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MN3BPAHHBIE MATEPHUAJIBI XXXII IIKOJIBI IO I'OJIOTI'PAOUN
Yactp 1

BnusiHue pa3MepHOCTH, TeOMETPUM ¥ OPUEHTALIMU HAHOCTPYKTYP Ha pacrpe/ieeHue
JJICKTPUYCCKOTIO ITOJIA B BOIIPOCAX YCHUIICHUA KOM6PIHaLH/IOHHOFO paccesHus CBETa
OHTI/I‘IGCKI/IC CBOﬁCTBa l'IJ'[aHapHLIX IIJ1a3MOH-aKTHBHBIX HOBerHOCTeﬁ,
MOI[I/I(i)I/IHI/IpOBaHHBIX 30JIOTBIMH HAHO3BE3aMU

ITpumenenue metoza uppoBoii ronorpaduaeckoit HHTEphepOMEeTpHI

JULSL HCCIIETOBAHUS HU3KOTEeMIIepaTyPHO HMITyJIECHOIT IIa3MbI

TIpumenenne MetTo0B 6MOPaTHOPOTOHUKH st 00PaOOTKH OHOAIEKTPHYCCKUX
CHTHAJIOB

TToanXpOMHBIiT HCTOYHHK CBETA ULl PEaIH3aIli MHOTOCIICKTPAIBHOTO METO/A
00paboTKu N300paKeHUIT KOKHBIX HOBOOOPa30BaHUI

ABTOMaTHYECKOC PACIIO3HABAHUE CTPYKTYP B IIOITYIPO3PAYHBIX ABIKYIIHXCS 00bEKTaX
Ha OCHOBE rosiorpadguyeckoit MyapoBoit uuTepdepomerpun (Kparkoe cooOIIeHHe)
TIpumeHeHne TeXHOIOTUI HEHPOHHBIX CeTel M KOMITBIOTEPHOT'O 3pEHMs JUIsl aHAJIu3a
M300paKeHUI KOKHBIX HOBOOOPa30BaHUIt

OINTUYECKUE CUCTEMbI U TEXHOJIOI'HA

YMeHbIlIeHHE BAUSHUS aMIUTUTYAHbIX HckakeHHi LiINbO5 dasoBoro moxynsrtopa

Ha CHUI'HAJI BOJIOKOHHO-OIITHYECKOIO THPOCKOIIA 33 CUET HPUMEHEHHS TOMOIHHTEIBHOI
MOJIJISILIN

Pacuer 1 onTHMHU3ALUS ONITHYECKON CXeMBbI (JOTOIPUEMHOTO MOYJIs CHEKTPAIBHOTO
nuana3ona 1,3—1,6 MKkm

AHaM3 0CTaTOUHBIX MPU3HAKOB C JIEKOMITO3ULIUEH 110 IMITUPUUECKUM MOJaM
JULSL U3BJICUCHHS IIPOCTPAHCTBEHHBIX I10CIIE0BATEIbHBIX a0JI0HOB U3 CEPUIHBIX
N300paKeHUH JUCTaHIIOHHOTO 30HANPOBAHHMS (Ha aHIIL. 53.)

ABTOMATHUYECKOE YITPABJIEHUE U POBOTOTEXHUKA
DopMupoBaHHe TPACKTOPHUH HU(BPOBOTO JBOHHUKA MHOTO3BEHHOTO MEXaHU3Ma
C UCTIONB30BAHUEM aJaITHBHOTO aTOPUTMA OL[CHKH ITapaMeTPOB HEIHHEHHOTO
JBIKCHUS

HOBBIE MATEPUAJIbI © HAHOTEXHOJIOI'MU

HccnenoBanue crieKTpaabHO-JIFOMUHECIICHTHBIX CBOHCTB KBaHTOBBIX Todek CsPb(BrCl);
BO (ropdocdarHbIX cTeKIaX

VccnenoBanue ONTUYESCKUX SBICHUN B MYJIBTHCIIEKTPAIEHOM MaTPHIHOM
(oTonpHEMHIKE Ha OCHOBE KPEMHHS

HccnenoBanue BIUSIHUSI OTKIIOHEHHUST OT CTEXHOMETPUH UTTPHUI-aIFOMUHUEBOTO TpaHaTa
Ha 3 PEKTUBHOCTH KOHBEPCHUH HOHOB XPOMa B YETBIPEXBAJIICHTHOE COCTOSIHUE

BrnsiHre HU3KUX TEMITEpaTyp U TEPMHUIECKOTO OT)KUTA HA ONTHYECKIE CBOICTBA
KBaHTOBBIX Touek InGaPAs

