such weapons
deprive electronic devices of the possibility of normal,
regular functioning. One of these products is the small
jamming station MSP-418K (Fig. 1).

FIBER OPTIC WDM
MULTIPLEXERS/DEMULTIPLEXERS
WITH LOW FLEXURAL LOSS FACTOR

The station is designed to equip targets, aviation
decoys, individual and individual-mutual protection
of small-sized aircraft, for example, the MiG29 and
MiG31 by creating deliberate active jamming of

Unit L-281-1.6 (FHS) Radome

Container frame

Unit L-281-1.3

Unit L-281-1.1

Unit L-281-1.3

radioelectronic weapons controls (REWC), included
in antiaircraft missile, antiaircraft artillery and
aviation and missile systems. This station belongs to
the means of radioelectronic countermeasures (REC)
of the fifth generation, as it enables significant
expansion of the combat capabilities of aviation.

The station ensures the simultaneous creation
of deliberate targeted active interference to at
least four REWCs, including homing radio heads
(HRH), with their carrier frequencies separated by
more than 100 MHz. Sensitivity in the operating
frequency range at the input for a pulsed signal is
no more than 51 dB W; for a continuous signal, a
quasi-continuous signal, and a long (pulse) signal—
no more than 68 dB W. The mass of the product is
no more than 170 kg, the operating frequency range
is from 4 to 18 GHz.

The MSP-418K station consists of several units,
two switches PK-/-2, a set of cable assemblies
KKS L-281, a set of low-frequency bundles
KNChZh L-281-1, a set of attenuators Kat L-281-1,
two sets of mounting parts KMCh L-281-1, as well as
KMCh(U) L-281-1.

The product L-281-1 is developed based on digital
signal processing using digital radio frequency memory

Place of radome installation
Unit L-281-1.6 (AHS)

Radome

Unit MSP-02-01
Selector switch PK-1-2

Unit MSP-02-02

Unit L-281-1.7

Place of radome installation

Fig. 1. Design of the small jamming station MSP-418K
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Fig. 2. Case model (a) and frame drawing (b) from steel MD-40

technology and is designed to counteract the REWC,
operating in pulsed, continuous, pulse-Doppler, and
long-pulse modes'. The station units include various
standardized modules, which consist of a body and
electronic filling, as well as typical standardized
microassembly parts (Fig. 2).

These parts belong to the class of critical and
especially critical applications. They provide vacuum
tightness and geometric accuracy over the full-
service life. At the same time, despite many years of
manufacturing practice, a general cause of electrical
breakdown and failure of their electronic filling are
failures of the vacuum sealing of cases and failures of
the geometry of microassembly parts [2].

The housings of microassemblies are made from
hot-rolled plates based on aluminum alloys of the
Al-Mg system (Fig. 3a). Their use is justified by the
simplicity of the technological process® 3. This does
not take into account the high level of internal stresses
in the material obtained during rolling (Fig. 3b),
which are the higher, the greater the thickness of
the plate [2, 3]. In addition, “lines” of intermetallic
phases Mg,Al;, and MgsAl, are formed in the

I Compact JAMMER MSP-418K. Zhurnal oboronno-
promyshlennogo kompleksa. 18.08.2009. URL: http://bastion-
karpenko.ru/compact-jammer-msp-418k/. Accessed November 10,
2021 (in Russ.).

2 GOST 17232-99. Aluminium and aluminium alloys
plates. Specifications. Moscow: Izd. standartov; 2000. 10 p.
(in Russ.).

3 GOST 4784-97. Aluminium and wrought aluminium
alloys. Grades. Moscow: Izd. standartov; 2001. 12 p. Edited (in
Russ.).

structure of hot-rolled plates, and their appearance
is especially pronounced in the zones of localization
of deformations and discontinuity of their rates
(Fig. 3c) [4].

Fig. 3. The process of manufacturing microassembly
cases from hot-rolled aluminum alloys
of the AlI-Mg system (a); result of plate delamination due
to intergranular corrosion (b); a defect in the materials
of the hot-rolled plate (c)

The loss of tightness of microassembly housings,
as industrial practice shows [5], occurs due to “leakage
through the material” of the housing (Fig. 4a),
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(c)

Fig. 4. Types of damage to the surface of the housings due to “leakage through the material” of the housing (a);
delamination of the coating of the base material (b) and “leakage along cracks” (c)

delamination of the coating from the base material
(Fig. 4b) or “leakage along cracks” formed during the
chemical nickel-plating of the body and cover of the
microassembly before soldering (Fig. 4c). A number of
works are devoted to this problem, for example, [6, 7],
but they do not take into account the influence of
the structure and properties of the material of these
cases.

The article [7] considers a method for improving
the quality of finished units’ parts in the MSP-418K
product by introducing an additional technological
operation to optimize the structure of the starting
material in the manufacture of radioelectronic warfare
parts. This makes it possible to exclude the invariance
of hereditary factors obtained in previous technological
operations®.

With an increase in the grain size, the tendency
of the metallic material to destruction increases
due to phase separation and thermal diffusion of
the melt substances that leads to an increase in the
number of defects and impurities displaced from the
volume. Plastic deformation during rolling makes it
possible to resist this process [8]. Workpieces that
have undergone additional deformation are usually
characterized by increased strength properties of
the material. Depending on the requirements for the
material of the workpiece, one of the recommended
forging schemes is assigned and the temperature of
heating the material before forging is selected.

MATERIALS AND METHODS

In the case of aluminum alloys of the Al-Mg
system, experiments on using a complex technological
process for manufacturing electronic warfare parts
were conducted. The technological process includes
forging the original bar workpieces according to
various schemes of the All-Russian Research Institute
of Aviation Materials, VIAM (State Scientific Center

4 Kovka i shtampovka deformiruemykh alyuminievykh
splavov: Proizv. Instruktsiya (Forging and stamping of wrought
aluminum alloys: Prod. Instruction) PI 1.2.085-78. [Approved
VIAM]. 01.09.1978. 17 p. (in Russ.).

of the Russian Federation) [9, 10] and temperature
parameters; stabilizing annealing of three forgings at
320°C in comparison with three forgings carried out at
a temperature of 420°C for 1 h, followed by air cooling
of each batch of forgings; processing of samples on a
screw-cutting lathe; dynamometric and metallographic
studies to measure the hardness and roughness of the
treated surfaces of the samples.

The manufacture of a part under different
temperatures is necessary for increasing the strength
properties of the material [11]. The number of defects
and impurities in the initial material increases with
the increase of grain size. Grain crushing during the
forging process reduces the content of grain boundary
impurities, making the material of the part more uniform
and balanced in properties.

The temperature for stabilized annealing was
chosen in accordance with VIAM recommendations.
The recommended forging temperatures are
350-430°C [12]. However, based on previous studies,
it was decided in the experiment to set the forging
temperature at the upper and lower values: 420°C and
320°C, respectively.

The studies were performed with six forgings
(samples No. 1-6) with dimensions @70 x 140 mm;
the results were compared with the original material
of the workpiece (pressed rod) with dimensions
@70 x 120 mm, (sample No. 0). The permissible
degree of deformation during forging on the
“hammer” of forging and pressing equipment was
50% [11]. In an electric muffle furnace (SNOL),
the workpiece (samples No. 1-3) was heated to a
temperature of 420°C, and samples Nos. 4—6 were
heated to a temperature of 320°C. The draft was up
to 60 mm.

After stabilized annealing, the samples were
machined on a /6K20 screw-cutting lathe using a
dynamometer (Fig. Sa). Figure 5b shows that when
turning along the generatrix (diameter) and along the
end face of experimental samples, the load force on the
cutting tool (cutter) is distributed over three coordinates:
P_ is the feed force, Py is the radial force, and P, is the
cutting force [7].

Russian Technological Journal. 2022;10(2):35-42

39



Application of an integrated method to improve the quality
of manufacturing parts of electronic warfare devices

Anton V. Kryukov

(5) (b)

Fig. 5. General view of the 16K20 screw-cutting
lathe with an automated dynamometer UDM 600 (a);
schematic description of the distribution
of the load force on the cutter during the processing
of samples on a screw-cutting lathe (b)
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RESULTS AND DISCUSSION

The dynamometric method of research showed that
the distribution of load forces in the cutting tool (cutter)
during the treatment of samples in three coordinates
corresponds to their classical relationship: the value
of the feed force P_ varies from ' to %, and the radial
force P —from % to ’2 of the cutting, P_. Comparison
of experimental, mechanically turned samples (Fig. 6a)
with the original bar (Fig. 6b) showed that when
machined samples with the same oriented structure in
the material are obtained by forging operations, it is
possible to ensure the lowest roughness of the machined
surface. This is because a more effective dynamic
damping of vibrations during cutting is achieved by a
large dissipative resistance force of the material of the
workpiece with a texture of the deformed metal oriented
in different directions.
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A comparison of the microstructure and roughness
(texture) of the surface of the original workpiece
showed that the coincidence of the grain size and the
magnitude of the force of removal and feed of the tool
leads to tearing in the material of the original workpiece
and sticking of the material to the cutter (Fig. 7a). In
this case, pull-out usually occurs at the triple junctions
of grains, where there are places of accumulation of
impurity phases [13].

Fig. 7. The surface of the original workpiece
with material tearing out during turning and machining
and chips on its surface (a); the surface obtained after
forging with interlayers of inclusions (b)

At the same time, an increase in the density and
hardness of the material of workpieces facilitates chip
flow and improves the quality of their surface after
turning (Fig. 7b). Elongated non-metallic inclusions
located along the cut boundaries are weakly bound to the
metal matrix or differ sharply from it in terms of elastic
characteristics. Microscopic metal discontinuities near
the boundaries of non-metallic inclusions are located
differently in relation to the external force applied
during the turning process. All these imperfections
(interlayers of inclusions) enhance the dissipation of
vibration energy during the turning and machining of
experimental samples after forging.

We can draw some conclusions analyzing the
magnitude and nature of the loads on the cutter during
turning along the generatrix and along the end of the
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First, the load force on the cutter increases with an
increase in the forging and a decrease in the deformation
temperature. In this case, the force becomes kinematic
(uniform) in comparison with the machining of the
original material of the workpiece.

Secondly, forging according to complex schemes at
low temperatures not only improves the characteristics
of the vacuum tightness and corrosion resistance of the
metal material, but also reduces the roughness of the
machined surface of the samples. On the contrary, the
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rougher its surface after machining with a blade tool on
a screw-cutting lathe.

CONCLUSIONS

The paper presents a complex method for
improving the quality of manufacturing electronic
warfare parts based on alloys of the AI-Mg system.
Machining the workpiece under conditions providing
its uniform deformation makes it possible to obtain a
balanced set of technological and special properties.
Good machinability and surface quality of workpieces
by cutting are achieved via increased hardness of the
material of the workpiece, and at the same time via
critically important for a number of parts increased
resistance of the material to development of corrosion
processes and its vacuum tightness.

Manufacturing the microassembly body from a
workpiece obtained according to the complex forging
scheme ensures uniform deposition of a nickel coating
with a minimum level of tensile stresses formed in the
surface layer of the workpiece material.
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Abstract

Objectives. In the development of radio electronics and communications, it is important that the requirements
for the reliability, stability of the generated frequencies, and selectivity of the receiving equipment are fulfilled.
The use of quartz resonators, widely used in radio circuits today, has partially allowed for the reliability of
communication devices and guaranteed high frequency stability to be enhanced without complicating the
circuit. Modern global trends in the development of electrical equipment are associated with miniaturization. The
dimensions of quartz resonators are decreasing every year, while the requirements for reliability remain high.
The study aimed to evaluate the possibility of using quartz resonators packaged in a miniature ceramic case
2.5 x 2.0 x 0.6 mm, under conditions of elevated ambient temperature. It has also allowed for the development
of optimal requirements for the thermal training regime as the basic technological operation for stabilizing the
oscillation frequency.

Methods. Reliability testing of quartz resonators and methods of statistical modeling in radio engineering.
Results. The results established the requirements for the reliability of RK588 quartz resonators in miniature
ceramic cases 2.5 x 2.0 x 0.6 mm in size under the influence of elevated ambient temperatures of +85°C and
+125°C. The requirements for frequency drift when exposed to elevated ambient temperature on the crystalline
plate type based on RF patent No. 27122426 “Method of manufacturing thin crystalline plates and thin crystalline
elements” were also specified. The method of thermal training was optimized and the ageing coefficients were
established.

Conclusions. The coefficients of ageing calculated for the resonators during the reliability tests was as follows:
Batch No. 1 at a temperature of +85°C was 0.75; and for Batch No. 2 at a temperature of +125°C was 0.18. For
this type of piezoelectric element with a size of 1.5 x 1.0 mm at an operating temperature of +125°C the ageing
coefficientis 4 times lower than at a temperature of +85°C. This indicates the possibility of using the RK588 resonator
at elevated ambient temperatures.

Keywords: quartz resonator, reliability, ceramic case, oscillation frequency, temperature

© M.I. Boychuk, V.E. Krivonogov, S.A. Mikaeva, L.A. Vasilieva, 2022
43


https://doi.org/10.32362/2500-316X-2022-10-2-43-50
mailto:bojchuk@mirea.ru

Study of the reliability of quartz resonators Maksim |. Boychuk,
in miniature ceramic packages etal.

e Submitted: 21.12.2021 e Revised: 27.12.2021 ¢ Accepted: 24.02.2022

For citation: Boychuk M.l., Krivonogov V.E., Mikaeva S.A., Vasilieva L.A. Study of the reliability of quartz
resonators in miniature ceramic packages. Russ. Technol. J. 2022;10(2):43-50. https://doi.org/10.32362/2500-
316X-2022-10-2-43-50

Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

HAYYHAA CTATbA

M.

UcciienoBanne HAIEKHOCTHBIX XapAKTEPUCTHK
KBaplLeBbIX Pe30HATOPOB
B MUHHATIOPHBIX KEPAMHUYECKHUX KOPITycax

N. Boituyk 1:2: @,

B.E. KpuBoHoOros 2,
C.A. Mukaesa !,
J1.A. BacunbeBa 1 2

TMUP3A - Poccuiickuii TexHonormdeckunii yumsepcutet, Mocksa, 119454 Poccus
2 AkumoHepHoe 061ecTBo «JINT-O@OHOH», Mocksa, 107076 Poccust
@ AsTOp Ans nepencku, e-mail: bojchuk@mirea.ru

Pesiome

Llenu. MNpu paspaboTke COBPEMEHHbIX NPUOOPOB PALMOINEKTPOHMKM U CBSI3M BOJbLLIOE 3HAYEHNE MMEET BbINOSI-
HeHve TpeboBaHWIM, NPeabsBASEMbIX K €e HaAeXHOCTUN, CTabUbHOCTM FEHEPUPYEMbIX YacTOT, N30BMpPaTENbHOCTU
npuemMHon annapatypsbl. [puMeHeHre KBapLEBbIX PE30HATOPOB, LLMPOKO MCMOb3YEMbIX B PaANOCXeMax CerogHs,
4aCTWNYHO MNO3BOJIUIO MOBBLICUTL HAAEXKHOCTbL CPEACTB CBA3U 1 rapaHTMPOBasIO BbICOKYIO CTabWUIbHOCTb HYacToThl 6e3
YCNOXHEHUs1 cxeMbl. COBpPEMEHHbIE MUPOBbLIE TPEHAB! Pa3PabOTKM 3NEKTPOTEXHNYECKOWN annapaTypbl CBS3aHbI C ee
MUHWaTiopusaumeit. FabapuTbl KBapLLEBbLIX PE30HATOPOB C KaX/AbIM FOA0M YMEHbLLUAIOTCS, NPV 3TOM TPeOOBaHWS K Ha-
[EXHOCTHBIM XapakTepUCTMKaM OCTalTCS BbICOKUMMU. Lienb paboTbl — OLleHKa BO3MOXHOCTU NMPUMEHEHNS KBaPLIEBbIX
pPe30HaTOPOB, NPEACTABIEHHbLIX B MUHNATIOPHOM KEPaMNYECKOM Koprnyce padmepom 2.5 X 2.0 X 0.6 MM, B yCNOBUSIX
NOBbLILLEHHOW TEMMEepPaTypbl OKpY>XatoLLen cpeapl, a Takke BblpaboTka onTuMasbHbIX TPEGOBAHWUI K PEXMMY TEPMO-
TPEHMPOBKU, KOTOPbIV ABAIIeTCA 6a30BOM TEXHOIONMYECKOW onepauunein ans ctabuamsaumm 4acToTbl KonebaHuii.
MeToabl. icnbiTaHne KBapLEBbLIX PE30HATOPOB HAa 6E30TKA3HOCTb M METO/bI CTATUCTUYECKOrO MOAENINPOBAHNS B
paaoTEXHUKE.