KoHTposb TMHAMUKK 3KCTPY3UM IIPH TPEXMEPHOM IeuaT n3ienuit

KOMIIBIOTEPHBIE CUCTEMbI U UH®OPMALIMOHHBIE
TEXHOJIOI'MHA

IMoxxon k 0OHAPYKEHUIO cOOOIIEeCTBA B JHHAMIUUECKUX CETSIX, OCHOBAHHBIN

Ha IPHHYAUTEILHON HEOTPULATEIbHOM MaTpUIHON (akTopu3auy (Ha aHIII. 513.)
Cucrema BH3yalIbHOTO OTOOPKCHUSI H3MEHEHHS (PU3HOIOTHIECKOTO COCTOSHHS
MAEHTOB ¢ XPOHUYCCKUM HapyIICHHEM CO3HAHMUS U Iepeladl JaHHBIX 110
0eCIPOBOIHOI ONTUYECKOIT CBA3U

O06paboTKa TaHHBIX JIEOBOW PA3BEIKH MPH YCIOBHU HU3KOTO Ka9€CTBA HCXOAHBIX
n300pakeHuit (Ha aHII. 513.)

IIpornosupoBaHue 1€TaNIbHOrO HCX0A Y MAHEHTOB C YCTAHOBICHHBIM JHarHO30M
COVID-19

T'enepanus cnabeimmx npeyciioBuii mporpaMM ¢ ANHAMHYECKON MaMsAThIO
B CHMBOJIHOM HCIIOJTHCHHI

MATEMATHYECKOE U KOMIIbIOTEPHOE MOAEJIMNPOBAHUE
O BO3MOJKHOCTH PACIIMPEHUS HCCIIEYEMBIX JUHAMUYECKUX UAa30HOB

B TEPMOAHEMOMETPUH

Db dexT OueHuit B 0JHOOCHOOPHEHTHPOBAHHBIX MTOJIUMEPHBIX MaTepHaIax

YncneHHOE MOICIMPOBAHNE XaPAKTEPUCTHK BHICOKOHECYIINX MPOdHIIeH
C SHEPreTHYECKUMHU METO/IaMH YBEJIMYCHHS! [IOIbEMHOI CHIIbI
YuceHHast METOIMKA pacyeTa TSATH COIUIa IMPOKOIMAIa30HHOTO PAKETHOTO JIBUTATEIIS
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N3BPAHHBIE MATEPUAJbI XXXII LLUKOJ1bI MO NONOINrPA®UNN. HACTD |
PROCEEDINGS OF THE XXXIl SCHOOL ON HOLOGRAPHY. PART |

Penaxropsl pasaesna: Hukouaii Bragumuposuy IleTpoB, 10KTOp pH3HKO-MaTeMAaTHYECKUX HAYK

Huxouaii CepreeBuu banOexun, kananaar pusnko-mareMaTu4ecKux HayK

AHHOTaNMsA pa3jgena

CerozHs KpaiiHe akTyaJlbHO Pa3BUTHE HE TOJbKO COBPEMEHHBIX TEXHOJIOTUH, HO U KaJPOBOE MOIOJIHEHUE HAYKU.
Uucno MonobIX POCCUHCKUX McclieoBaTeneil B Bo3pacte 10 40 JIeT yBEIMYHUIIOCh 32 TOCIEAHUE TObI HA TPETh.
CymiecTByeT ocTpasi HOTpeOHOCTh B Mepax, HAIPaBICHHbBIX Ha MOAACPIKKY M Pa3BUTHE MOJIOABIX TalaHTOB. JlaHHBII
paszien Hallero >KypHaja moarotosieH mno marepuanam XX XII mexxaynapoanoii Llkonsl-cummnosuyma o ronorpaduu,
KOTEpEeHTHO onTuke u (GoToHMKE, KoTopasi cocTosyack B nmepuof ¢ 30 mas mo 3 utons 2022 roga B YHUBEpCUTETE
HUTMO. Opranuzatopamu LLIkoabsl BEICTyNHI HAyYHBIH KOJUIEKTUB abopatopun L{nppoBoit u n300pa3utenpHOR
ronorpadun dusnko-rexanueckoro Meradakynprera YauBepcutera UTMO. Y4UacTHHKOB B TOCTEH cHMIO3MyMa
NIPUBETCTBOBAJIM H3BECTHBIC YUEHBIE, ITPEJICEIaTel N IPOrpaMMHOro Komurera: pogdeccop ['apBapackoro Yausepcurera
IOpuit Hukonaesua 3axapos (bocron, CIIA); nepssiii mpopekTop ToMcKoro rocyiapcTBeHHOr0 yHUBepcHTeTa Buktop
Banentnnosuu Jlemun (Tomck, Poccus); Benymmii npodeccop Yuusepcurera MTMO Hukonait Biiagumuposuy
HeTpOB. Ha IIxone 6])1.]'[]/1 NpEACTABJIICHBI JJOKJIQ/Ibl II0 TAKUM BKHEHUIIINM Hay4HBbIM HAIIPpaBJICHUAM, KaK CUHI'YJIApHASA
OIITHKA U CTPYKTYPUPOBAHHBIH CBET, MaTepuasl Juisd rosorpaguu u GoToHUKH, HudpoBas ronorpadus, METOIbI
(oTtoHUKH ¥ TorOTpaduu B OMOIOTHH W MEIUIMHE, KOTEPEHTHAS U HeMHEHHAsl ONTHKA, roiorpadudeckas U CreK-
uaTepdepomerpua. XXXII mexxayraponnas [lIkoma-cuMIIO3uyM 1O roorpa@uu, KOTEPEHTHON ONTHKH ¥ (POTOHUKH
TI03BOJIHIIA BBIIAIONIUMCS YIEHBIM HOICIUTHCS CBOMMHE JOCTIKCHUSIMH, 3HAHUSIMU 1 OTIBITOM B PA3INYHBIX 00IacTIX
HayKH, 03HAKOMUTB 00YJaIOIINXCsl X MOJIOJBIX YUCHBIX C COBPEMEHHBIMU ToJIorpaduuecKUMI IIPUHITHIIAMHE, METOJIAMH 1
TIOJIXOJJAMH JUIS PELICHHMS! PA3IMYHBIX Y3KOCTICIHAIN3HPOBAHHBIX ¥ MEKIUCIMIUIMHAPHBIX 3a/1a9 B 00JIaCTH TosIorpadu,
KOrepeHTHOU onTuky 1 pororuku. Meponpusitus [1kosbl copmMupoBaii y CTYJICHTOB, aCIIUPAHTOB M MOJIOZIBIX YUECHBIX
IIOHUMAaHHC HeO6XO):(I/lMOCTI/I IPUMEHCHUS JaHHBIX HPUHIIUIIOB, METOAOB U ITOAXOI0B.