PesynbTaTtbl. YcTaHOBMEHbI TPEOOBaHMS K HAOEXHOCTHBIM XapakTepucTnkam keapuesbix pe3oHaTtopoB PK588 B
MUHNATIOPHbIX KepaMmn4eckux koprnycax pasmepom 2.5 x 2.0 x 0.6 MM npm BO3AENCTBNM MNOBLILLEHHOW TeMnepa-
Typbl OKpyXxatowein cpeabl +85°C n +125°C. YcTaHoBneHbl Tpeb6OBaHUS MO yX04y YaCcTOoThbl NPU BO3AENCTBUN MOBbI-
LLIEeHHOW TeMnepaType oKpyxXatoLLen cpeapl Ha TUM KPUCTanIn4Yeckon NnacTuHbl, CO34aHHOM Ha OCHoBe naTteHTa PD
N2 27122426 «Cnocob 13roToBneHNst TOHKUX KPUCTASSIMYECKUX NMNACTUH U TOHKUX KPUCTAIMYECKMX DNIEMEHTOB>.
OnTMM3NpoBaH cnocob TEPMOTPEHMPOBKU 1 YCTAHOBIEHbI KO3PPULIMEHTbI CTAPEHNS.

BbiBoAbl. PacyeTHbI KO3PPULUMEHT CTapeHNss pe30HATOPOB B NMPOLLECCE UCMbITaHWI Ha 6e30TKa3HOCTb AJ19 Nap-
T N2 1 npu Temnepatype +85°C coctaBun 0.75, a ans naptum N2 2 npu Temnepatype +125°C coctasun 0.18. Ona
[AHHOro TMna nbesoanemMeHTa paamepom 1.5 x 1.0 mm npu paboyeii Temnepatype +125°C koabdULUMEHT cTapeHus
HUXe B 4 pasa, 4em npu temnepaTtype +85°C, 4To roBOpPUT 0 BO3MOXHOCTWN NprUMeHeHns pe3oHaTopa PK588 B ycno-
BUSX MOBbILUEHHOM TEMMEPATYPbl OKPYXAIOLLEN cpeabl.

KnioueBble cnoea: KBapLI,eBbII‘/JI pe3oHaTop, HaOeXHOCTb, KepaMI/I'-IeCKI/II‘/JI Kopnyc, 4actoTta KOJ'Ie6aHI/II7I, TeMrnepartypa
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npospaquocn: d)MHaHCOBOﬁ neaTesibHOCTU: ABTOpr HEe NMeloT q)l/lHaHCOBOI7I 3anHTEepPeCcoBaHHOCTW B npeacTaB/ieH-

HbIX MaTepunasiax nin Mmetogax.

ABTOpbI 3a9BASIOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.

INTRODUCTION

In the development of devices for radio electronics
and communications, it is important that the high
requirements for its reliability, stability of the generated
frequencies, and selectivity of the receiving equipment
are fulfilled. The problem of increasing the reliability of
communications has been partially resolved through the
use of quartz resonators as widely used in radio circuits
today. The use of quartz resonators in power generators
has allowed for high frequency stability to be guaranteed
without complicating the circuit. Electronic filters with
quartz resonators have a higher performance than similar
filters with inductors and capacitors!.

At the present time, the production of quartz
resonators is considered economically profitable, despite
the appearance of materials whose stability of some
parameters is higher than that of quartz.

One way in which the competitiveness of production
can be enhanced is to reduce the price of products. This
can be achieved by changing the technology of their
manufacture. For example, by changing the thermal
training regime, it is possible to reduce the production
time without compromising the quality of the product.
However, not all technological processes can be changed.

Heat treatment, i.e., maintaining at a high
temperature for a certain time, is one of the important
steps in manufacturing quartz resonators. This process
takes place at the final stage of production [1]. This
aim of this technological operation is to create artificial
conditions for the ageing of a quartz resonator.

The quartz resonator ageing process is a combination
of different physical processes which over time lead to a
change in the resonant frequency of the product. Since
most of these processes tend to return to the state of
thermodynamic equilibrium after their completion, the
resonator goes into a stable state, while frequency drifts
become insignificant and acceptable for most devices [2].

The ageing process is complex and multi-stage. Thus,
the thermal training regime is selected experimentally,
based on the operating conditions of the given type of
quartz resonator.

I Boychuk ML.I. Digital temperature-compensated crystal
oscillator in a ceramic case for surface mounting. Cand. Sci.
Thesis. Moscow: MIREA; 2019. 163 p. (in Russ.).

Thermal training most often requires more time than
the manufacture of the resonator itself. The complexity
and diversity of the quartz resonator ageing processes
do not allow for an evaluation of the behavior of each
specific product, or calculation of the most suitable
regimes [3].

The aim of this study is to evaluate the possibility
of using quartz resonators packaged in a miniature
ceramic case 2.5 x 2.0 x 0.6 mm, under conditions of
elevated ambient temperature. An additional objective
is to develop optimal requirements for the thermal
training regime as the basic technological operation for
stabilizing the oscillation frequency.

STUDY OF THE RELIABILITY
CHARACTERISTICS OF RK588

Change in the frequency of a quartz resonator over
time occurs under stable operating conditions. This is
due to irreversible changes in the properties of crystals,
fasteners, and associated devices. In this case, several
particular features are observed:

e in most cases, the ageing process is described by
the exponential law of resonator frequency drift
over time. The smooth course of the ageing curve
is disturbed. Its magnitude and nature depend on the
type of resonator;

e the rate of ageing increases with increasing
temperature;

o the relative frequency drift during ageing and its
characteristics depend on the properties of the
inert gas in the case where the quartz resonator is
located [4].

Quartz Oscillators and Resonators, a research
and production facility of the joint-stock company
LIT-FONON, possesses equipment which allows for
experiments at temperatures of +85°C and +125°C to
be conducted. For the experiment, 42 resonators of the
RK588 type in a ceramic case with overall dimensions of
2.5 x2.0 x 0.6 mm and a nominal frequency of 40 MHz
(Fig. 1) were selected at random. These resonators were
created based on the RF patent No. 27111426 “A method
of manufacturing thin crystalline plates and thin
crystalline elements.” The size of a quartz piezoelectric
element with a sputtered silver-containing electrode was
1.5 x 1.0 mm.
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Ocm 1

Fig. 1. General view of quartz resonator RK588

Of 42 resonators, 3 batches of 14 resonators were
formed (hereinafter—Batch No. 1, Batch No. 2, and
Batch No. 3). Batch No. 1 consisted of resonators which
underwent thermal training at a temperature of +85°C
for 1000 h. Batch No. 2 consisted of resonators which
were studied at a temperature of +125°C for 1000 h.
Batch No. 3 was also studied at 125°C, but over a period
of 100 h. The frequency of the resonators in batches
No. 1 and No. 2 was measured in the following order
of thermal training time: 125, 250, 500, and 1000 h. For
Batch No. 3, measurements were performed daily every
24 h. Before starting the experiment, the frequencies
of all resonators were measured using the Dinar
technological equipment (Fig. 2). After measuring Batch
No. 1, the resonators were placed in a heat chamber at
a temperature of +85°C. For batches Nos. 2 and 3 a
temperature regime of +125°C was set. After each pre-
set period of time, the thermal chamber entered a slow
cooling regime. This prevented a high temperature in
the crystal piezoelectric element of the quartz resonator
which could lead to a high load on the crystal, electrode
and affect its frequency [5].

The resonators reached thermodynamic equilibrium
with the environment at room temperature 12 h after
the thermal chamber had completed the process of
slow cooling. Under such conditions, the frequency
measurements described below were performed.

All tests and measurements of the frequencies in this
experiment were conducted using the Dinar frequency
measuring setup. The setup allows for measurements
of resonator frequencies in the range from 1 Hz to
100 MHz. Measurement accuracy decreases with
increasing resonator frequency. In order to avoid errors
in the calculation of the frequency deviation from the
norm, the measurement error for each type of a resonator
needs to be determined.

Fig. 2. Dinar temperature-controlled setup
for frequency measurements

Most often, frequency measurements are carried out
in relative units [6]:

A _ /= Jpac

N DAC

(M

N DAC

where f,, is the nominal resonance frequency of the
resonator, Hz; fis the actual resonator frequency, Hz.

For resonators in a sealed case, the dimensionless
relative frequency, expressed in relative units, is
applicable. In order to reduce the probability of an
accidental error, measurements of the resonators
frequencies were conducted in the same pads (sockets)
of the Dinar setup.

Fourteen resonators with a frequency of 40 MHz
were selected. They underwent thermal training for
1000 h at a temperature of +85°C. If we assume
completion of the ageing processes in these resonators,
then the frequency distribution of the resonators over a
short time interval can be used to determine the error of
the Dinar frequency-measuring setup.

The measurements were performed at a temperature
of +25°C, low air humidity, and normal pressure.
First, the frequency of each resonator of a given batch
was determined. Then, the resonators were removed
from the Dinar setup and remained under unchanged
conditions for 4 h.? Subsequently repeated frequency
measurements were carried out under the same
conditions. As a result, relative frequency offsets were
obtained. Their distribution is shown in Fig. 3. During
repeated measurements, the frequency offsets changed,
but their interval did not become larger and was in the
range from —0.5 - 1075 to +0.4 - 107°. Based on the

2 Determination of the parameters of quartz resonators.
URL: http:/www.cqgham.ru/ualoj 2.htm. Accessed November 17,
2021 (in Russ.).

Russian Technological Journal. 2022;10(2):43-50

46


http://www.cqham.ru/ua1oj_2.htm

Study of the reliability of quartz resonators
in miniature ceramic packages

Maksim I. Boychuk,
etal.

results of the experiment, we can conclude that the
error in measuring the frequency using the Dinar setup
does not exceed 0.5 -+ 1079, i.e., the absolute error in
measuring the frequency of resonators with a nominal
frequency of 40 MHz obtained by the Dinar setup is no
more than 11 Hz.3

4

w

Number of resonators, pcs.
— N

-0.5 -04 -0.3 -0.2 -0.1 0.0 0.1 0.2 03 04
Relative frequency offset, Af/f -107°

Fig. 3. Frequency distribution of resonators

In accordance with the reliability requirements for
resonators of the RK588 type, the relative frequency drift
during and after testing should not exceed £15 - 1079,
Graphs of the frequency drift of Batch No. 1 of quartz
resonators after thermal training operation are shown in
Fig. 4. All resonators passed the reliability test, while
the frequency deviations did not exceed 15 - 107%. This
indicates the high quality of the products [7].

- No.
- No.
= No.
- No.
==No.
- No.
~ —No.
— No.
— No.
—No. 10
- No. 11

No. 12

No. 13

OCoOoO~NOOOhhwWN =

0 125 250 375 500 625 750 875 1000
Number of hours

Fig. 4. Relative frequency drift over time of each
resonator of Batch No. 1 at a temperature of +85°C
and total testing time of 1000 h

From the graphs presented, we can conclude that
after 500-h measuring, the frequency drift decreased for
all resonators, with the exception of resonator No. 10.
On the contrary, its frequency drift increased, but did

3 Designation of a quartz resonator in the diagram:
principle of operation and design. URL: https://math-nttt.ru/
teoriya/kvarcevyj-rezonator-dlya-chego-nuzhen.html. Accessed
November 15, 2021 (in Russ.).

not exceed the norm of 15 - 107°. The frequency drift
of resonators No. 5, 6, and 12 decreased; the resonators
stabilized [8].

Based on the data presented in Fig. 4, the coefficient
of ageing of the resonators k was calculated. The average
value of the sum of the relative frequency deviations of
the resonators at two key points was found:

§= = )

where, n is the number of units; —=,i=1,n is the

frequency offset of each resonator [9]. l

It is considered by most researchers and developers
of quartz resonators involved in reliability prediction that
long-term change in frequency over time is exponential.
At the first stage, the frequency change is nonlinear. At
the second stage, an almost linear section in the graph
is observed with a slight change in frequency which
stabilizes and smoothly decreases. It is worth noting
that most products stabilize within 500 h and reach their
upper frequency value, after which frequency begins
to gradually decrease. Therefore, the 500-h maximum
point was chosen as the base for calculating the ageing
coefficient. Furthermore, in order to obtain the ageing
coefficient, the resulting average value of the sum
of relative frequency offsets at the 1000-h end point
is divided by the average value of the sum of relative
frequency offsets at the 500-h point:

1
k=28 =075,
6.8

~

Graphs of the frequency drift of quartz resonators
of Batch No. 2 after performing the thermal training
operation at a temperature of +125°C are shown in Fig. 5.

30 “No.
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25 “No.
-No.
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Fig. 5. Relative frequency drift over time of each
resonator of Batch No. 2 at a temperature of 125°C and
total testing time of 1000 h
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The graphs in Fig. 5 show that the frequency drifts of
resonators No. 2, 3, 5-12 at the 125-h point are minimal.
The frequency drifts of resonators No. 4 and 14 at the
125-h point slightly exceed +5 - 1076, After completion
of the measurement at the 500-h point, the frequency
drift of the resonators gradually decreases. However, the
frequency drifts of the two resonators No. 1 and 13 go
beyond the limits of £15 - 107 established in this test.
Therefore, these products will not pass the reliability
test at such a high temperature*. The data presented in
Fig. 5 was used to calculate the ageing factor:

23 _o1s.

k = =
271214

In order to assess the possibility of reducing the time
of thermal training by increasing the temperature more
precisely, the frequency drift of quartz resonators at a
temperature of +125°C over 100 h with more frequent
measurements of parameters needs to defined. Taking the
results obtained earlier into account, we planned a same
frequency drift of quartz resonators as at a temperature
of +85°C for 250 h.’

Figure 6 shows the relative frequency drifts of
the resonators of Batch No. 3 after thermal training
at a temperature of +125°C with daily frequency
measurements every 24 h over 100 h.

25 -No.
-=No.
-No.
-No.
-No.
< =No.
: —No.

—No.
—No.
-No. 10
-=No. 11

No. 12

No. 13

No. 14

O©CoO~NOODhWN =

Number of days

Fig. 6. Relative frequency drift over time of each
resonator of Batch No. 3 at a temperature of 125°C and
total testing time of 100 h

The relative frequency drift of almost all resonators
of Batch No. 3 for the first day is significantly higher
than for the rest of the period. After that the frequency
drift stabilizes. The frequency drift of the resonators
Nos. 5, 8, and 14 slightly exceeds the norm £15 - 107°,

4 Generators with quartz resonators. URL: https://invento-
ri-steam.ru/elektroteoriya/kvarcevyj-generator-princip-raboty.
html. Accessed November 20, 2021 (in Russ.).

5 Quartz resonators. Types and application. Device and
work. URL: https://34rozetki.ru/svet/chto-takoe-kvarcevyj-rezo-
nator.html. Accessed November 20, 2021 (in Russ.).

Thus, in order to stabilize the frequency of quartz
resonators in miniature ceramic cases, a minimum of
24 h is required at a temperature of +125°C.

CONCLUSIONS

As a result of the research, requirements were
formulated to define the reliability characteristics of
RK588 quartz resonators in miniature ceramic packages
measuring 2.5 x 2.0 x 0.6 mm when exposed to elevated
ambient temperatures of +85 and +125°C. Furthermore,
requirements were developed for a frequency drift at
elevated ambient temperature for this type of quartz
resonator. These were created pursuant to RF patent
No. 27122426 “Method of manufacturing thin
crystalline plates and thin crystalline elements.” The
method of thermal training was optimized and the ageing
coefficients established.

It is worth noting that the products of Batch No. 1 and
Batch No. 2, when exposed to high temperatures, reach
their upper frequency value within 500 h, after which the
frequency of the resonators begins to gradually decrease.
Therefore, the maximum point was chosen as the base
for calculating the ageing coefficient [10].

Thus, based on the results of tests of quartz
resonators for failure-free operation for Batch No. 1 at a
temperature of +85°C, the calculated ageing coefficient
was k; = 0.75. For Batch No. 2 at a temperature of
+125°C it was k, = 0.18. The ratio of the coefficients
during the ageing processes was:

d=—=="_4]. 3)

For this type of piezoelectric element with a size of
1.5 x 1.0 mm at an operating temperature of +125°C,
the ageing coefficient is 4 times lower than that at a
temperature of +85°C. This indicates the possibility
of using the PK588 resonator at elevated ambient
temperatures.
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Abstract

Objectives. The aim of the study is to develop a methodology for assessing the semantics of weakly structured or
morphologically complex visual information models. In order to achieve the goal, a criterion for classifying visual
models as complex and an algorithm for obtaining a gradientimage with several levels of density were introduced. The
gradient image is not binary, thus increasing the reliability of finding boundaries or contours. An auxiliary structural
visual model was introduced, and a series of images of different densities was used in processing. Next, the concept
of a conditional image coordinate system was introduced. This allows for information to be transferred from different
visual models to a synthetic resulting visual model.