Section editors: Nikolay V. Petrov, D. Sc. (Physics & Mathematics)
Nikolay S. Balbekin, PhD (Physics & Mathematics)

Abstract

Today, not only the development of technology but also the manpower replenishment of science is relevant. Over the
past decade, the number of Russian researchers under the age of 40 has increased by a third. But there is a requirement
for measures aimed at supporting and developing young talents. This rubric of the Scientific and Technical Journal
of Information Technologies, Mechanics and Optics is based on the materials of the XXXII International School-
Symposium on Holography, Coherent Optics and Photonics, which took place May 30—June 3, 2022 at ITMO
University. The School was organized by the research team of the Digital and Display Holography Laboratory (Physics
and Engineering megafaculty of ITMO University). The program committee chairs made welcome speech: Yuri N.
Zakharov, Professor at Harvard University (Boston, USA); Viktor V. Demin, First Vice-Rector of Tomsk State University
(Tomsk, Russia); Nikolai V. Petrov, Leading Professor at ITMO University. The School presented lectures and reports
in the following areas: — Singular optics and structured light; — Materials for holography and photonics; — Digital
holography; — Photonics and holography methods in biology and medicine; — Coherent and nonlinear optics; —
Holographic and speckle interferometry. The XXXII International School-Symposium on Holography, Coherent Optics
and Photonics was an event that allowed outstanding scientists to share their achievements, knowledge and experience
in various fields of science, to acquaint students and young scientists with modern holographic principles, methods
and approaches to solve various highly specialized and interdisciplinary problems in holography, coherent optics and
photonics, and to influence the formation of students, graduate students, and young scientists’ understanding of the need
to apply these principles, methods, and approaches.
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AHHOTANMA

IIpeamer uccenoBanusi. BeImoaHeH aHamu3 pe3ynbTaToB YUCISCHHOTO MOJIETMPOBAHHUS 3aBHCHMOCTH HAMPSHKEHHOCTH
9NEKTPUUECKOTO MO OT Pa3MEPHOCTH M T€OMETPHH 30JI0THIX HAHOCTPYKTYP M UX OPUEHTAIlMH OTHOCHTEIHHO
MOJISIPU3ANNY TTAafalouero u3nydenus. Meroa. MonenupoBanne HAIPSKEHHOCTH AIIEKTPUYECKOTO OIS BOIN3H
SIMHUYHON HAHOCTPYKTYPHI OCYIIECTBICHO C MPUMEHEHHEM METO/la KOHEYHBIX Pa3HOCTEeH BO BPEMEHHOH 00IacTi
(Finite-Difference Time-Domain, FDTD). FDTD-meron — ¢ dexTuBHEIH TeopeTniyecknii ciocod HCCIe[0BaHus
B3aMOJICHCTBHS AJICKTPOMArHUTHOM BOJIHBI M IUIa3MOHHBIX HAHOOOBEKTOB. MccieqoBaHbl 0OBEKTH — €IUHUYHBIC
30JI0ThIC HAHOCTEP)KHH, UMEIOIINE PA3IMYHYI0 TeOMETPHIO (LMIHHIP, cHEePOLMINHADP, BBITSHYTHIA JJIUIICOUT) U
Bappupyemyto nonymwinny (L = 10-120 am). McTounnk u3nyyeHns — MiIoCKONOIIpH30BaHHas BosHA (A = 632 HM).
OcHoBHBIE pe3y/IbTaThl. B pe3ynbraTe npoBeIeHHOTO0 MOJAECTMPOBAHUS OMpEIeeHa JOKAIN3aUs HIEKTPUIECKOTO
0715 BOJIM3M HAHOCTPYKTYP, a TAKKe MOTydIeHbl MAKCHMAJIbHBIE TEOPETHIECKIE 3HAUCHUS HAMPSKEHHOCTU OIIMKHETO
anekTprdeckoro nosst. [TokasaHo, 4To 3aBHCHMOCTD MAKCHMYMOB HAIPSKEHHOCTH AJIEKTPUIECKOTO TTOJIS OT MOJTY/THHBI
30JI0TBIX HAHOCTPYKTYP IIPH UX MPOAOIEHOM OpHEHTAlNK HMEeT HeJIMHeHHbIH xapakrep. [lpakTuyeckasi 3 HAYUMOCTb.
[oxy4eHHbIE TEOPETUUECKUE PACUSTHI HANIPSHKEHHOCTH JIEKTPUYECKOTrO MO BOJIM3U UCCIEIYeMbIX IIa3MOHHBIX
HaHOOOBEKTOB ITO3BOJISIT B JAJIbHEHIIIEM OIPE/ICNIUTh ONTHMAIIbHbIC TapaMeTphbl HAHOYACTHUI] U YCIIOBHS BO30YKACHHS
IUIa3MOHHOTO pe3oHaHca. B pesynbrare BO3MOXKHO CO3JaHUE ONTHYECKUX CTPYKTYP C BHICOKMM CHTHAJIOM yCHIICHUS
KOMOMHALIMOHHOTO PACCEesIHUS CBETA, AETEKTUPYEMOTr0 OT MCCIIEAYEMbIX BEIIECTB, HAXOAAIMXCS BOIM3U TaKkoH
CTPYKTYPBHI.
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FDTD-monenupoBanue, Ii1a3MOHHBIH pe30HaHC, HAHOYACTUIIBI, HaHOCTep:kHH, [ KPC
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Abstract

The presented work reflects and analyzes the results of numerical simulation of the electric field strength dependence
on the dimensionality and geometry of gold nanostructures as well as their orientation relative to the polarization of
the incident radiation. The simulation of the electric field strength near a single nanostructure was performed using the
Finite-Difference Time-Domain (FDTD) method. FDTD modeling is an effective theoretical way to study the interaction
between electromagnetic waves and plasmonic nanoobjects represented by single gold nanorods with different geometry
(cylinder, spherical cylinder, elongated ellipsoid) and variable half-length (L =10-120 nm). The radiation source
was a plane-polarized wave (A = 632 nm). As a result of the simulation, the localization of the electric field near the
nanostructures has been determined and the maximum theoretical values of the near-field strength have been obtained.
The dependence of the electric field strength maxima has been demonstrated to be nonlinear on the half-length of gold
nanostructures in case of their longitudinal orientation to E-vector. The obtained theoretical calculations of the electric
field strength near the plasmonic nanoparticles, including gold nanorods, allow us to determine the optimal nanoparticle
parameters and excitation conditions for the plasmon resonance occurrence which in turn provides an opportunity to
create SERS-structures with a high Raman scattering enhancement.
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BBenenune