Methods. Using gradient image processing and constructing a new intermediate structural model allows models
with different densities to be linked. A system of conditional image coordinates was introduced and a series of models
with different densities to obtain a synthetic image was processed.

Results. The visual models obtained from satellite images with poor visibility of objects were processed in the Sun—
Earth—-Moon system. The Sun-Earth system was chosen as the basis. A characteristic of space images is the fact
that the bright light of the Sun “clogs” the images of other objects with large phase angles. The use of the contouring
technique allows for the visibility of images of low brightness and high brightness to be equalised. The shift of the
frequency response after detection of all objects enabled the formation of a clear visual model.

Conclusions. In primary visual models, low brightness images were not visible. They appeared when exposure was
increased, while high-density objects merged into one. Because of this, it is fundamentally impossible to obtain a
high-quality image of all objects, or the complete semantics of a visual model from a single high, medium, or low-
density image. In order to obtain the complete semantics of the visual model, a series ofimages need to be processed
with the transfer of images to a common synthetic image. The proposed technique allowed for such problems to be
resolved. A comparison of the results obtained using the methods of processing a single image proved the reliability
and high information content of the method.

Keywords: mathematical modeling, semantics, visual model, figurative model, visual structural model, information
field, information semantics, cognitive semantics, information model, cognitive model
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Pesiome

Llenu. Uenb paboTbl — pagpaboTka METOANKW AN OLEHKM CEMAHTUKK CNabo CTPYKTYPUPOBAHHbIX UM MOPdOnori-
YECKW CNOXHbIX BU3yaslbHbIX MHPOPMALMOHHBLIX Mogenei. Ona AOCTUXEHWS e BBOAUTCSA KPUTEPUIA OTHECEHMS
BM3yasibHbIX MOAENEN K CIIOXHbBIM 1 anropuTM Moy4eHUs rpaMeHTHOro M3006paxXeHMs C HECKOJIbKMMUN YPOBHAMM
nnoTHocTu. pagneHTHoe n3obpaxeHne He SBNSETCS OUHAPHBIM, HTO MOBLILIAET HAAEXHOCTb HAXOXAEHWS FPaHuL,
U KOHTYPOB. BBOAMTCS BCnomMorartensHas CTPyKTypHasi BU3yanbHas MOAENb, 1 B 06paboTke NCMONb3yeTcs ce-
pusi nsobpaxeHuin pasHor nNNoTHOCTW. Janee BBOAUTCS MOHATUE YCIOBHOM CUCTEMbI KOOPAMHAT N3006paxeHns,
NO3BOJIAIOLLEN NEPEHOCUTb MHDOPMALIMIO C Pa3HbIX BU3yalibHbIX MOAENEN HA CUHTETUYECKYIO PE3Y/IbTUPYIOLLYIO
BM3yasibHYIO0 MOLENb.

MeTopabl. Vicnonb3oBaHve rpagneHTHon 06paboTkn n306paxeHnii N NOCTPOEHME HOBOW NMPOMEXYTOYHOW CTPYK-
TYPHOW MOJENM, KOTOpasi MO3BONSET CBS3bIBATL MOAENN C PA3HOM NJIOTHOCTbLIO. BBEAEHME CUCTEMbI YCIOBHBIX KO-
opamHaT n3obpaxeHus. ObpaboTka cepumn MOAENEen C Pa3HOWM NNOTHOCTLIO AJ151 MOSYyHEHUS CUHTETUYECKOrO N30-
BpaxeHus.

PesynbTatbl. [IpoBeaeHa 06paboTka BU3yasbHbIX MOAENEN, MONYYEHHbBIX C KOCMUYECKUX CHUMKOB CO criaboi pas-
NIN4MMOCTbIO 06bekToB. OBpaboTaHbl CHUMKM B cucteme «ConHue — 3emns — JlyHa». B kauecTBe 6a3nca BelbpaHa
cuctema «ConHue — 3emnsa». [1ns KOCMUYECKMX CHUMKOB XapakTepHO TO, 4TO spkuii ceeT ConHua «3abmBaeTt» n3o-
BpaxeHuns opyrux o6bekToB ¢ 60nbLINMK Ga30BbIMK yrnamu. NprUMeHeHe METOANKN OKOHTYPUBAHUS MO3BONIIO
BbIPOBHATb M306paxeHns 0O6BbEKTOB cnaboli SPKOCTU 1 BONbLIOW APKOCTU. CMeLLLEHNE YaCTOTHOM XapakTepPUCTUKN
nocrne BbISIBEHNSI BCEX 0OBbEKTOB MO3BOMNI0 CHOPMMPOBATL YETKYIO BU3yaslbHYIO MOOENb.

BbeiBOAbI. Ha NepBUYHbIX BU3YasbHbIX MOAENSAX M300PpaxXeHUs1 cnabor spkoCTr He BUAHBI. [puy yBENNYEHUN 9KCMO-
3ULMN OHU MOSIBASIOTCS, HO OO BEKTbI BbICOKOM MAOTHOCTU MOMYT CIMBAaTbCS B OOMH. MI3-3a2 9TOro No 0AHOMY CHUMKY
BbICOKOW, CpeaHel unn cnaboi NA0THOCTU NPUHLMNNATIBHO HEBO3MOXHO MOJIY4NTb KA4ECTBEHHOE N306paxeHne
BCEX OOBEKTOB WJIM NOJIHYIO CEMAHTUKY BU3yasibHOW Moaenu. Jns nony4eHns NosaHOM CEMaHTUKN BU3yanbHON MO-
nenn Heobxoamma obpaboTka cepum M306paxeHUin ¢ NepeHoCoM n300paxeHnin Ha obLLiee CUHTeTUYeckoe n3o-
6paxeHue. NpepnoxeHHas MeTOAMKa NO3BONSET pellaTb Takne 3agadqn. CpaBHEHWE MOyYEeHHbIX PE3YSbTaToB C
MeTogamu 06paboTky 0AHOIO N306paKeHNst MOKa3bIBAET HAAEXHOCTb 1 60bLUYIO0 NHHOPMATUBHOCTL METOAA.
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MpospayHocTb hMHAHCOBOW AeATEeNbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOI 3aMHTEPECOBAHHOCTN B MPEACTaB/EH-

HbIX MaTepuanax nin MetToaax.

ABTOpbI 329BNSI0T 06 OTCYTCTBUN KOHDINKTA MHTEPECOB.

INTRODUCTION

The widespread use of semi-structured visual models
is caused by their application in many areas: radiation
diagnostics, space research, radar images, thermal
images, laser scanning systems, etc. At the present time,
the processing of such images to obtain the semantics of
the image is a matter of relevance.

Each model has a presentation or description
form and a content part. The morphology or formal
representation of the model and its semantics therein
is a matter of discussion. The semantics of any model
refers to its semantic content, including the description
of'its structure and spatial relationships. The semantics
of a visual model is related to the extent to which it
provides information [1, 2]. In many informational
and visual models, the formalism of the model and
its content are created separately. In practice, these
technological stages of creating a model are called
formalization and collection of semantics. This is
because a formal model can have different meanings
and should not be rigidly bound to semantics. The
same formal model can have different meanings. For
example, the image of a rectangle on a visual model
may represent a house, a land plot, an engineering
structure, or a computational unit (in an algorithm
diagram). The meaning of the visual model or its
semantics is determined by analyzing additionally
collected information. This technique is practiced
in geoinformatics, in which metric and attribute
information is collected separately.

Among visual models, two types of models can be
distinguished according to the criterion of perception.
The first type consists of well-structured and recognizable
visual models with clear contours and known objects.
Examples are snapshots of an urban area, scanned
images of drawings, or maps. This type of visual models
can be characterized by the term “objective.” For this
type of visual models, there is a natural decomposition.
The semantics can be easily collected separately and
then combined with the model. The second type consists
of visual models with fuzzy contours or their absence,

and images of objects of an unknown class. This type
of visual models can be characterized by the term
“figurative” or “morphological.” Collecting semantics
separately for such models is a difficult matter. This type
of models is found in space research, in the processing
of radar images, and in X-ray images. There is no natural
decomposition for this type of visual models. Therefore,
the decomposition problem becomes an additional
task. The problem of the semantics of such visual
models is closely related to the extraction of implicit
knowledge [3]. The general problem of the content
accuracy of visual models belongs to the field of artificial
intelligence. This problem is indirectly connected to
the information field [4, 5], information relations, and
information-cognitive semantics. The term “information
perception” and the term “cognitive perception” can also
be added. The semantics of visual models has cognitive
and informational components. Therefore, both of
these factors must be investigated when analyzing the
semantics of visual models.

1. RESEARCH METHODOLOGY

The study was carried out using the methods
of gradient, statistical, comparative, and qualitative
analysis. Publications in the field of analysis and
processing of semi-structured images, as well as satellite
images were used as materials.

2. RESEARCH RESULTS
2.1. Formation of a visual model

Unlike other information models, visual information
models must have three characteristics: morphology,
topology, and spatial relationships. In some cases, the
topology defines the structure. Topology and spatial
logic are most often present in visual models of the
first type. In visual models of the second type, there are
only morphological features and spatial relationships.
Two types of visual models can be used to construct
formational schemes.
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Figure 1 shows the scheme for constructing
a visual model of the first type. The source of
information is a spatial image (a snapshot of a spatial
image), which contains clear boundaries and allows a
natural decomposition of the objects comprising this
image.

DB

1[V]
| Spatial image ' Visual model
! e A/ of the first type
: Natural : g §->
1 | decomposition, > o Sf |o 2 Inf i
i | clearboundaries || |G & % 2 nformation
! ! g9 > semantics
I ¢ 1 D O of the model
: Semantic \ - ?a
! environment ! g

Fig. 1. Block-diagram of a model of the first type.
DB llU—Database of information interpretation units

Natural decomposition and clear boundaries allow
an independent semantic environment to be identified
and each part of the spatial image (map, urban area)
to be described. Natural decomposition and clear
boundaries make it possible for the visual model to
be divided into morphological and semantic parts. In
Fig. 1, this is shown by a double-sided arrow between
the semantic environment and the morphological part.
For visual models of the first type, the morphological
part and semantics can be separated at the level of
model components. This separation enables independent
processing of the morphological part and subsequent
semantic processing of information. This leads to a
formation of the semantics of the model which can be
called informational.

A special database of interpretive units is used to
form the semantics of the model. It can be a symbol
classifier or a thesaurus. The visual model conveys the
meaning of the spatial image in a compact form. In

order to convey the same semantics using a natural or
artificial language, large informational descriptions are
needed.

Figure 2 shows the scheme for constructing a visual
model of the second type.

According to the diagram in Fig. 2, the spatial
image does not contain clear boundaries and clear
decomposition of parts. Therefore, the semantics of
the parts of the image, as well as the image as a whole,
is implicit. This image is conveyed not in the form
of separated parts, but as an informational situation
containing objects and implicit relations. Therefore,
the first stage of processing and extracting the meaning
of such an image is the associative decomposition of
the situation. It relies on a database of associations
contained in the cognitive domain of an expert [6] or
an intelligent processing system [7]. There are a large
number of software tools which assist the expert in the
analysis and interpretation of images. Such a software
product can be used to simplify the image and create
a model that combines different images of the same
object.

The cognitive and informational semantics of the
visual model is created as a result of processing, since
the cognitive factor affects its creation at the level of
associative decomposition. For visual models of the
second type, the semantics is more informative compared
to the semantics of models of the first type.

2.2. Experimental studies

When processing space images, the concept of
“primary images” should be introduced. These are
pictures taken by cameras directly in the process of
observation without any processing.

The following figures show the results of
experimental work. Figure 3 shows a visual model,
which is the primary image obtained during the initial
survey. It gives an image of three spatial objects: the

DB
f oo : 1y
: Spatial image '
! ! v Visual model
- of the second type
: Informational : c i
' | situation without | ! 08 s Tlefo Cognitive
i | clearboundaries |\ |£ 77 NE £33 and informational
| | and decomposition | ” 'g g 123 > £ QE, g semantics
| withimplicit | 25 £8| 18258 of the model
! semantics ! <9 = £ Sca
! ' g < ]
© S
b oo . 2
A >
Association
database

Fig. 2. Block-diagram of a model of the second type
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Moon, the Earth, and the Sun. Due to the direct light
of the Sun “clogging” the brightness of the reflected
light of other objects, the images of objects are barely
visible.

The objects in Fig. 3 have the following
characteristics: the distance to the Moon is 10897 km;
the apparent diameter of the Moon is 15°48°33.8”" and
the phase angle is 166.6°; the distance to the Earth is
406300 km; the visible diameter is 1°46°16.0” and
the phase angle is 152.3°. The distance to the Sun is
0.99124 AU and its visible diameter is 32°16.2”". Recall
that the phase angle is called the angle in the Sun—
object—observer system. This angle is defined as the
angle between the incident and reflected light from the
object, as perceived by the observer [8].

The image is poorly recognizable, so a gradient
processing or a structural visual model was made for it,
shown in Fig. 4.

The structural visual model plays the role of a map.
It can be schematized, vectorized and made into vector
tracing paper to be superimposed on other image options.
Figure 5 shows this vector tracing paper or structural
vectorized model.

The structural vectorized model shows three basic
objects and a conditional object, the position of which
needs to be determined.

Between Fig. 5 and Figs. 3 and 4 there is a
complete informational geometric correspondence [9].
The model in Fig. 5 is a typical informational spatial
model [10]. This allows for measurements to be made,
in order to “connect” informational factors to visual
ones.

In Fig. 5, the symbol S stands for the Sun, E for
the Earth, M for the Moon, and O for an arbitrary
cosmic body. A visual structural model or a geometric
model allows a conditional image coordinate system
relative to the selected objects to be established. For
Fig. 5 it is the Earth—Sun direction. The second axis
is perpendicular to this direction. By measuring the
distances on the image from an arbitrary body to the
selected objects, the coordinates of the object in the
conditional coordinate system can be determined using
the formulae:

N=2S§

SOE/ B

SE°
(1)
L= (REZ _ N2)1/2.

All parameters are shown in Fig. 5. In (1), Sqop
is the area of the triangle SOE calculated through the
lengths of its sides. It should be emphasized that the
N and L values are conditional image coordinates,
corresponding to spatial relationships rather than to
real spatial coordinates. The characteristic curve can be
adjusted by means of computer processing. Enhancing

Fig. 3. Primary image of the Sun, the Earth,
and the Moon

Fig. 4. Structural visual model obtained on the base
of gradient processing of the primary image

(o)

Fig. 5. Vectorized or geometric model to superimpose
a series of images

weak light tones and general equalization of tones gives
the image shown in Fig. 6.

The image of objects in Fig. 6 is given in pseudo-
colors. In Fig. 6, the stars which are not visible in the first
picture are clearly visible. The Sun has a clearly visible
halo as a set of concentric circles of different brightness.
Based on Fig. 5, it is possible to estimate the locations
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Fig. 6. The image obtained by processing
the primary image

of recognizable objects in Fig. 6. Albeit not the primary
ones, they are derived from the image shown in Fig. 3.

Using and obtaining a visual structural model (VSM)
allows for a series of images of different densities and
different detail to be processed. VSM objects of different
density and visibility to be combined into a general
visual model.

This approach is based on transition from a visual model
to a geometric informational model and the subsequent
use of geometric image processing [11]. It is already
being applied in the processing of aerospace images [12],
albeit with the implementation of regression methods and
direct measurements of images. The primary images (for
example, Fig. 3) do not have high measurable properties.
The method proposed eliminates the measurement of the
primary image and uses a clear geometric model (Fig. 5).
This model allows not only measurements to be performed,
but for the quality of the primary image to be improved and
made more visual (Fig. 6).

CONCLUSIONS

The semantics of visual models contain not only
attributive characteristics, but also the characteristics of
their visibility and spatial relationships. When analyzing
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Abstract

Objectives. Recent research in machine learning and artificial intelligence aimed at improving prediction accuracy
and reducing computational complexity resulted in a novel neural network architecture referred to as an extreme
learning machine (ELM). An ELM comprises a single-hidden-layer feedforward neural network in which the weights
of connections among input-layer neurons and hidden-layer neurons are initialized randomly, while the weights of
connections among hidden-layer neurons and output-layer neurons are computed using a generalized Moore—
Penrose pseudoinverse operation. The replacement of the iterative learning process currently used in many neural
network architectures with the random initialization of input weights and the explicit computation of output weights
significantly increases the performance of this novel machine learning algorithm while preserving good generalization
performance. However, since the random initialization of input weights does not necessarily guarantee optimal
prediction accuracy, the purpose of the present work was to develop and study approaches to intelligent adjustment
of input weights in ELMs using bioinspired algorithms in order to improve the prediction accuracy of this data analysis
tool in regression problems.

Methods. Methods of optimization theory, theory of evolutionary computation and swarm intelligence, probability
theory, mathematical statistics and systems analysis were used.