Wnentudukaiius 1 onpeaeicHue HU3KOKOHIICHTPH-
POBaHHBIX BEIIECTB — OJHO U3 OBICTPO PA3BHUBAIOIIMXCS
HaIpaBJeHUH B CIIEKTPOCKOMMYECKOM aHanu3e. JlaHHbIi
aHAJU3 YCICIIHO MPUMCHSCTCS B OHOJIOTHH, TCOIOTHH,
xumud [ 1], menuiuae [2], MOHETOpHHTE atMocdepsr [3],
B MCKJIUCIUIUIHHAPHBIX 00IACTAX, a TAK)KE B IPOMBIIII-
neHHoit cepe [4]. B mocreanee nBagnaruierne Hanbo-
Jiee BOCTPeOOBAaHHBIM METOJIOM CIIEKTPOCKOIINH SBIISCTCS
METOJ] THTaHTCKOTO KOMOHWHAIIMOHHOTO pacCesHUs CBETa
(F’KPC). braronapss BOSHUKHOBEHHUIO MTOBEPXHOCTHOTO
TUTa3MOHHOTO PE30HAHCA B IUNTAHAPHBIX CTPYKTYPax U JIOKa-
JM30BaHHOTO MMOBEPXHOCTHOTO TIA3MOHHOTO PEe30HAHCa B
HAHOCTPYKTypax [5], JaHHBII METO] MO3BOJISET MPOBOANUTH
BBICOKOTOUHBIN CTPYKTYPHBIHM aHanu3 coennHeHun [6—-8].
[pu pa3paboTke aKTUBHBIX ONTHYCCKUX CEHCOPOB HIXPOKO
HCTIOJIE3YFOTCSI METAJUIBL: 30J10TO, CepeOpo, TUIATHHA, ME/Ib,
a Taxke ux koMrnosutsl [9, 10]. OgHUM 13 BaXKHBIX aclek-
toB Metoga 'KPC — coBepuieHcTBOBaHUE U CO3[JaHUE
HOBBIX KOH(QUTYpAIUi CTPYKTYp, YCUINBAIONINX HHTCH-
CHBHOCTh CHUTHAaJIa KOMOWHAITMOHHOTO PAacCEsTHHUS CBETA.
B Hacrosiee Bpemst quarna3oH 3HAYeHUH YCUIIEHUS] CUTHa-
J1a KOMOMHALMOHHOTO PACCEHMs CBETA COCTABISET OT 103
10 1014 [11]. Bapsupyst mapameTpsl INIAHAPHBIX CEHCOPOB,
ocHoBaHHbIX Ha 3(dexre 'KPC, a Takke onTHYCCKHE
CBOMCTBA METAJUINYECKUX HAHOYACTHII, a7ICOPOUPOBAHHBIX
Ha MOBEPXHOCTH, MOKHO KOHTPOJHUPOBATH T€HEPAIUIO
TUTa3MOHHOTO PE30HAHCa, TEM CAMBIM JIOCTUTAsl OJNBIINX

3HaueHni koopunmenra ycumienns 'KPC u yBennunBas
npenenn oOHapykeHus 00bekToB [12, 13]. BoaMokHOCTH
co3nanus paznuuHbix [ KPC-ctpykTyp TpebyeT B nep-
BYIO OYepe/ib TEOPETHUECKON OLEHKN UX 3((PEKTHBHOCTH.
B nanHOM BOTIpOCE MOMOTAIOT METOBI MAaTEMAaTHIECKOTO
pacdeTa ONTHYECKUX CBOHCTB HAHOCTPYKTYp [14]. Onun
13 MIPUMEHSIEMbIX BEIYUCIUTEIBHBIX METO/IOB, B YACTHOCTH
JUIs 1IeJIel MIa3MOHUKN M HAaHOONTUKU — METOJ KOHEed-
HBIX pa3HocTel Bo BpemenHo# oonactu (Finite-Difference
Time-Domain, FDTD) [15].

B ocnose uuciaennoro FDTD-Merona nexxuT auckpe-
TH3alUs ypaBHeHHH MakcBesuia, umeromux auddepen-
nuanbHy Gopmy [16]. MeTox KOHEUHBIX Pa3HOCTCH BO
BPEMEHHOH 00J1aCTH MOIIHBIH 1 () (EKTHBHBIA YHCICHHBIH
HHCTPYMEHT [JIsl UCCIIEJOBaHUS B3aUMOAEHCTBUS dJIEK-
TPOMAarHUTHOHN BOJIHBI C TUIA3MOHHBIMH HAaHOOOBEKTAMHU.
Bapbupyst napameTpbl HAHOOOBEKTOB M HCTOYHMKA TTaJIa10-
IIIET0 U3JTyHYEHHs, MOXXHO PACCUUTATh CEUCHUsI SKCTUHKIIHH,
MaKCHMaJIbHBIC 3HAUCHUSI HAPSHKEHHOCTH YJIEKTPUYECKOTO
TOJISA, OTCIIEIUTH €T0 JIOKAIN3AIMIO BOJIN3H HCCIIEAYyEMBIX
CTPYKTYP, a TAK)KE€ OLICHUTD YCUIICHUS JIEKTPOMArHUTHOTO
M3IIy4eHHs] HaHOCTpYKTypamu. O030p HayuyHbIX padoT, B
gactHOCTH [17-19], mokazan, 4To NMpu CpaBHEHHM DKCIIe-
PUMEHTAJIBHBIX U TEOPETUYECKUX JTaHHBIX, PACCUUTAHHBIX
FDTD-mertonoM, HaOMIOAAIOTCS OTKIIOHSHUSI ME)KTY HUMH.
Tem He MeHee OOIIYI0 TEHICHIINIO SKCIEPUMEHTAIBHBIX
3HAYEHUH TEOPETUUECKUE PACUEThI MOT'YT IIPOrHO3UPOBATb.
K B03MOXHBIM (hakTOpam, MPUBOISIIMM K Pa3HOTIIACHIO B
JTAaHHBIX, CTOUT OTHECTH OCHOBHBIC HEJOCTATKH JAHHOTO
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BnusiHne pasamepHoOCTU, reOMETPUM 1 OPUEHTALMN HAHOCTPYKTYP Ha pacnpefeneHne aN1eKTprUYeckoro noss. ..