Results. Approaches to the intelligent adjustment of input weights in ELMs were developed and studied. These
approaches are based on the genetic algorithm, the particle swarm algorithm, the fish school search algorithm,
as well as the chaotic fish school search algorithm with exponential step decay proposed by the authors.
By adjusting input weights with bioinspired optimization algorithms, it was shown that the prediction accuracy of ELMs
in regression problems can be improved to reduce the number of hidden-layer neurons to reach a high prediction
accuracy on learning and test datasets. In the considered problems, the best ELM configurations can be obtained
using the chaotic fish school search algorithm with exponential step decay.

Conclusions. The obtained results showed that the prediction accuracy of ELMs can be improved by using
bioinspired algorithms for the intelligent adjustment of input weights. Additional calculations are required to adjust
the weights; therefore, the use of ELMs in combination with bioinspired algorithms may be advisable where it is
necessary to obtain the most accurate and most compact ELM configuration.

Keywords: neural networks, extreme learning machine, bioinspired algorithms, genetic algorithm, particle swarm
optimization algorithm, fish school search algorithm, machine learning, regression analysis
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HAYYHAA CTATbA

IIpyuMeHeHre OMOMHCIIMPUPOBAHHBIX
AJITOPUTMOB IVI00AJIbHON ONTUMH3AIUU
JIJIS1 TIOBBIILIEHUSI TOYHOCTH IMPOTrHO30B
KOMIIAKTHBIX MAIIIMH 3KCTPEMAJILHOIO 00yUeHu sl

J1.A. DemnpoBa ®,
A.B. Nopuyakos

MUP3A — Poccuiickunii TexHosiorndeckuii yamsepceutet, Mocksa, 119454 Poccus
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Pe3iome

Llenun. B pesynbtate COBPEMEHHbIX UCCNEeA0BaHNI B MALLMHHOM 00Yy4YeHMN, HanpaBeHHbIX Ha NOBbLILLIEHNE TOYHO-
CTU U CHUXEHME BbIYUCIIUTENIBHOWM CIIOXHOCTM afirOPUTMOB aHanm3a OaHHbIX, Oblla NpeasioxXeHa HoBasi apXmuTek-
Typa UCKYCCTBEHHOM HEMPOHHOM CEeTU — MalLMHAa SKCTPEMasbHOro 00y4eHus. ATO HEMPOHHAsA CeTb NPAMOro pac-
MPOCTPaHEHUS C eAVHCTBEHHbBIM CKPbITbIM CNIOEM. B 3TOI ceTn Beca CoeaAnHEHUIN MeXAY BXOOHbIMW HENPOHaAMU 1
HEeMpoOHaMM CKPbITOrO CNOS MHULMANU3VPYIOTCS Cly4anHo, a BeCa COeAMHEHUIN MeXAY HENPOHAMN CKPLITOrO Crosi
1 BbIXOOHbIMW HEMPOHAaMU BbIYNCAAIOTCS C UCMOJIb30BaHNEM onepauumn nceraoobpatleHms Mypa — NeHpoysa. 3a-
MeHa UTepaLMoHHOro npouecca 0byy4eHus, NPUCYLLErO MHOTMM apXUTEKTYPaM HEMPOHHbLIX CETEN, Ha ClyyarHyo
VHNLMaNN3aumio O4HOM 4aCT BECOB N BblYUCIEHME APYIrOl YacTu AenaeT pacCcMaTprBaEMbIN MHCTPYMEHT CylLe-
CTBEHHO 6onee Npon3BOAMTENBHLIM, C COXpPaHeHNEM xopoluer obobuiatollern cnocobHocTn. OgHako cnyyariHas
VHNLMaNn3aums BXOAHbIX BECOB HE rapaHTUPYeET ONTUMasibHOM TOYHOCTM NPOrHO30B. Llenb paboTkl — pa3paboTka
1 nccnenoBaHme noaxoaoB K MHTENNEKTyalbHOW HACTPOWKE BXOAHbIX BECOB B MaLLIMHAX 9KCTPEMaJIbHOro 00yyYeHus
ONOMHCNNPUPOBAHHbLIMU aNFOPUTMaMK A1 NOBbLILLEHWS TOYHOCTM NPOrHO30B 3TOM0 MHCTPYMEHTA aHann3a AaHHbIX
B 3a4a4ax BOCCTAHOBJ/IEHUS perpeccun.

MeTopbl. /Icnonb3oBaHbl METOAbI TEOPUM ONTUMU3ALNN, TEOPUN IBOMOLMOHHBIX BbIHVICAEHUA 1 POEBOIO UHTES-
lekTa, Teopum BEPOATHOCTEN U MaTEMATUYECKOW CTAaTUCTUKN, CACTEMHOIO aHanmMaa.

PeaynbTaTbl. Pa3paboTaHbl U UCcneaoBaHbl NOAXOAbl K MHTENNEKTYyalbHOM HACTPOWKE BXOAHbLIX BECOB B MaLLIMHAX
3KCTpeMasnbHOro 06y4eHnsi, OCHOBaHHbIE HA MPUMEHEHUN FTEHETUYECKOrO anropuTma, airopntMma pos HacTtuu, an-
ropuTMa rnomcka Kocsikom pbid, anroputmMa XaoTM4eCKoro Nnoncka KOCSiKOM pbld ¢ 3KCMOHEHLUMaNbHbIM YObIBAHUEM
wara, NnpenioXXeHHoro aBTopamMm HaCTOSAILLErO UCCNed0BaHus. BbiISBNEHO, 4TO NpUMeHeHne BMOVNHCIMPUPOBAHHbIX
aNropuTMOB CMOCOBHO YNYYLLINTL TOYHOCTb MPOrHO30B MaLLWH 3KCTPeMasibHOro 0by4eHuns B 3aa4ax BOCCTaHOBNE-
HUS perpeccumn, NpuiyemM MallmHe 3KCTPEMasbHOro 06y4YeHust C YTOYHEHHbBIMU OMOMHCMNPUPOBAHHLIMK anropnuTMma-
MK BecaMmn TPeBYETCS MEHbLLIEE YNCIO HEMPOHOB Ha CKPLITOM CJI0€ A1 AOCTUXEHNS BICOKO TOYHOCTM NPOrHO-
30B Ha TPEHMPOBOYHbIX 1 TECTOBbIX HAbopax AaHHbIX. C MOMOLLbIO Xa0TUYECKOro anropmTMa noncka Kocsikom pbld
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C 3KCMOHeHUalbHbIM y6bIBaHI/IeM wara MoryTt OblITb noJiy4eHbl Hanny4wine KOHCDVIpraLJ,I/IVI MaLUVH SKCTPEMaJIbHOIro

00Yy4eHNs B PACCMOTPEHHbIX 3aJa4ax.

BI:IBOAI:I. I'IonyquHble pe3ysibTaTbl MOKa3bIiBAOT, HTO TOYHOCTb MPOrHO030B MalLUMH 3KCTPEeMasibHOIro 06yHeva MO-
XeT ObIThb yJyyLLEHa NOCPEACTBOM NPUMEHEHNS BMONHCNINPUPOBAHHbIX 2TOPUTMOB MHTENNIEKTYasIbHOM HACTPOKM
BXOOHbIX BECOB. ,ﬂ,ﬂﬂ BbIMOJIHEHNA H&CTDOVIKVI BECOB Tp6‘6y}OTCﬂ A0MNOJIHNUTEJIbHbIE BblHUCNIEHNA, MO3TOMY UCMOJIb-
30BaHMe MallnH 3KCTpeMasibHOro 06yqu|/|9| B co4YeTaHun C 6I/IOI/IHCFII/IpI/IpOBaHHbIMI/I anropuTMamMmm MoxeT ObITb
LenecoobpasHo B Tex 0bnacTsx, rae HeobxoaMMo nosydeHne Hanbonee TOYHOM U KOMMAKTHOM KOHbUrypauum ma-

LLUMHbI 9KCTPEMAsIbHOIr0 00Yy4eHUS.

KniouyeBble cnoBa: HEMPOHHbIE CETU, MALLUMHbI 3KCTPEMASIbHOIO O6y‘-IeHl/I9I, 6VIOMHCI'IVIpVIpOBaHHbIe aJiIr OPUTMbI,
reHeTUYeCKMn anropuTM, anropuTM Pos HacTuL,, anropmTM NOMCKa KOCSKOM pbl6, MallnHHOE o6yHeHme, perpeccnoH-

HbIl aHann3

e Moctynuna: 29.11.2021 ¢ Jopa6oTaHa: 22.12.2021 ¢ MpuHaTa k ony6nukoBanuio: 01.03.2022

Ona uutupoeanusa: Oemuposa J1.A., FopyakoB A.B. MprumeHeHre GUONHCMIMPUPOBAHHBLIX airfOPUTMOB T1I06asbHOW
oNTUMM3aLUMM 01K NOBbILIEHNS TOYHOCTU MPOrHO30B KOMMAKTHBIX MaLLIMH 9KCTPemManbHoro odyydenus. Russ. Technol. J.
2022;10(2):59-74. https://doi.org/10.32362/2500-316X-2022-10-2-59-74

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPLI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBaHHOCTM B NPeACTaB/EeH-

HbIX MaTepunanax nin Mmetogax.

ABTOPbI 3a9BNSAIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

Due to the digitalization of the economy, an
increasing number of enterprises are integrating
intelligent modules into their products and enterprise
information systems in order to automate and accelerate
business processes. These modules often comprise
decision support systems, expert systems, and prediction
systems that use machine learning algorithms. Such
algorithms are used to automate the discovery of hidden
relationships in datasets to make predictions without
human intervention. Due to the increasing amounts of
data being processed by intelligent systems, there is a
need to increase the efficient performance of machine
learning algorithms while preserving the accuracy of
automated decisions.

In studies of classification, regression analysis, and
prediction of time series, a variety of efficient machine
learning approaches have been proposed, e.g., k-nearest
neighbors [1], support vector machines [2], various
hybrid versions [3], random forests [4], and artificial
neural networks [5], which allow a high decision
accuracy to be achieved.

A widely used and efficient supervised machine
learning approach wuses artificial neural networks
(ANN), which can automate decision-making via the
evolution of a complex nonlinear system [6]. Numerous
ANN architectures and training methods have been
developed, which demonstrate high efficiency in
solving classification problems using deep learning,
convolutional layers, and dropout layers [7], as
well as solving regression layers using hybrids of
population- and gradient-based algorithms of ANN
learning [8, 9]. To find the optical hyperparameters
of ANNSs, bio-inspired algorithms are often used. For

example, the particle swarm optimization algorithm
was used to optimize the hyperparameters of a recurrent
network with long short-term memory to predict time
series [10].

The ANN training problem reduces to a problem of
minimizing a certain ANN loss function on a training
dataset. Researchers and practitioners conventionally
train ANNSs using an iterative backpropagation method
and algorithms based on stochastic gradient descent
[11, 12]. However, with increasing amounts of analyzed
data, the time required for the convergence of gradient
methods increases, especially when using deep ANN
architectures. In order to accelerate ANN training,
Google researchers proposed a distributed stochastic
gradient descent algorithm [13], in which subsets of
the training dataset are placed at several slave nodes
of the computational network. At each iteration, slave
computational nodes compute multidimensional
gradient matrices for the proper data subset. A master
node receives the computed multidimensional gradient
matrices from the slave nodes, subtracts the gradients
from the ANN weight matrix, and then sends the
updated multidimensional weight matrix to the slave
nodes, after which the process is repeated until the
stopping criterion is satisfied. However, even when
using distributed ANN training methods, the training
may take a long time: from several hours to several
days.

To accelerate ANN training, Huang et al. [14]
proposed a novel ANN architecture referred to
as an extreme learning machine (ELM). An ELM
comprises a single-hidden-layer ANN in which the
weights of connections among input-layer neurons
and hidden-layer neurons, as well as the hidden-
layer shift vector, are initialized randomly, whereas
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the weights of connections among hidden-layer
neurons and output-layer neurons are computed
using a generalized Moore—Penrose pseudoinverse
operation [15]. Besides, the hidden-layer activation
function should be infinitely differentiable [14]. By
using an ELM, it is possible to eliminate the iterative
process of optimizing the ANN loss function from
the process of preparation of an ANN model capable
of making accurate decisions, thus significantly
reducing the computational effort to train the ANN.
The absence of an iterative training process does
not prevent the ELM from demonstrating good
generalization performance in a number of applied
problems [16—18].

However, the random initialization of the weights
of connections among input-layer and hidden-layer
neurons along with the hidden-layer shift vector
does not guarantee the optimal configuration of an
ELM. Instead, the problems of intelligent refinement
of input weights and hidden-layer shift vector of
ELMs may be solved using bioinspired optimization
algorithms [16, 19]. Such algorithms are heuristic
methods of global optimization that process several
solutions at each iteration without using information
on the derivative of the function for their optimization;
this simplifies the launch of these algorithms in parallel
and distributed modes [20]. Widely used bioinspired
algorithms included the genetic algorithm (GA) [21],
the particle swarm optimization (PSO) [22], the fish
school search (FSS) [23, 24], and others. Cai et al.
[16] used particle swarm optimization to obtain the
optimal ELM configuration for traffic flow forecasting.
Song et al. [19] carried out a comparative analysis
of the classical realization of ELM and the ELM, in
which the intelligent selection of input weights was
performed using the genetic algorithm, demonstrating
the high efficiency of the ELM configuration obtained
via GA.

In the present work, the efficiencies of various
bioinspired algorithms were studied, including the
genetic algorithm, the particle swarm algorithm, the
standard fish school search algorithm, as well as a
chaotic fish school search algorithm with exponential
step decay, which were used in the problem of choosing
the optimal weights of connections among input-layer
and hidden-layer neurons, as well as the hidden-
layer shift vector. Regression estimation problems
were considered on three datasets; the generalization
performances were compared between the classical
ELM [14] and the ELMs in which the intelligent
adjustment of input weights was made using bioinspired
algorithms. Additionally, landscapes optimized using
bioinspired loss function algorithms were studied in
the course of the refinement of the input weights and
shifts in the ELMs.

EXTREME
LEARNING MACHINE

In a supervised machine learning problem, a set of
objects, X = X; U X, is given, where X is a learning
dataset, and X is a test dataset; also given are a set of
possible answers, Y, and an unknown objective
function, i X — Y, which maps the set of objects to
the set of possible answers. The f'values are known for
each object in the set X. The set X; is used during the
training of the model, and the trained model quality is
evaluated on the set X . The learning dataset X; has
the form {X|,X,,..,X }, where s is the number of
objects in X ; each (ith) object X; € X[ is represented
as a set of features, 5c'l. =(h,hy,....,h,), which
characterize the object X;; and the ), values are
known for each (ith) object X, and are equal to f'(X,).
In the course of the training, the machine learning
algorithm constructs the function a: X — Y to
sufficiently approximate the unknown objective
function fon X = X; U X,.

An extreme learning machine (ELM) is a supervised
machine learning algorithm, which, similarly to an
ANN, can make decisions by automatically configuring
a complex nonlinear system for a certain problem. It
comprises a single-hidden-layer feedforward neural
network with an infinitely differentiable activation
function in the hidden layer [14] where the weights
of connections among input-layer neurons and
hidden-layer neurons, as well as hidden-layer shifts,
are initialized randomly, whereas the weights of
connections among hidden-layer neurons and output-
layer neurons are computed. Figure 1 presents the
structure of the ELM.

Onm

Fig. 1. Extreme learning machine

Elements of the matrix @ of the weights of
connections among input-layer neurons 4, A,, ... h, and

hidden-layer neurons k,, k,, ... k, having the form

R \where n is the number of the input-layer

neurons, and d is the number of the hidden-layer neurons,
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are initialized randomly; shifts b, b,, ... b, of the
hidden-layer neurons are also initialized randomly,

while the vector of the shifts has the form R¢. The
matrix f of the weights of connections among the

hidden-layer neurons k,, k,, ... k; and output-layer

neurons o,, 0,, ... 0,,, which has the form RA*™M  \where

m 1is the number of the output-layer neurons, is
calculated as

p= HY ,where HT = (HTH)"'HT, H = g(X  aT +b).(1)

Here, X| is a matrix having the form RS*7 " in
which the rows code s objects in the learning dataset
X, with each object being represented as a set of n
features {h, h,, ... h,}. al is the transposed matrix of
the weights of connections among neurons of the form
R where n is the number of the input-layer
neurons and d is the number of the hidden-layer

neurons. b is a matrix of the form R*? that is
obtained by the transformation of the vector of shifts

of the hidden-layer neurons of the form R? to a

matrix of the form R™? in which the first row is

repeated s times. g is an infinitely differentiable
activation function, which is applied element-by-
element to each element of the matrix. H is the output

matrix of the hidden-layer neurons of the form R**¢.
H' is the Moore—Penrose pseudoinverse of the matrix

H [15] of the form R7*s. Y, is the matrix of answers

of the form R, in which the row code answers
correspond to objects in the learning dataset X, , each
answer having the form {o, o,, ... o,}. Thus, the
matrix B of the weights of connections among d
hidden-layer neurons and m output-layer neurons has
the form R For the hidden-layer activation
function g in ELMs, the sigmoid activation function is

often used [25]:

o(x)=

)

l—e’

Here, x is an element of the hidden-layer output

matrix of the form R**?, which is obtained by the
multiplication of the matrix X; and the matrix al with
the subsequent addition of the matrix b.