METO/la — CTYIEeHYaTylo anmnpokcumMaruio [20], a Taxxke
HaKOIUIEHHE YHCICHHOW OIMOKHU JJUCIEPCUH CO BPEMEHEM
MonenupoBanus [21].

[lepcriekTBa YMCIIEHHOTO aHATM3a HAMPSKEHHOCTH
AIIEKTPUYECKOTO TIOJIS, TEHEPUPYEMOTO BOIH3H aHU30TPOII-
HBIX HAHOYACTHUI[, B YACTHOCTH 30JI0THIX HAHOCTEP)KHEH
BapbUPyEeMOi MOP(OIOTHH, CBI3aHO C BO3MOKHOCTHIO
KOHTPOJIS 3aBUCUMOCTH JUTHHBI BOJTHBI TIPOIOIEHON MOIIBI
ITa3MOHHOTO pe3oHanca [22]. [Tomyyenne nuka mpoaoib-
HOW MOJIBI IJTA3MOHHOTO PE30HAHCA B 00NACTH UTHHHOBOI-
HOBBIX 3HaueHNH (800—1300 HM) O3BOJISET YCUITUTH OUEHb
CJ1a0yr0 UHTEHCHUBHOCThH CHTHAJIa KOMOMHAI[HOHHOTO pac-
CesiHUSI CBeTa B JIaHHOW oOnacTu. Kpome Toro, BaXXHOCTh
JJAHHOTO JMana3oHa 3aKJII0YaeTcs B TOM, 4TO JIa3epHOE
BO30YyKACHHUE ¢ [uinHaMu BostH 785, 1064 n 1280 HM maet
MEHBIIYIO Jierpajanuio u GoroodecuBeunBanue oopasua,
YMEHBIICHHBIH (HOH (PITyOpEeCIIEHIINN U CYIIECTBEHHO OOITh-
IIyI0 TIIyOWHY MMPOHUKHOBEHUS B OMOJOTHYECKIE TKAHU
IO CPaBHEHUIO C KOPOTKOBOTHOBBIMU UCTOYHHUKAMU [23].

B macrosmeit pabore ompeneneHs MaKCHUMaJIbHBIC
3HAYEHUS HAPSIKCHHOCTH YICKTPUICCKOTO OIS BOTH3U
€AMHUYHBIX HAHOCTEP>KHEH BapbUPyEMON I€OMETPUH, A
TaK’Ke MPUBEACHBI OCHOBHBIE 2D-KapTHHBI pacTipeeIeHus
ommxaero E-mos.

I/IcnonbsyeMue METOAbI U MOAX0AbI

st peanuszanuu ynciieHHoro moaenuposanus FDTD-
METOJIOM MPUMEHEHO TporpaMMHoe obecriederrne ANSY'S
Lumerical. B kauecTBe 0a30BOTr0 ajqropuT™Ma BeIOpaHa Me-
TOJMKA, OMHCaHHAs B paboTe [24], ¢ BHECEHHBIMU KO-
pexkTupoBKaMu. B kauecTBe ncTOYHMKA BO3OYKIACHUS HC-
T10JTb30BaHa MI0CKO-TIONISIpU30BaHHas BosHa (A = 632 HM),
BEKTOP HAITPSHKEHHOCTH AJIEKTPUYECKOTO OIS KOJIeOeTcst
B/IOJIb OCH X. AMITIUTY/IA MaJIAfOIIET0 0JIsl YCTaHOBJICHA
B mporpaMmMe co 3HadeHueM | B/m. VcTounuk mmockoit
BOJIHBI PAacIIONIOXKEH Ha PACCTOSIHUM 5 HM OT MCCIIEyeMOTrO
00BbeKTa — 30JI0THIX (AU) HAHOCTEPIKHEH, KOTOPBIE NMEIOT
Pa3IUYHYI0 TEOMETPHIO (IIMITHHAP, CHEePOIMITNHD, BBITA-
HYTHIN SJUTHIICOU) W BaphHpyeMyro moinymiuHy (L =10-
120 aM) ipu mocTOSHHOM paguyce » = 8 HM. [lomoxenne

UCCIIelyeMbIX HaHOYACTHUI] B PaCU€THON 00JacTH nMeeT
MIPOJIOTIBHYIO U MONEPEUHYI0 OPUEHTALUI0 OTHOCUTEIBHO
MOJISIPU3AINH TTaJafoIIero U3IydeHus. Bpemst cuMyisium
cocrasisuto 7= 1000 ¢e. Ilar ceTkn nmpuHUMaI 3Have-
HUA dx, dy, dz = 0,5 HM IS TIOTYAJIMH HAaHOCTEPIKHEH
10-80 uMm, 1 1 um ms nonyauH 100—120 am. Kaptunsl
pacnpeneseHus OnkHero E-moss momydens! ¢ HoMOIbo
2D-MoHHTOpA, PACIIOIOKEHHOTO B HAYAJIbHBIX KOOP/IHHA-
Tax (x = 0; y=0; z=0) B mI0CKOCTH X—).