The number d of the hidden-layer neurons, which
is an ELM hyperparameter, should be adjusted to
the problem to be solved. The number n of features
of each object in the learning dataset is determined
according to the specificity of the domain of the
problem being solved. In solving the regression
estimation problem using the ELM considered in
this work, the number m of output-layer neurons is
taken to be 1.

INTELLIGENT SELECTION
OF INPUT WEIGHTS USING
BIOINSPIRED ALGORITHMS

The random initialization of the weights a of
connections among input-layer neurons and hidden-
layer neurons, as well as the hidden-layer shifts b, does
not guarantee the optimal ELM configuration [16, 19].
Studies have been carried out in which particle swarm
optimization was used to obtain the optimal ELM
configuration in traffic flow forecasting problems
[16], with a genetic algorithm being applied in
regression estimation problems [19]. In these works,
the root mean square error (RMSE) was selected as
the objective function for the bioinspired algorithms:

RMSE = \/Ez; (@)= y,)%, 3)

where X; is the ith object in the learning dataset X
comprising s objects, y; is the answer for the ith object, and
a(x;) is the prediction of the ELM for the ith object X;.

The generalization performance of a trained ANN
model is often evaluated using the mean absolute error
(MAE) function:

1 ,
MAE=_% " [aGi) -], )

where X; is the ith object in the learning dataset Xy
comprising s objects, y; is the answer for the ith object,
and a(X;) is the prediction of the ELM for the ith object.
The mean absolute error function was used [16] to
evaluate the ELM model quality.

When solving the problem of selecting the optimal
values of the input weights given by the matrix a of the
form R and the hidden-layer shift vector
(b, by, ..., b} of the form R? (Fig. 1), each (ith) agent
in the population of bioinspired algorithms can be
represented as the vector {0({1,0({2,...,0&{”,0&31,0(52,...,
0, s O 00 oty BE DY B Y

The genetic algorithm used in the problem of
intelligent selection of the input weights and hidden-
layer shifts in the ELM [19] is a heuristic population
optimization algorithm inspired by evolutionary
processes occurring in biological nature. Algorithm 1
determines the pseudocode of the genetic algorithm.
The selection, crossover, and mutation operators are
sequentially applied to the agents in the population at
each iteration using various selection strategies, e.g.,
tournament selection and truncation selection [21].

The particle swarm optimization (PSO) algorithm
used in the problem of selecting the optimal values of the
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input weights and hidden-layer shifts in the ELM [16] is
the well-known global optimization algorithm proposed
by Kennedy and Eberhart [22], which was inspired by the
coordinated flight of bird flocks. Algorithm 2 determines
the pseudocode of the particle swarm algorithm.

The fish school search (FSS) algorithm is a global
optimization algorithm inspired by the behavior of fish
schools swimming in search of food. The algorithm,
which was proposed by Bastos Filho et al. [23], has
found application in solving numerous problems,
including image reconstruction [26] and distribution of
weights in ANN [27].

The modification of the fish school search algorithm
proposed by Demidova and Gorchakov [24], which

1.0

o o o
N e ) I ¢ ¢

Generated states

o
(V)

o
o

1.2 1.4 16 18
Chaotic mapping parameter

(a)

converges faster than FSS, is called tent map-based fish
school search with exponential step decay (ETFSS). The
ETFSS pseudocode is determined by Algorithm 3.

In Algorithm 3, uniformly distributed random numbers
for the vectors 7 and 7, are generated by the mapping
tent using a dynamic system in a chaotic state. The dynamic
system is described by time set 7, state set S, and mapping
M: T x § — S, which characterize the evolution of the
dynamic system. The mapping tent is defined as

Y, +1=kmin(y,, 1 -y ), where p=1.9999. (5)

Here, the number p is a bifurcation parameter, and
,, determines the state of the dynamic system at time ¢.

--- Linear decay
N —— Exponential decay

Step size
I
N

o
N

o
o

0 20 40 60 80 100
No. of iteration

(b)

Fig. 2. (a) Bifurcation diagram of the dynamic system of mapping (5)
and (b) the comparison of the linear and exponential step decays in FSS and ETFSS, respectively

Algorithm 1. Genetic algorithm

Start: P

crossover

1: define fitness function (f)
set the number of a generation to be 0 (= 0)

is the crossover probability, P ..

calculate the f'value for each agent in P,
until the stopping criterion is satisfied, do
t=t+1

N A A T

_.
e

calculate the f'value for each agent in P,

[u—
—_—

: complete cycle

—_
[\

. return the best evolved solution

change agents in P, using the crossover operator with the probability P
change agents in P, using the mutation operator with the probability P

is the mutation probability.

randomly generate agents in the initial population P,

select agents for the population P, from the population P,

crossover

mutation

Algorithm 2. Particle swarm algorithm*

Start: w, ¢, ¢y, V00

1: define fitness function (f)
2: set the number of a generation to be 0 (¢ = 0)

3: randomly generate agents in the initial population P,
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4: randomly generate the velocities V, of agents in the range [-v,

max’ ¢

]
max
. calculate the f'value for each agent in P,

1 select agent Pypeg €, such that Vp,, € F 1 f(Pgpes ) < (B ,)

5
6
7: for each particle p;, € F,, set the best position ﬁpbest,i to be equal to p; ,
8: until the stopping criterion is satisfied, do

9

t=t+1
10: for each agent p;, € F,, do
11: randomly generate 7 and 7, the components of which €[0,1]
12: ‘_;i,t = W‘_;i,t—l + cla(ﬁgbest - ﬁi,t) + 02?2 (ﬁpbest,i - ﬁi,t)
13: restrict \7,-7, to the range [V, o Vi o)
14: ﬁi,t = 13,-,,_1 + ‘71‘,1
15: calculate the f'value for the agent ﬁi,z
16: if f(ﬁi,t) < f(ﬁpbest,i)’ then ﬁpbest,i = ﬁi,t
17: complete cycle
18: select agent Pypeg, € By, such that Vb, , € B2 f(Pgpest,) S /(Pr)
19: if f(ﬁgbest,t) < f(ﬁgbest)’ then ﬁgbest = ﬁgbest,t

20: complete cycle

21: return the best found solution ﬁgbest

*gbest is the global best solution at iteration # in terms of particle swarm optimization algorithm and pbest is the best solution found
by a certain agent (personal best) at iteration ¢ in terms of particle swarm optimization algorithm.

Algorithm 3. Chaotic fish school search algorithm with exponential step decay*
Start: step;, g initiar> S1€Pyolnitial> ¥ =

1: define fitness function (f)

. set the number of a generation to be 0 (¢ =0)

: randomly generate agents in the initial population P,

: select agent Pypeq € £, such that Vp; , € B2 f (Dygpes ) < /()

2

3

4: calculate the f'value for each agent in P,

5

6: until the stopping criterion is satisfied, do
7

tr=t+1
il (O
8: S1€Pind s = S1ePing jnigial " ™
.
9: S1EP o1 = €D o initial® < "
10: for each agent p;, € F}, do
11: randomly generate 7; and 7, the components of which €[0,1]
12: Z)i,t = ﬁi,t—l + StePind,t’_’i
13: calculate the fvalue for p; ,
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14: if f(ﬁi’t) 2 f(ﬁi,t_l) , then ﬁi,t = ﬁi,t—l
15 Y
: Wit =Wig1 T
T max(4 )
16: complete cycle
n - -
17- 7= Z,-=1 (pi,tn_ pi,t—l)Afi,t
i i
18: for each agent 1_5,',1 €l ,do ﬁi,, = 1_51-,, +f,
n -
B zizlpi,zwi,t
n
19: 2P
20: for each agent p;, € F}, do
) 5=y -»ﬁi,t_BHl_ L. . n n ) . ..
21: Diy = Di, Estep g 1 ‘ 5 B ;the sign is minus, 1le_:1 W, > zi:l w; ;15 otherwise, the signis plus
it~ Pr+l
22: complete cycle
23: select agent Pypeg, » Such that Vp, , € By @ [ (Pgpese,) < /(P; )
24: if f(ﬁgbest,t) < f(ﬁgbest)’ then ﬁgbest = ﬁgbest,t

25: complete cycle

26: return the best found solution Pypeq

*step,, 4 is the maximum step size of the individual movement in terms of the fish school optimization algorithm, step,, is the
maximum step size of the collective-volitive movement in terms of the fish school optimization algorithm, ifer is the number of iterations,
and iter,  is the maximum allowable number of iterations in the algorithm.

Figure 2a presents the bifurcation diagram of
system (5).

Figure 2b compares the exponential step decay used
in the ETFSS algorithm and the linear step decay used in
the original fish school search algorithm. The efficiency
of using a chaotic pseudorandom number generator (5)
and exponential step decay (Fig. 2b) in the fish school
search algorithm has been previously shown [24].

COMPUTATIONAL EXPERIMENT

To study the efficiencies of the algorithms GA, PSO,
FSS, and ETFSS in the problem of distribution of input
weights and shifts in the ELM and compare the obtained
ELM configurations with the classical realization of
ELM, in which the input weights and shifts are initialized
randomly, three earlier described [28, 29] open datasets
were considered. The first set, which contained Central
Processing Unit (CPU) Performance data, comprised
209 rows and 10 columns. Each row was used to
code 9 features; these could potentially affect the 10th
feature, which quantitatively characterized the processor
performance. The second set, which contained auto
imports data, comprised 206 rows and 26 columns. Each
row coded 25 features of an object, which could affect

the 26th feature: car price. The third dataset contained
Boston Housing data and comprised 506 rows and 14
columns. Each row coded 13 features of objects, which
potentially affected the 14th feature.

To solve the regression estimation problem for the
above datasets using the ELM, a sigmoid activation
function (2) in the hidden layer was used. In the classical
realization of ELM, each of the datasets was divided 10
times into learning dataset X, which contained 70% of
the total number of objects in the set X, and test dataset
X, which contained 30% of objects of the set X. The
classical realization of ELM was trained 10 times on the
set X; by formula (1) and estimated 10 times on the set
X by formula (4) in order to select the optimal number
of neurons in the hidden layer. Figure 3 illustrates the
process of selection of the number of neurons, while the
selected numbers of neurons are given in Table 1.

Table 1. Selected number of hidden-layer neurons
in the classical ELM

Dataset CPU Auto Boston
Performance Imports Housing
Number of 30 20 60
neurons
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The number of neurons in the ELM trained by
the bioinspired algorithms was selected in a similar
fashion. It was shown [16, 19] that compact ELM (in
which the number of hidden-level neurons is relatively
small) can achieve better generalization performance
in the case of using bioinspired algorithms for selection
of input weights and shifts. For this reason, the upper
bound of the number of hidden-level neurons was set
according to Table 1. In a preliminary study in which
cross validation was carried out over 10 blocks at
various numbers of hidden-level neurons in the ELM,
with the input weights and the hidden-level shifts
being distributed by the bioinspired algorithms, it was
determined that models with the best generalization
performance can be obtained using ETFSS. Table 2
and Fig. 4 present the results of the selection of the
number of neurons for the ELM optimized by ETFSS
(ETFSS-ELM).

Table 2. Selected number of neurons
in the ELM adjusted by the ETFSS algorithm

Dataset CPU Auto Boston
Performance Imports Housing
Number of 10 10 30
neurons

As Figs. 3 and 4 show, if the selected number of
neurons is too small or too large, the ELM prediction
accuracy decreases as a consequence of underfitting or
overfitting of the model, respectively. The ETFSS-ELM
requires fewer neurons to achieve better accuracy on the
test data than the classical ELM.

Figure 5 presents the convergence curves of the GA,
PSO, and ETFSS algorithms in the optimization of root-
mean-square loss function (3) of the compact ELM on
learning datasets at the values of the parameters of the
bioinspired algorithms that are given in Table 3. Table 2
presents the numbers of hidden-layer neurons in the
compact bioinspired ELM.

Table 3. Values of the parameters
of the bioinspired algorithms

Algorithm Selected parameter values
GA Pcrossover - 0'9’ Pmutation =0.1
PSO Vinax = 9> ¢; =0.8,¢,=0.5,w=0.8
FSS, ETFSS St€Ping initial = 07> S1€P o1 initial = 0-7
All algorithms 300 iterations, 100 population agents

It is evident from the curves in Fig. 5 that the
ETFSS algorithm, which is an improved version of the
FSS algorithm, can find better solutions to the problem
of searching for the optimum of loss function (3) in
comparison with the GA, PSO, and FSS algorithms.
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Fig. 3. Selection of the optimal number of neurons
in ELM. The shaded areas represent the scatter

of the values of function (4) on X; in 10-block cross-
validation; the lines represent the averaged values of

function (4) for the (a) CPU Performance,
(b) Auto Imports,
and (c) Boston Housing datasets
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The generalization performances of the models
GA-ELM, PSO-ELM, FSS-ELM, and ETFSS-ELM
obtained by refining the weights by the algorithms GA, PSO,
FSS, and ETFSS, respectively, were estimated using the
box-and-whisker plots of the values of mean average error
(MAE) function (4) (Fig. 6). Table 4 presents the average
MAE values on the test subsets of the considered datasets.
The comparison also included the classical realizations of
ELM with random initialization of input weights and shifts
with the numbers of neurons given in Table 1 and 2.

Table 4. Average values of MAE (4)

on the test subsets of the considered datasets,
which are obtained by 10-block cross validation
of ELM-1 with the numbers of hidden-level
neurons given in Table 2; ELM-2 with the numbers
of hidden-level neurons given in Table 1, GA-ELM,
PSO-ELM, FSS-ELM, and ETFSS-ELM

Dataset ELM-ELM-| GA- | PSO- | FSS- | ETFSS-
1 2 ELM | ELM | ELM | ELM
CPU 132 | 104 | 94 8.8 10.3 6.2
Performance
Auto
2657 | 2354 | 2155 | 2199 | 2522 2124
Imports
Boston
. 347 | 2.89 | 2.69 2.86 3.11 2.64
Housing

Figure 6 and Table 4 show that the ETFSS-ELM
model has the best generalization performance among
the studied models. GA-ELM, PSO-ELM, FSS-ELM,
and ETFSS-ELM, in which intelligent adjustment of
weights and shifts was carried out, demonstrate the
best generalization performance for all the datasets
in comparison with the classical ELM with the same
number of hidden-layer neurons. The ELM with the
increased numbers of hidden-layer neurons as given in
Table 1 is superior to the compact classical ELM and
inferior to the compact ELMs that were adjusted by the
bioinspired algorithms and have the numbers of hidden-
layer neurons as indicated in Tables 2 and 4.

VISUALIZATION
OF THE LANDSCAPES
OF THE OPTIMIZED LOSS FUNCTION

Landscapes of objective function (3) were visualized
to illustrate the process of the search for the optimal
values of input weights @ of dimension R?*”, where d
is the number of hidden-layer neurons in the ELM, and
n is the number of input-layer neurons and shifts of
dimension R<. Objective function (3) in this problem
of intelligent adjustment of the input weights and shifts
in the ELM inputs multidimensional; vector w of the
form RY, where ¢ = d x n + d. Table 5 presents the ¢
values for each of the considered datasets.
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Table 5. Dimensions of the vector W of weights
and shifts in the ELM

CPU Boston
Dataset Performance Auto Imports Housing
Dimension 100 260 420
of w

As Table 5 shows, the dimension of objective
function (3) is high enough in each of the analyzed
problems, but the landscapes can be visualized only for
two-dimensional functions. There are a number of
approaches to visualizing multidimensional functions in
a three-dimensional rectangular coordinate system. For
example, it was proposed [30] to define two orthogonal

vectors, d and b, the dimension of which coincides
with the dimension of W, and then define function u to
be visualized as

u(ouP) = f(w+0d +Pb). 5)

Here, fis the initial function, W is a multidimensional

vector, o and P are scalar parameters, ¢ and b are
orthogonal unit vectors the dimension of which coincides
with that of vector

(6)

In the problem under consideration, the function f'is
defined by formula (3); the vector W contains the input
weights and shifts in the optimal ELM configuration;
da=10,1,0,1,...}; b= {1,0,1,0,...}; and the dimensions
of the vectors Ei,g, and w coincide. For each of the
considered datasets, the landscapes of function (3) near
the found optimum W were visualized (Figs. 7, 8). The
scalar parameters o and P were varied during the
visualization in the range [—1, 1] at an interval of 0.02.

To visualize the process of convergence of the
ETFSS algorithm in spaces containing many local
extrema shown in Figs. 7 and 8, the changes in the
position of a randomly selected agent of the ETFSS
algorithm at every 25th iteration were determined. For
each position p of the agent, the nearest point was
chosen in the grid constructed during the landscape
visualization by varying the scalars o and p. The
proximity of the vector P to the point {o, B} was
determined by calculating the Manhattan distance with a
shift with respect to the vector W, near which the
visualization is performed:

dist(5,0,;,B ;) =| (5= )~ (e, + B ;)| =

= ZZzl\(pk —w) = (0ay + ijk)"

(6)

Fig. 7. Visualization of landscapes of multidimensional loss functions near the found optimum
for the (a) CPU Performance, (b) Auto Imports, and (¢) Boston Housing datasets
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Fig. 9. Changes in the position of a randomly selected agent of the ETFSS algorithm near the found solution
for the (a) CPU Performance, (b) Auto Imports, and (c) Boston Housing datasets

Here, n is the dimension of the agent position vector
p; this dimension coincides with that of the vector W,
which codes the input weights and shifts in the found
optimal ELM coordination. The dimension of the agent
position vector p also coincides with that of the

mutually orthogonal vectors d and b , a=10,1,0,1,...},

b= {1,0,1,0,...}, where o, and B, are the coordinates of a
visualization grid point.

Figure 9 presents the visualizations of the change in
the position p of the randomly selected agent of the
ETFSS algorithm at every 25th iteration in the process
of the search for the optimal values of the input weights
and shifts in the ELM by optimizing loss function (3)
near the found solution .

It can be seen from Figure 7 and 8 that function
(3) in the considered problems has a large number
of extrema, which are successfully passed by the
bioinspired optimization algorithms in the search for
the optimal values of the input weights and hidden-layer
shifts in the ELM. The trajectories in Fig. 9 suggest that
the ETFSS algorithm improves the solutions obtained
by the population of agents at each iteration until the
completion of the execution of the algorithm.

CONCLUSIONS

In this work, the efficiency of bioinspired algorithms
was studied in the problem of intelligent selection of the
weights of connections among input-layer neurons and
hidden-layer neurons and also the hidden-layer shifts
in extreme learning machines in regression estimation
problems.

Generalization performances between the classical,
compact classical, and compact ELMs were compared,

in which the intelligent adjustment of input weights
and hidden-layer shifts was made using the genetic
algorithm (GA-ELM), the particle swarm optimization
(PSO-ELM), the fish school search (FSS-ELM), and the
chaotic fish school search with exponential step decay
(ETFSS-ELM). It was determined that the compact
ELM in which the input weights are adjusted by the
bioinspired algorithms achieves a better generalization
performance using fewer hidden-layer neurons. The
chaotic fish school search with exponential step decay
(ETFSS) [24] can ensure the best ELM configurations in
the considered problems.

The  constructed  visualizations  of  the
multidimensional loss function landscapes in the three-
dimensional rectangular coordinate system near the
found solution demonstrate the presence of numerous
extrema, which makes it expedient to use bioinspired
algorithms in the search for the global optimum. The
obtained visualization of the trajectory of a randomly
selected agent of the ETFSS algorithm shows that,
iteration by iteration, the algorithm improves the
solutions found by the population.

Further studies may be aimed at exploring the
possibility of using ETFSS to refine the weights of an
online extreme learning machine capable of further
learning as new data are received without iterative
retraining [31] Analysis of the dependence of the
results obtained using bioinspired algorithms on their
hyperparameters is also a promising research direction.
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Abstract

Objectives. The creation of high-tech projects is one of the main stages of the transition to an innovative economy.
This can further be explained by the intensive development of globalization processes in the economic system of
Russia. High-tech projects have lower profitability when compared to venture projects, but a higher probability of
commercial success. In Russia, there are currently six areas of support programs for high-tech projects. Moreover,
there are a large number of operators supporting high-tech projects actively working in the Russian market. The
acceleration of the technological development requires an intensification of innovation policy and a revision of the
portfolio of its acting instruments. In turn, this makes the matter of analyzing their significance and relevance for
participants in innovation processes more pertinent. The purpose of this work is to identify features of the investment
process in the Russian Federation, and determine criteria for selecting priority high-tech projects and methods of
evaluating high-tech projects, in the aim of making informed investment decisions.

Methods. Models for assessing the investment attractiveness of high-tech projects were constructed using
economic and mathematical modeling methods, in particular, nonlinear and dynamic programming methods.
Results. The general principles and approaches to methods of evaluating the efficiency were analyzed. A model of
the priorities of high-tech projects was presented. Models which take into account cash flows after the expiration of
the payback period were also considered (by means of the nonlinear programming of calculation of the discounted
payback period of investment costs and the modernized discounted payback period of investment costs). An
algorithm for assessing the investment attractiveness of high-tech projects was demonstrated.

Conclusions. To date, there has been no single algorithm for assessing the investment attractiveness of high-tech
projects. However, the integrated application of the methods and models proposed in this work will allow investors to
make informed investment decisions despite the complexity of project financing in innovative developments.
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Pesiome

Llenu. Co3aaHne BbICOKOTEXHOMOMMYHBIX MPOEKTOB SIBASIETCSH OOHMM U3 MaBHbIX 3TarnoB nepexoaa K MHHOBaLMOHHOWN
3KOHOMUKE, YTO OOBACHAETCH MHTEHCUBHBIM PA3BUTUEM MPOLLECCOB rnobanv3aumm B 3KOHOMUYECKON CUCTEME HALLEN
CTpaHbl. BbICOKOTEXHOMOrMYHbIE NPOEKTHI 06134aI0T MEHbLLEN A0XOOHOCTLIO MO CPABHEHWIO C BEHYYPHBLIMU MPOEKTaMM
1 Bonee BbICOKOM BEPOSATHOCTLIO KOMMEPYECKOro ycrnexa. Ha aaHHbI MOMeHT B POccum eCThb LLEeCTb HanpaBieHWin Npo-
rpamMm NOAAEPXKN BbICOKOTEXHOOMMYHBIX MPOEKTOB. Kpome Toro, Ha POCCUIMCKOM pPbiHKE akTUBHO paboTaeT 6osbLuoe
KOJIMYECTBO OMEPaTOPOB MOAAEPXKKM TAKMX MPOEKTOB. YCKOPEHME TEXHONOMMYECKOro pa3BuTus TpebyeT akTMBM3aumm
WHHOBALMIOHHOM MONINTVKN 1 NEPECMOTPA «NopTdens» ee AeNCTBYIOLLMX MHCTPYMEHTOB. OTO, B CBOIO O4epeab, akTyanum-
3MpyeT 3a4a4y aHanm3a nx 3Ha4MMOCTU 1 BOCTPEOOBAHHOCTU U151 YHACTHUKOB MHHOBALMOHHBIX MPOLECCOB. Llenbio cTa-
TbU BNSIETCS BbIsSIBNIEHNE 0COOEHHOCTEN npoLuecca MHBECTUPOBaHMs B PD, onpenenerHne kputepres 0T6opa npuopu-
TETHbIX BbICOKOTEXHOJIOMMYHBIX MPOEKTOB U METOA0B VX OLIEHKM 7191 IPUHATUS B3BELLEHHBIX MHBECTULMOHHbBIX PELLEHWIA.
MeTogabl. [Tpy NOCTPOEHUM MOAENEN OLEHKM MHBECTULIMOHHON MPUBAEKATENBHOCTU BbICOKOTEXHOIOMMYHBIX MPO-
€KTOB UCMOJIb30BaHbl 3KOHOMUKO-MaTeMaTUYECKME METO bl MOAENMPOBAHNS, @ UMEHHO METObl HEJIMHENHOIO 1
OVHaMNYecKoro NnporpaMmMmnpoBaHus.

Pe3ynbTarbl. B pamkax ctatby NpoaHaIM3npoBaHbl OOLLE NPUHLMIMBLI M NOAXOAb! K METOAAM OLLEHKN 3PPEKTUBHOCTA
npoekTa. MNpeacraBneHsbl MOAENb MPUOPUTETOB BbICOKOTEXHONOMMYHBIX MPOEKTOB U MOAENW (HENIMHENHOIO NPOrpaMmMm-
pOBaHMs pacyeTa AVCKOHTUPOBAHHOMO CPOKa OKYNMaeMOCTN MHBECTULIMOHHbLIX 3aTpaT Y MOAEPHU3NPOBAHHOIO JAVICKOH-
TUPOBAHHOIO CPOKa OKYNMaeMOCTV MHBECTULMOHHbIX 3aTPaT), MO3BOSIOLLME YHECTb AEHEXHbIE MOTOKM MOCIIE UCTEYEHUS]
Cpoka oKyrnaemMocTu. lNoka3aH anropuTM OLLEHKM MHBECTULIMIOHHOM NPUBNEKATENBHOCTM BbICOKOTEXHOIOMMYHbIX MPOEKTOB.
BbiBOAbI. Ha cerogHsAWHMA AeHb HE CYLLECTBYET €QVMHOr0 anroputMa OLEHKN MHBECTULIMOHHOW NPUBIEKATENbHO-
CTW BbICOKOTEXHOJIOINYHbIX MPOEKTOB. TeM HE MeHEeE, KOMMJIEKCHOE NMPUMEHEHME NPeaIoXEHHbIX METOL0B 1 MOAE-
el N03BOJSINT MHBECTOPAM, HECMOTPS Ha CIIOXHOCTb MPOEKTHOr0 GUHAHCUPOBAHUSA MHHOBALMOHHbLIX Pa3paboTok,
NPUHUMaTb 060CHOBAHHbLIE MHBECTULIMOHHBIE PELLEHUS.

KnioueBble cnoBa: BbICOKOTEXHOIOMMYHbBIE MPOEKTbI, MHHOBALMOHHbIE NMPOEKTbI, FOCYOAPCTBEHHAA NOAAEPXKa,

oueHka pUHAHCOBO-9KOHOMUNYECKOM 3P PEKTMBHOCTM NPOEKTa, METOObl OLLEHKN, PUHAHCUPOBAHME NPoeKTa

e Moctynuna: 01.03.2021 ¢ Aopa6oTaHa: 15.10.2021 ¢ MpuHaTa k ony6nukoBaHuio: 28.02.2022

Ana umtupoBaHua: Mangpiy MN.A., BbeikoBa A.B., elimaH O.B. OCoBEHHOCTM OLIEHKN MHBECTULIMOHHOW MNpuBReka-
TENbHOCTU BbICOKOTEXHOJIOMMYHbIX MpPoekToB. Russ. Technol. J. 2022;10(2):75-86. https://doi.org/10.32362/2500-

316X-2022-10-2-75-86

Mpo3spayHocTb pMHAHCOBOM AeATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTHY B NMPEeACTaB/IEH-

HbIX MaTepuanax nin MetTogax.

ABTOpbLI 3a9BNSI0T 06 OTCYTCTBUN KOHMNNKTA MHTEPECOB.

INTRODUCTION

The creation of high-tech projects is one of the main
stages in the transition to an innovative economy. This is
explained by the intensive development of globalization
processes in the economic system of Russia. High-tech
projects have a lower profitability compared to venture
projects, but a higher probability of commercial success.

At the present time, there are a large number of
operators supporting high-tech projects actively working
in Russia (Fig. 1). The acceleration of technological
development requires an intensification of innovation
policy and revision of the portfolio of its acting
instruments. In turn, this makes the matter of analyzing
their significance and relevance for participants in
innovation processes more pertinent.
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The purpose of this work is to identify features
of the investment process in the Russian Federation,
and to determine criteria for selecting priority high-
tech projects and methods of evaluating high-tech
projects in the aim of making informed investment
decisions.

The study aims to analyze the general principles
and approaches to methods of evaluating project
efficiency. A model of priorities of high-tech projects
was presented. Models which take into account cash
flows after the expiration of the payback period
were also considered, as well as an algorithm for
assessing the investment attractiveness of high-tech
projects.

INVESTIGATION OF FEATURES
OF THE INVESTMENT PROCESS
IN RUSSIA

In order to resolve current problems, it should
be noted that an important component in high-tech
projects is novel science-intensive technologies. The
key industries which ensure the sustainable growth
of the economic system of Russia are now those
sectors of economy which use science-intensive
technologies [1]. The commitment of the economic
system to innovation is one of the driving forces
of the social and economic development and the
improvement of the competitiveness of the national
economy.

Attracting Russian investment in the domestic
economy has become a task of primary importance [2].
Support programs for high-tech projects include!:

e support for small innovative enterprises,

e support for pilot projects of implementation of
domestic digital solutions,

e support for projects of implementation of domestic

IT solutions,

e support forprojects of developmentand improvement
of domestic software,

e support for industrial developments,

e concessional lending to companies.

The “Digital Technologies™” Federal Project of the
“Digital Economy” National Program? includes an
integrated system of measures for the state support
of projects for the development and implementation
of domestic digital products, services, and platform
solutions. The “Measures for the Support of Digital

' Navigator of Support Measures. Federal Project “Digital
Technologies” of National Program “Digital Economy.” URL:
https://digital.ac.gov.ru/support/. Accessed December 1, 2020 (in
Russ.).

2 Passport of National Program “Digital Economy of
Russian Federation.” URL: http://static.government.ru/media/
files/'urKHmOgTPPnzJlaKw3MScNLo6gczMkPFE.pdf. Accessed
December 5, 2020 (in Russ.).

Initiatives” Portal®> was created especially for the
information support of enterprises in the implementation
of this Program.

The Industry Development Fund (IDP) proposes
10 concessional project financing programs with
loans amounting to RUR 5 to 750 mln, at an interest
rate of 1 to 5%. In 2015-2019, IDP financed 27
Republican projects to an amount of more than
RUR 6 bn.

Since 2016, in Russia under the auspices of the
Ministry of Economic Development of the Russian
Federation, there is a project entitled “Support for the
Leading Private High-Tech Companies” (“National
Champions”)* which creates conditions necessary for
the leading private domestic export-oriented high-
tech companies. This project assists the formation of
Russia-based transnational companies.

In order to participate in the project, companies are
selected from the database of winners of the TekhUspekh
(Tech Success) Rating.’> The annual revenue of a
company in the project ranges from RUR 400 mln to
RUR 20 bn. The companies specialize in such segments as
pharmaceutics, medical equipment production, machine
building, electronics and instrument manufacturing,
novel materials, information technologies and
telecommunications, chemical industry, and industrial
automation.®

Not all the projects, however, provide the expected
results, and, on the whole, Russian enterprises are
insufficiently involved in the innovation process. Only
those companies operating in high tech segments of
the processing industry are active in innovation, even
though high-tech companies that should be interested
in state support. State support was used only by 46%
of all the respondents and about 48% of innovative
companies.

Figure 2 presents the percentages of state-supported
high-tech enterprises.

Those companies most interested in state support
are machine and equipment manufacturers (transport
machine building). They are the main recipients
of subsidies of state and federal target innovation

3 Support Measures for Digital Initiatives. URL: https://
e-digital.tatar/. Accessed December 5, 2020 (in Russ.).

4 National Champions. Priority Project of the Ministry of
Economic Development of the Russian Federation “Support
for the Leading Private High-Tech Companies.” URL: http://
national-champions.ru/. Accessed December 7, 2020 (in
Russ.).

5 TekhUspekh. National Rating of Russian Fast-Growing
Technology Companies. URL: http://ratingtechup.ru/. Accessed
December 7, 2020 (in Russ.).

¢ Support for the Leading Private High-Tech Companies.
URL:  https://www.economy.gov.ru/material/departments/d01/
razvitie sistemy_ gosudarstvennoy podderzhki innovaciy v_
subektah/nacionalnye chempiony/. Accessed December 7, 2020
(in Russ.).
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Fig. 2. Percentages of state-supported enterprises in 2019

UcTtouHmk: Demand for Instruments of State Innovation Policy from Enterprises of High-Tech Industries,
URL: https://issek.hse.ru/news/293711880.html. Accessed July 4, 2021 (in Russ.).

programs and concessional loans from the Industry
Development Fund. Those least interested are
manufacturers of electrical equipment, computers,
instruments, and telecommunications.

In order to more efficiently support technological
startups and develop high-tech industries, an active
innovation policy vector was formulated in 2020 through
the revision of the portfolio of acting instruments’.
Another new instrument facilitating the development
of high technologies is corporate venture fund (CVF).
The classical process of new product development in
large companies has become increasingly lengthier and
more risky. Therefore, wider use is made of alternative
methods to implement innovation through external
investment obligations in technology alliances. CVF
is a unique instrument in comparison with independent
venture funds (IVFs) because it typically strives to
reach the strategic, rather than financial, objectives
of the parent company. These objectives are directly
or indirectly aimed at increasing sales and profits of
its ongoing business by accessing new technologies,
resources, and markets, rather than the startup which
was invested.