Pe3yJ'll)TaTbI HCCaeI0BaAHUSA

B pesynbrare ucciieoBaHUs yCTaHOBICHO, YTO TIPH
MIPOJIOJIEHON OPHEHTAINU 30JI0THIX HAHOCTEP KHEH OTHO-
CHUTEJIBHO BEKTOpa KoJeOaHNs HANPSIKEHHOCTH DIEKTPH-
YECKOTO MOJIsl HAOIIogaeTcsl HeMMHEHHas 3aBUCUMOCTh
3HAUCHUH MaKCHMYMOB HalPsKEHHOCTH OJMKHETO 3J1eK-
Tpudeckoro moiis (puc. 1). Ha mpeacraBneHnasix rpadukax
BUJIHBI 110 J[BA TIMKOBBIX 3HAYEHHS HAIPSHKEHHOCTH TIOJIS.
[TepBoe MUKOBOE 3HAYCHHWE HANPSHKECHHOCTH JJICKTpHUe-
CKOTO MOJIsl Uil BceX GOpM HCCIeAYEeMBIX SIMHUYHBIX
HaHOCTEp)KHEH (LMIHHIP, CHEPOLMINHID, BBITSIHYTHIH
SJUTUTICOU) TOJIYUYCHO MPH MOJTYAINHE HAHOCTEPIKHEH,
paBHO# L = 20 HM.

Bropoe nukoBoe 3Ha4eHNE HANPSHKEHHOCTH AJIEKTPHYC-
CKOTO TIOJIsI HAOMIOAAeTCS U HAHOCTEPKHEH LIMITHHPH-
yecKkoi u cepormmuapuaeckort hopm mpu L = 80 HM, a
JUTA SImuTiconnanbHoi — mpu L = 100 am. MccnenoBanme
JIOKaJIU3alNU IEKTPUIECKOTO TIOJIsl BOJIN3N €MHUIHBIX
HAHOCTEP KHEH M0Ka3aJ10, YTO IMMKOBbIC 3HAUCHUS JIOKaIlb-
HOT'O 3JIEKTPUYECKOTO TIOJISl B IJIOCKOCTH X—) MIPEUMyILie-
CTBEHHO JIOKaJM30BaHbl HA DJIEMEHTaX HAHOCTEPIKHEH
C MakCUMallbHOW KpHMBM3HOI (puc. 2). JlaHHOE siBieHME
00yCIIOBJIEHO OBICTPOM MHIpanueil 3apsia BIOJIb OpHEH-
TUPOBAHHBIX CTPYKTYp [25]. Taxxke Ha kapTUHAX pacrpe-
JICJICHUSI DJIEKTPUYECKOTO ITOJIS [UIsl CIIydaeB IMIIMHPHU-
YeCcKOW U CHepouIuHIPHICCKON popM HAOIOIATOCh
SBJICHNE CTOSIYEH BOJHBI, (POPMHUPOBAHHNE KOTOPOH OBLIO
3a(UKCHPOBAHO TPH TONYUIMHE HAHOCTEP)KHEH, paBHON
L =40 um (puc. 2, a, b). Nauusrii a¢pdext 00ycnoBieH
BO3HMKHOBEHHEM IIJTA3MOHHON MPOJIOIBHON MOJBI BBICO-

a b 30 c
161 300
1 (0]
121
200 20
=] 2 =
A g @ )
- % K
. . 100 10
4 \
. / .
J \Q \0 5
0/ 0 @ —~o—o0 o—o 0
0 40 30 120 0 40 30 120 0 40 30 120
L, am L, um L, um

Puc. 1. 3aBUCHUMOCTh MAKCUMAJILHBIX 3HAYEHHUI HAMPSHKEHHOCTH (F) 3JIEKTPHUYECKOTO MOJIS OT TOY/UTHHBI JUTS [IWIHHIPHIECKOH (a),
chepoumnuHaprUYecKoii (H) U AMTUICOUAATBHOM (¢) POPM HAHOCTEPIKHEH MPU ero MPOAOJIHHOI OPUEHTAIIMN OTHOCHTEILHO BEKTOpa
KoJIeOaHusI HANPSHKEHHOCTH 3JIEKTPHYECKOTO TIOJIS

Fig. 1. Dependence of the maximum values of the electric field (£) strength vs. the half-length for cylindrical (a),

spherocylindrical (b) and ellipsoidal (c) shapes of nanorods with its longitudinal orientation relative to the electric field strength
oscillation vector
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0,17 0,26

Puc. 2. PacnipesienieHus: HAPSUKEHHOCTH (E) DIEKTPUYECKOro Mouist BOIU3M CANHUYHBIX HAHOCTEPIKHEH LIHIMHAPHIECKOH (&),
chepormmuapuyaeckoit (b) n amumIconansHoi (¢) hopm