High-tech projects are characterized by a high
added value of project products. This is due to using

7 Demand for Instruments of State Innovation Policy from
Enterprises of High-Tech Industries, URL: https://issek.hse.ru/
news/293711880.html. Accessed July 4, 2021 (in Russ.).

breakthrough technologies and other achievements of
science and technology.’

High-tech projects are developed using the latest
achievements and results of research and design in
priority industries. The development of such projects
is costly and requires significant investment. They are
also high risk because these projects are characterized
by high uncertainty at each lifecycle stage.

Increasingly larger investment in high-tech industries
is a trend of recent decades and they end to control the
qualitative growth of economy. New technologies have
become a driver of growth of national economies and
determine a country’s ability to hold its competitive
position in the global market [3]. Investment in high-
tech projects is a complex and, at the same time, very
promising activity. They can be highly significant for
society and the country as a whole [4].

When choosing high-tech project are factors which
affect priorities are very important. These factors can be
used to create a model of priorities. The complexity of
given factors can be represented using a classification
based on financed projects and projects awaiting
financing. Such a classification is quite general and
it would be more more expedient to use a ranking of

8 Decree of the President of the Russian Federation

No. 642 of December 1, 2016, “On the Strategy of the Science
and Technology Development of the Russian Federation.” URL:
http://government.ru/docs/all/109256/. Accessed January 26,
2022 (in Russ.).
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projects in terms of priority, normal, and background
projects (Fig. 3).

Project priority criteria are illustrated by impetuously
accelerated trends:

1. Promotion of import substitution.

2. Access to foreign markets—export of Russian
technologies and business models.

3. Sharp increase in the number of remote workers. This
factor has prompted the development of teamwork
services, videoconferencing, cloud storage and
cybersecurity, and production of computers and
electronic and optical products.

4. Increase in the importance of the development of
public health infrastructure projects because of the
development of the medical rehabilitation market in
the post-pandemic period.

5. Technological solutions purpose-built for state
needs (GosTekh). The drivers of the implementation
of innovation in the state sector are such factors
as the digitalization of state services and
digitalization of business processes in government

INVESTIGATION OF METHODS
AND MODELS OF EVALUATING
THE EFFICIENCY OF HIGH-TECH PROJECTS

Figure 4 presents the general principles and
approaches to methods of evaluating the project
efficiency.

THE SALES COMPARISON
approach is to determine
market value of project based
on that of a similar project
with same utility

The payback
principle means
that the value of the
object should pay
back investment
in its purchase or
development, and
the production
development of

THE COST APPROACH
includes determining
the individual cost of

development by discounted
cost calculation

minimum cost of
object

The cash flow
principle requires
time and inflation to
be taken into account

THE INCOME APPROACH
is applied to evaluate

object which is

agencies. when determining innovative projects intended
____________________________________________________________ object cost for commercial use
PROJECT PRIORITY PROJECT | T
CHARACTERISTIC Fig. 4. General principles and approaches

N

Projects take priority
over others

Projects are financed
and active, but formally
have no higher priority

— Priority projects

—— Normal projects

Background Projects are waiting
] - — for funds or resource
projects .
deallocation

Fig. 3. High-tech project priority model

More complex priority models can be constructed
using various mathematical methods [5]. However,
there is a contradiction: funds, which are earmarked
for finding promising investment projects are not
keen on widely disseminating information about
themselves, since they consider that investment
should be applied by project developers, Meanwhile,
project developers very often consider investors
unavailable and, therefore, do not apply to them for
support measures.

The main financial instruments of state and private
financing programs are grants, subsidies, subsidized
loans and credits, investment loans, subsidized
leasing, government research contracts, syndicated
transactions, and convertible loans and venture capital
funding.

to methods of project efficiency evaluation

The general principles and approaches to methods
of project efficiency evaluation (Fig. 4) can be
used by investors both separately and jointly. Their
selection depends on the competitive characteristics of
project/product and on factors affecting the innovative
project [6].

The effectiveness of a project determines its
relevance to the desired objectives and stakeholder
interests [7]. The financial and economic efficiency of a
project is the ratio of the financial and economic results
of the activities of the project team in relation to the
financial and economic cost of the project. Depending on
whether or not cash flow discounting is used, evaluation
methods are divided into two large groups: static and
dynamic (Fig. 5).

Investors more frequently use dynamic methods
of efficiency evaluation. These methods are more
advantageous, since they take into account time as a
significant factor of change in the value of money. Such
methods of investment project efficiency evaluation
better meet current requirements since they are based
on a discounted cash flow model.? Nevertheless, in the
case of investment in short-term projects, wherein time
changes can be assumed to be statically insignificant,

9 Evaluation of Efficiency of Investment Project: Methods
and  Recommendations.  URL:  https://www.business.ru/
article/1829-otsenka-effektivnosti-investitsionnogo-proekta.
Accessed July 4, 2021 (in Russ.).
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SIMPLE (STATIC)
METHODS
to evaluate financial
and economic efficiency

DYNAMIC METHODS
to evaluate financial
and economic efficiency

of project i 2R
Payback period Net present value
Total profit Profitability index

Return on investment Internal rate of return

These methods do not take
into account the time value of
money and ignore differences

between projects with equal

gross incomes but different
distributions of year-on-year
incomes

Discount rate is equal
throughout considered
period, which is not common
inreal life

Fig. 5. Main project efficiency evaluation methods

simple methods of evaluating financial and economic
efficiency are often used. However, they cannot take into
account numerous factors significant for the project in
calculations [8].

The models presented below take into account cash
flows after the expiration of the payback period. This is
an extremely important factor when it came to making
the decision of whether or not it is expedient to invest in
a high-tech project.

The first of these models (Fig. 6) is a nonlinear
programming model of calculating the discounted
payback period of investment. This model makes it
possible to determine the time needed for the net present
value of a high-tech project to be equal to the investment.
Figure 6 also gives the parameters of this model [9].

Calculations using this model are quite easily
performed in the Microsoft Excel Solver add-in. This
add-in is a very good tool for solving optimization
problems.

Further reinvestment is not taken into account in this
solution. However, if the conditions for the reinvestment
of net present values are known, then the modernized
discounted payback period can be found.

The second model (Fig. 7) is a nonlinear
programming model for calculating the modernized
discounted payback period of investment. This model
determines the time it takes for the net present value
and additional net reinvestment income of a high-tech
project to be equal to the initial investment [9].

The methods and models of evaluating the efficiency
of high-tech projects presented herein help investors
to make an informed decision. However, for a more
in-depth analysis, it would be advisable to carry out not
an isolated study of only the financial component of a
project, but a more extensive investigation. This would
take into account the area of implementation of the
high-tech project.

The following algorithm of economic assessment of
investment attractiveness of high-tech projects (Fig. 8)
is also recommended.

The algorithm for the economic assessment of
investment attractiveness of high-tech projects consists
of two steps:

e selection of priority high-tech projects and their
substantiation according to selected criteria;

e cvaluation of the economic efficiency of high-tech
projects in terms of the financial and economic
methods which take into account maximum possible
number of factors significant for project.

&9~ Q= Kuural - Microsoft Excel Hexommepueckoe ncnonssoeanne <
Thaswas Beraska Pasmerka cTparmusl  Gopmyas | [lanmeie Peuensuposanme Bua  PaspaboTumk — ——— -
Vs Access =] =) ﬂ (2 noaxaouerma Al E r [ A_'._J -] 24 nposepka ganmbx © P Tpynnuposars l 2  Solver I
3 Vs Mrepriera 1 13 ) R Cooi ¢ T - Fis Korconnaaums & Pasrpynnuposars - I
B W3 apyrux Cywecreyowme O6HOBUTL ﬂl CopTHposKka OWALTD Texkcrno  Yaanute 2 . -
QM Tecaa  yerounmkoB~  nOAKAKNEHMA Bee ™ A Y7 BonoanuTenso | eronbuam ay6amkare B2 Ananus “wro ecm” - | £ Npomexyrounsii uror
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Objective function: discounted payback period of investment
pr =Yt/ —min
t;— additional line of corrected variables ;

Model variables:
t; — payback period of investment for each (ith) year; i.e.,

Therefore, 0 <7, <1.

Constraints:
Ifz;+1>0,thent/=1.

14 For the last year: t/ =1,

1|
2|

2

4

|5 |

6

7| payback of investment is considered for each (ith) year separately.
8

9

10]
n|

» Ift;+1=0, then ;= 1; i.e., to pay back initial investment, net present value of (i + 1)th year
13 is used only after net present value of ith year is completely used.

Fig. 6. Parameters of the first model of evaluating the financial
and economic efficiency of a high-tech project
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into account net reinvestment income for previous (i — 1) years.
Payback of investment is considered for each (ith) year separately.

Objective function: modernized discounted payback period of investment

13| If £, +1=0, then 7/ =#; i.e., to pay back initial investment, net present value of (i + 1)th year
|14 is used only after net present value of ith year is completely used.

15 For the last year: #/ =1,

Fig. 7. Parameters of the second model of evaluating the financial
and economic efficiency of a high-tech project

Selection of priority high-tech projects and their

substantiation according to selected criteria
—

Evaluation of the economic efficiency of high-t%
projects by using financial and economic methods
which take into account maximum possible number
of factors significant for project

Making informed investment decision in
a high-tech project

Selection criteria for priority high-tech projects

® Project cost

e Ratio between amounts of investment in project
implementation and project innovativeness

e Project innovativeness

Methods of evaluating economic efficiency of high-tech

projects

e Nonlinear programming model of calculating discounted
payback period of investment

¢ Nonlinear programming model of calculating modernized
discounted payback period of investment

Fig. 8. Algorithm of economic assessment of investment attractiveness of high-tech projects

In the first step, the selection criteria for priority
high-tech projects are chosen. The main criteria are
project cost, ratio between amounts of investments
in project implementation and project innovativeness
(technological, marketing, or organization innovations).
In terms of the latter, we mean the probability of
commercial success (expected added value of project
product),

In the second step, the project is evaluated in terms
of the financial and economic methods using models
which take into account as many factors significant for
project as possible:

e nonlinear programming model of calculating
discounted payback period of investment;

e nonlinear programming model of calculating
modernized discounted payback period of
investment.

Importantly, the investment decision lead time is very
short. The key stage at which investors decide to invest is
the Seed stage. At this stage which, investment is required
to bring the product to market requirements (in this case,
investment can reach RUR 10 mln). Consequently, the
assessment algorithm should be sufficiently simple, and
the evaluation methods should be efficient. They should
take into account the maximum possible number of
factors which are significant for high-tech project.

Figure 9 represents the main stages of financing
high-tech projects in terms of rounds of financing.

Certain financing sources correspond to each stage
of the project, for example, at the Pre-Seed stages, grants
and investment of own resources are required. There may
also be a requirement for the support of business angels
or seed funds. At later stages, subsidies or convertible
loans may be needed.
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Profit
A
Personal resources
Business angels
Seed funds
Pre-Seed funds
Grants, personal
Grants, resources Venture Strategic
personal Business angels and strategic and portfolio
resources Seed funds investors investors
>
Time
Stage Seed —mmemee- Startup  —=mmemmeeeeeeee Early growth  —eeeeeeo Expansion  e-eeeeeeeeee- Stability
Technical Prototype AVP First series, Second series, Third series,
prototype outsourcing own assembly own production

Fig. 9. Rounds of financing

Source: Morozov A. Having a startup capital of RUR 10-15 min, it is no problem to raise about RUR 600 min more for a hardware project.
There is a lot of money in the country, especially for industry. URL: https://json.tv/ict_news_read/aleksandr-morozov-akselerator-territoriya-
imeya-10-15-min-rubley-pervonachalnogo-kapitala-priviech-esche-poryadka-600-millionov-na-hardware-proekt-dlya-promyshlennosti-
ne-problema-deneg-v-strane-ochen-mnogo-20171228014631. Accessed February 3, 2022 (in Russ.).

CONCLUSIONS

Project financing in innovative developments is a
complex and time-consuming process, requiring the
attention of investors and meticulous evaluation.

This study aimed to identify features of the
investment process in the Russian Federation, as
well as the criteria for selecting priority high-tech
projects and methods of evaluating these projects,
in the aims of making informed investment
decisions.

The general principles and approaches to project
efficiency evaluation methods were analyzed.
A model of priorities of high-tech projects was
presented, as well as two models which take cash
flows into account after the expiration of the
payback period. Furthermore, an algorithm for the
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Abstract

Objectives. Over the past few decades, multiple knowledge management models have been developed by many
research groups studying the innovation process in companies. However, these knowledge and information
management models are rather general, and do not consider the dynamics and variability of technology development.
This implies involving specific organizations in different types of knowledge generation activities. The paper aims to
reveal the importance of a knowledge management system in micro- and nanoelectronics technologies as well as
identify and systematize the sources of knowledge in the scientific and technical field.

Methods. In this paper, the method for analyzing the relationship between key business indicators of the companies
is applied. The results are then represented in a causal loop diagram. The stakeholder analysis method is also used
here.

Results. Three relevant trends in developing the knowledge management system for knowledge-intensive
enterprises involved in micro- and nanoelectronics technologies are identified with respect to the social, commercial,
and scientific and technical aspects in research organizations. The key sources of knowledge on micro- and
nanoelectronics technologies include universities, institutions of the Russian Academy of Sciences, industry-specific
institutions, customers, manufacturers, and consumers. Also, the authors consider digital twins to be a promising
source of knowledge on micro- and nanoelectronics technologies.

Conclusions. The analysis of the technology life cycle curve using the example of micro- and nanoelectronics allows
correlating single stages of this life cycle with specific activities during which new knowledge is generated. These
activities include fundamental and applied research, requirements management, implementation in manufacturing,
and operation analysis. For microelectronics, they correspond to the areas of emergence, peak of inflated
expectations, trough of disillusionment, slope of enlightenment, and plateau of productivity on the technology life
cycle curve.
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Pesiome

Llenu. B TeyeHme nocneaHux OecaTunetuin paspabotaHo MHOXECTBO Modenen ynpasneHns 3HaHuamMmn. OaHako uc-
Nonb30BaHMe JaHHbIX MoAEeNen onsa co3gaHns MHGOPMaLIMOHHOM CUCTEMBI B UHTEPECAX NCCNeA0BaTENbLCKUX Npeanpu-
ATUIN MUKPO3NEKTPOHMKN HE NPEACTABNSETCSH BOSMOXHbIM, MOCKOJIbKY OHW HE YYUTBIBAIOT AMHAMUKY U XapakTep pa3Bu-
TUS TEXHOJOMMIA, a Takke creunduky OeaTenbHOCTY OpraHM3auunii B pasHbIxX BUaax paboT rno reHepauumn 3HaHuii. Lienb
paboTbl — BbIIBUTbL HamnpaB/ieHVs aKTyalbHOCTU pa3paboTkyi CUCTEMbI YNPABIEHNSI 3HAHUSMWN O TEXHOJIOMMSAX MUKPO- U
HAHO3NEKTPOHWKU, ONPeaennTb U CUCTEMATU3NPOBATL MCTOYHMKM 3HAHWUIM B IAHHOM HAYy4YHO-TEXHMYECKO 06nacTu.
MeToabl. Icnonb3oBaHbl METO, aHaIM3a B3aMMOCBA3W OM3HEeC-nokasaTesen KoMnaHui ¢ nocneayoulen Bnusya-
nn3aumen B BUAe UMKANYECKOW amarpamMmbl NPUYnH, METOL aHann3a 3anHTEPEeCOBaHHbIX CTOPOH.

PesynbTatbl. CHOpPMYNMpoBaHbl TPY HanpaeieHns akTyanbHOCTU pa3paboTky CUCTEMbI YNPaBAeHUs 3HaHNSMU B
HayKOeMKOI 061aCTV TEXHOIOM NI MUKPO- Y HAHO3NIEKTPOHUKMN — C TOUYKW 3PEHUS CoLManbHbIX, KOMMEPYECKMX 1 Ha-
YYHO-TEXHNYECKNX 9P DEKTOB B COOTBETCTBYIOLMX OpraHm3aumax. K kio4eBbiM MCTOYHUKAM 3HAHUIN O TEXHOIOMNSAX
MUKPO- 1 HAHO3NTEKTPOHNKN OTHECEHbI YHUBEPCUTETbI, MHCTUTYTbl PAH, OTpacnesble MHCTUTYTbI, 3aKa34nku, npo-
n3BoacTBa u noTpedutenm. O6ocHoBaHa BaXXHOCTb PACCMOTPEHUS UMD POBLIX ABONHUKOB 9NEKTPOHHbIX KOMMOHEHT
Kak NepcrneKkTMBHOIo MCTOYHMKA 3HAHWIA B A@HHOW 06nacTu.

BbiBOAbl. AHANIN3 KPUBOWN XM3HEHHOTO LMKJ1a TEXHOJIOrMM Ha npumMepe 06/1aCTU MUKPO- M HAHO3NIEKTPOHUKK Mo-
3BOJISET COOTHECTM OTAEJIbHbIE 3Tarbl AAHHOMO XM3HEHHOrO LKA C KOHKPEeTHbIMY BugamMn paboT, B XO4e BbIMosi-
HEeHWUS KOTOPbIX MPOUCXOANT BbipaboTka HOBbIX 3HAHWI. B kauecTBe BUOOB paboT BblaeneHbl hyHOaMeHTabHbIE U
npuknagHble ccnenoBaHus, ndydeHne TpedboBaHuin, peanmaaLunms Ha NPON3BOACTBE N aHaNu3 akcnnyaTaunn. Ons
oTpacan MUKPOINEKTPOHUKN HA KPUBOW XXMIHEHHOMO LMK TEXHOSIOMNI OHM COOTBETCTBYIOT yHacTkam MosiBNeHus,
nuKa oXuaaHuin, n3basneHns oT UAIO3WNIA, NPEeoA0SIEHNS HeAOCTAaTKOB W N1aTO NPOAYKTUBHOCTU.

KnioueBble cnoBa: 3HaHus, ynpaBiieHne 3HaHUAMW, HAHOVHAYCTPUS, LMbPOBOM OBOAHMK

e Moctynuna: 17.11.2021 » flopa6oTaHa: 09.12.2021 ¢ MpuHaTa k ony6nukoeaHuio: 03.03.2022

Ana uutuposaHus: LLlapanos A.A., FopHes E.C. OnpegeneHne NCTO4YHMKOB 3HAHWNIN O TEXHOMOMNAX MUKPO- N HAHOSEK-
TpoHuku. Russ. Technol. J. 2022;10(2):87-95. https://doi.org/10.32362/2500-316X-2022-10-2-87-95

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-

HbIX MaTepuanax nin Metogax.

ABTOpPbI 3251BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

Enhancing and applying total professional
knowledge is an integral part of fundamental and
applied research carried out by modern research
organizations. According to [1], this knowledge may
be considered as a part of an organization’s intellectual
capital and, consequently, as a management object.

In [2, 3], some of the best-known models of knowledge
management are given, such as the Choo decision-
making model based on comprehension of information,
the Hedlund model based on the knowledge transfer
and transformation, the von Krogh and Roos model
of individual and collective knowledge, and others.
In general, they are all based on categorizing into the
following two types of knowledge depending on the

Russian Technological Journal. 2022;10(2):87-95

88


mailto:andrey.sharapov@phystech.edu
https://doi.org/10.32362/2500-316X-2022-10-2-87-95

Identification of knowledge sources
for micro- and nanoelectronics technologies

Andrey A. Sharapov,
Evgeny S. Gornev

formalization state (the capability to be stored and
transferred):

1) Formalized (explicit) knowledge, presented in a
particular form: e.g., in the form of records using
natural language and binary code, in the form of
instructions in a programming language, etc. Explicit
knowledge is systematized; it can be packaged in
the form of a service (for example, online courses
or professional development programs) or product
(manuals, videos, notes, etc.) and transferred during
the teaching process;

2) Unformalized (tacit) knowledge, usually stored
in the minds of particular individuals including
dynamically changing adaptive understanding,
collective knowledge, and expertise in terms of
“know-how.” Such knowledge may be transferred
through training and mentoring. This type of
knowledge was proposed by Michael Polanyi in
1958 [4].

According to the Socialization, Externalization,
Combination, and Internalization (SECI) model
proposed by Ikujiro Nonaka in 1990!, knowledge
“moves” in a spiral cycle wherein tacit knowledge
is “extracted” to become explicit knowledge while
explicit knowledge is “re-internalized” into tacit
knowledge. Thus, information passes through four
stages: socialization, externalization, combination,
and internalization; and it is in multiple transitions
between formalized and unformalized states that new
knowledge is generated.

These definitions are completely suitable for use
in terms of knowledge management in micro- and
nanoelectronics technologies. However, due to their
generality, none of the described models could be
directly applied to describe the process of enhancing
intellectual capital in organizations of specific
knowledge-intensive industries involved in multiple
collaborations and project studies as well as performing
a diversity of internal R&D activities. It would be
advisable to start developing the model description of
the knowledge management process by identifying their
sources.

COMPONENTS OF THE KNOWLEDGE
MANAGEMENT PROCESS IN TECHNOLOGICAL
ORGANIZATIONS

Comparing the above models, principal components
of the knowledge management process of organizations
that are collection (acquisition), transfer (providing
access and transmission), application, protection, and
storage may be identified [5].

I Management for Knowledge Creation, Tokyo: Nihon
Keizai Shimbun-sha, 1990, (in Japanese).

It should be noted, that these actions play a
determining role in the operational efficiency of
knowledge-intensive sectors, such as microelectronics,
which combines nanoscale physics, solid-state
electronics, quantum theory, chemistry, and other
fields of science [6]. However, the study of Russian
enterprises engaged in the development of micro- and
nanoelectronics technologies has not revealed the
existence of knowledge management systems having
a complete set of key components. At the same time,
several processes (e.g., accumulation of information
in the form of project documentation) are being
successfully implemented by certain departments for
decades.

The systemic approach to knowledge management
in micro- and nanoelectronics technologies would allow
the following:

1) monitoring the research and technology development
in microelectronics for correct positioning in
the industry as well as for making decisions on
participation in joint projects [7];

2) controlling the progress at the applied research stage
so that not to miss changing trends;

3) accessing the maturity of new solutions with respect
to opportunities for improvement of reliability and
obtaining new functional properties.

THE RELEVANCE OF DEVELOPING
A KNOWLEDGE MANAGEMENT SYSTEM
IN MICROELECTRONICS

Creating, populating, and managing the knowledge
base for micro- and nanoelectronics technologies may be
relevant for R&D companies involved in this field from
three perspectives: social, commercial, and scientific and
technical. Thus, by sharing information, the scientific
results generated by research departments may be more
likely to find application in work of design departments.
At the same time, the problems formulated by technical
specialists that require scientific studies would become
known to the research teams of companies due to
the common information system. Thus, connecting
the researchers and developers of microelectronic
technologies communicatively would allow accelerating
solution of common tasks of the entire enterprise; in
particular, increasing the knowledge base. Moreover,
the accumulated knowledge would allow analyzing
commercially available products and technologies as
well as scientific achievements in more detail, thus
providing a more accurate picture of microelectronic
technologies available in the Russian and world markets.
Formally, these fields may be covered by the terms
“innovation and technology exploration” or “scouting.”
Adjusting the objectives in product development and
goals of theoretical and experimental research, one
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Fig. 1. Positive feedback loops with respect to business processes in the social, commercial,
and scientific and technical aspects formed when implementing the corporate knowledge management system
for microelectronics technologies

may eventually achieve the new results in high external
demand. Solving development and manufacturing
problems by performing additional research would
result in better product reliability through improved
microelectronics technology.

The relevant trends are shown in Fig. 1
schematically as three circuits of positive feedback,
i.e., an increase in one indicator improves the next one,
moving clockwise.

SYSTEMATIZING SOURCES
OF KNOWLEDGE

Using the S-curve concept of the technology life
cycle introduced by Gartner in 1995 (the Gartner
Hype Cycle), it may be assumed that micro- and
nanoelectronics as a set of manufacturing technologies
have reached the plateau of productivity phase [8].
This means that the knowledge accumulated in
these fields is sufficient for starting commercial
microelectronic manufacturing. In addition, advances
in related fields (materials science, optics, and
nanophysics) may allow for new improvements in
basic microelectronics technology, each undergoing
the entire life cycle from emergence to widespread
adoption.

The chronological comparison proposed by the
authors between the phases of the Gartner Hype Cycle
and the sources of knowledge identified by classifying
market counterparties in micro- and nanoelectronics
technologies by activity area is shown in Fig. 2.

Knowledge accumulation occurs at all phases of the
technology life cycle. In addition, after the successful

completion of each stage, new organizations are involved
in the activities in this field, thus becoming new sources
of knowledge. For convenience, the following two types
of activities resulting in generation of new knowledge
may be specified:
1) research activities consisting of fundamental and
applied ones;
2) engineering activities consisting of requirements
management, manufacturing, and operation.

SOURCES OF KNOWLEDGE
IN THE RESEARCH PHASE

The first phase implies fundamental research
including the study of physical processes and
identification of opportunities and acceptable limitations.
In this phase, academic institutions and universities are
the key players carrying out the main work of knowledge
accumulation.

The principle of Coulomb blockade based on two
tunnel junctions may exemplify a physical principle
remaining in the fundamental research phase for
decades. So far, this principle has not yet resulted in
the appearance of the single-electron transistor and
other alternative transistor structures as microelectronic
devices.

The next phase includes applied research
consisting of attempts to implement the physical
principles studied thoroughly in previous phase
in devices. As of 2021, this phase is presented by
memristors and ferroelectric memory circuits [9, 10]
as well as active and passive elements of photonic
integrated circuits, fabricated using microelectronic
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Fig. 2. The technology life cycle curve, phases of knowledge accumulation
and sources of knowledge on microelectronics technologies

technologies [11]. Once the research becomes mature,
it moves on to the stage of R&D activities resulting in
creating prototypes.

In particular, the transition towards new materials
[12] requires a large-scale set of tests to make sure that
the introduced modifications did not lead to performance
degradation of the final devices, primarily in terms
of reliability [13, 14]. This is crucial for military
application [15] and critical for unmanned space
systems manufactured using micro- and nanoelectronics
technologies [16].

SOURCES OF KNOWLEDGE
IN THE CHIP DESIGN ENGINEERING PHASES

The miniaturization of already designed chips by
implementing them in the form of microsystem units
was among the main trends stimulating development
of Russian microelectronics in the 1970s. The use
of integrated circuits (ICs) for custom systems
with predetermined functional and reliability
requirements is the next step in that process. So far,
microelectronics has remained the element base of
informatics.

Contemporary methods for requirement-driven
design of devices include the widespread use of

automation. The wuse of fundamental parametric
synthesis at the initial stage of development, allowing
for selecting more effective design decisions using the
principle of measuring environmental parameters [17],
may add to the existing design algorithms. Awareness of
such principles is the result of fundamental and applied
research.

Another area of knowledge in microelectronics
technologies is related to the changing requirements to
the development of computing devices. The progress in
some areas, such as neural network algorithms [18] and
artificial intelligence, may give rise to special-purpose
processors with the architecture optimized to solve
a certain class of computational tasks with minimal
instruction set due to the reduced information storage
capabilities.

Akey source of knowledge on technologies is related
to their implementation in specific manufacturing.
With the industry being developed, the problems of
clean technology environment are being addressed—
first, at the level of particles per area, then microparticles
per volume, and now the task of airborne molecular
contamination removal 1is of great importance.
Significant progress has been made in solving the issue
of early failures by introducing process tests and design
enhancements [19].
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Another source of knowledge relates to issues
arising in the phase of the manufactured chips operating.
Some aspects refer to possibilities of expanding the
application boundaries and increasing functionality by
software modification. In addition, chip failure cases
are analyzed, in particular, breakdowns expressed as an
irreversible change in the system induced by localized
heating effects.

DIGITAL TWINS
AS PROSPECTIVE SOURCES
OF KNOWLEDGE

A relatively recent trend in science and
technology is application of the model-based
systems engineering (MBSE). This implies the
integration of executable models as a single source
of new information. The creation of the so-called
digital twin may be the final objective for this type
of systems engineering.

Digital twins may allow modeling semiconductor
devices and finite electronic systems at both hardware
and software levels [20]. Of particular importance
may be considering environmental conditions having
varying impacts on equipment and software, such
as the effects of external electromagnetic fields
and acoustic waves, penetration of high-energy
particles, etc. [21]. Modeling of physical processes in
integrated circuits and microsystems allows assessing
the impact of various internal and external factors on
temperature and electrical parameters determining
the reliability and noise immunity of the component
base.

Compared to system-level models, the digital twin of
a semiconductor component reflects the system behavior
not only at a particular stage but throughout the entire
life cycle. This includes the following stages:

1) concept description, statement of work;

2) architecture design;

3) IC logic development;

4) IC topology development;

5) verification;

6) photomask approval;

7) photomask manufacturing;

8) validation;

9) route map development;

10) fabrication;

11) packaging;

12) benchmarking;

13) testing;

14) certification;

15) series manufacturing;

16) operation.

Implementation of the digital twin involves
concurrent data collection and analysis for all
stages and participants in the process of a particular
semiconductor device manufacturing, ranging from
the design centers through the manufacturing site
to the user. In fact, a management system for data
appearing in developing and process designing as well
as for the processes of appearance and transformation
of this data is required. The integrated system would
allow managing the design project, accounting for the
limited time, cost, resources, and quality metrics of the
final products [22], as well as thoroughly monitoring,
if required, particular operating components up to the
formation of structures within IC using micro- and
nanoelectronics technologies.

It may be concluded that digital twins of electronic
systems as a single channel of new information
would be an additional source of knowledge on the
micro- and nanoelectronics technologies. However,
there is no existing information on complete digital
twins at present, so this source is missed in our chart
of knowledge sources in micro- and nanoelectronics
technologies.

CONCLUSIONS

It should be emphasized in conclusion that existing
knowledge management models may be successfully
used only within separate knowledge-intensive
enterprises. The systematization carried out in the
paper may be useful due to the noticeable difference
in types of activities in microelectronics performed by
different organizations (yet, closely cooperating for
solving common scientific and technical problems).
The proposed definition of players involved in
microelectronics is the information tool prototype
allowing project teams to identify the range of promising
partners in accordance with the stages of technology
development along the life cycle curve. Some details
may be added to this chart, e.g., the specific research
fields or organization names.

Processing the information streams from the
revealed sources of knowledge on micro- and
nanoelectronics technologies will allow constructing
an effective knowledge base structure for the enterprise
as well as the related means of access, use, and
management of the stored information. In addition,
this will allow for an approach to processing of open-
source information for automatic update of knowledge
base to be defined.
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Erratum to the article
“Data backup methods for mission-critical
information systems”

Sergey V. Shaytura, Pavel I. Pitkevich
Russian Technological Journal. 2022;10(1):28-34

Page 28, after the title of the article instead of
Sergey V. Shaytura 12 @,
Pavel N. Pitkevich 3

should read:
Sergey V. Shaytura 12 @,
Pavel 1. Pitkevich 3

Page 28, instead of

For citation: Shaytura S.V., Pitkevich P.N. Data
backup methods for mission-critical information sys-
tems. Russ. Technol. J. 2022;10(1):28—34. https://doi.
org/10.32362/2500-316X-2022-10-1-28-34

should read:

For citation: Shaytura S.V., Pitkevich P.I. Data
backup methods for mission-critical information sys-
tems. Russ. Technol. J. 2022;10(1):28—34. https://doi.
org/10.32362/2500-316X-2022-10-1-28-34

Page 28, in the bottom margin area instead of
© S.V. Shaytura, P.N. Pitkevich, 2022

should read:
© S.V. Shaytura, P.I. Pitkevich, 2022

Page 29, after the title of the article instead of
C.B. llaiitypa > @,
I1.H. IutkeBuny >

should read:
C.B. llaiitypa > @,
I1.U. IutkeBnd 3

Page 29, instead of

Jns nurupoBanus: aiitypa C.B., [TutkeBna [1.H.
Metonsl  pe3epBUPOBAHHS JIAHHBIX JUIA KPHUTHYE-
CKM B@XHBIX HH(MOPMAIIMOHHBIX CHCTEM MPEIPHUs-
tas. Russ. Technol. J. 2022;10(1):28—34. https://doi.
org/10.32362/2500-316X-2022-10-1-28-34

should read:

Jnsa mutupoBanus: [aitrypa C.B., [TutkeBra 11
Meroabl pe3epBUPOBAHUS JAaHHBIX JUIS  KPUTHYC-
CKH B@XHBIX HH(MOPMAIIMOHHBIX CHCTEM MPEIITPUs-
tust. Russ. Technol. J. 2022;10(1):28—34. https://doi.
org/10.32362/2500-316X-2022-10-1-28-34

Page 29-34, in the top margin area instead of
Sergey V. Shaytura,
Pavel N. Pitkevich.
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Erratum to the article “Data backup methods Sergey V. Shaytura,
for mission-critical information systems” Pavel I. Pitkevich

should read:
Sergey V. Shaytura,
Pavel I. Pitkevich

The original article can be found under https://doi.
0rg/10.32362/2500-316X-2022-10-1-28-34
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