Fig. 2. Near-field distributions (E) of electric field near single nanorods of cylindrical (a), spherocylindrical () and ellipsoidal (¢)
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Puc. 3. 3aBHCHMOCTh MAKCHMAJIbHBIX 3HAYCHUI HAPSHKEHHOCTH (E) SJICKTPUUECKOTO TS (@) OT MOIYIUTHHBI
VTS IITMHAPHYECKO# (b), cheponmInHIpuIeckol (¢) U 3TUnconanbHoi (d) GopM HAaHOCTEPIKHEI NP €ro MONepeUHON
OpPHEHTAIIMN OTHOCHUTEJILHO BEKTOpA KOJICOAHUS HATIPSHKEHHOCTH 3JICKTPHUYCSCKOTO TOJIS

Fig. 3. Dependence of the maximum values of the strength (E) of the electric field (a) vs. the half-length for cylindrical (b),
spherocylindrical (c) and ellipsoidal (d) shapes of nanorods with its transverse orientation relative to the electric field strength
oscillation vector

KOTO TIOPsJIKA C JTOKAIbHBIMH y3JIaMH BJOJb JUIMHHON OCH
HaHOCTEP)KHEH, TJie (ha3a OCHUIUISIIUAN AIEKTPOHOB 3aBUCUT
OT MecCTa JUCIOKAIlMK Ha HaHoYacTumax [26]. OTMeTnwm,
4yTO (hOpMHUPOBAHUE CTOSUECH BOJIHBI COIPOBOXKAACTCS I1a-
JICHUEM HaIpsHKCHHOCTH AJIEKTPUYECKOTO IM0JIsi BOJIU3U
€IMHUYHBIX HAHOCTEPKHE.

[Ipu nonepeuHO OpHEHTALNH €JUHUYHBIX HAHOCTEPIK-
HEll OTHOCHTEIIEHO BEKTOPA KOJICOAHUS HANPSKEHHOCTH
AIEKTPUYECKOTO MOJI1 BUJHO MOHOTOHHOE YBEJIIMYEHUE
MaKCHMaJIbHOTO 3HAYEHUS HATPSDKEHHOCTH JIEKTPUYECKO-
TO MOJIA NPH YBEITUUEHNH Pa3Mepa HAaHOYACTUL. MakcuMyM
3HAUEHH HAPSHKEHHOCTH AIIEKTPUUYECKOTO TI0JIST YCTAHOB-
JICH /111 HAHOCTEPKHEH IUTUIICONIATTEHOM TeOMETPHUH TIPU
L =120 um (puc. 3, a).

OnekTpruyecKkoe Mmojie Ha AJMHE BONHBI 632 HM mpH
IIOIIEPEYHON OPUEHTALUN HAHOCTEPIKHEH OTHOCUTEIIb-

HO BEKTOpa KOJICOAHMST HAMPSHKCHHOCTH 3EKTPUIECKO-
IO TOJIst UMEET CJ1abyl0 HHTEHCUBHOCTh U B OCHOBHOM
pacmpesieneHo Ha GOKOBBIX TPAHSIX HAHOCTEPXKHEH BIOIH
ocu y (puc. 3, b—d). 3ameTum, 4To IPU HWINHAPHUCCKON U
chepOIMITUHIPUUECKON T€OMETPHUSIX, TI0 MEPE YBEITHUCHUSI
MOJY/IJTMHBI HAHOCTEPKHEH, JIOKATU3aIUs MAKCUMATbHBIX
3HAYEHUH JEKTPUUYCCKOTO MOJISI CMEIIEHA K TOPIEBbIM
yIiiaM CTPYKTYPBIL.

3akJ/oueHne

B pesynbrare npoBeeHHOTO MOJCTUPOBAHNUS OTIpe/ie-
JIEH XapakTep JIOKaJIN3aluy NIEKTPHUUECKOTO Mo BOIH-
3U paccMaTpUBAEMBIX HAHOCTPYKTYP, & TAK¥Ke MOTyUEHbI
MaKCUMaJIbHbIE TEOPETUYECKUE 3HAUCHUS HAMIPSKEHHOCTH
OIDKHETO 3JIEKTpUYecKoro moisi. [lokasaHo, 4ToO 3aBHCH-
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BnusiHne pasamepHoOCTU, reOMETPUM 1 OPUEHTALMN HAHOCTPYKTYP Ha pacnpefeneHne aN1eKTprUYeckoro noss. ..

MOCTb MAKCUMYMOB HAIIPAKCHHOCTU DJICKTPUYICCKOTO IOJIA
OT MOJYAJIMHBI 30JI0TBIX HAHOCTPYKTYP IPU UX IIPOAOJIb-
HOH OpUCHTAllUU OTHOCUTCIBbHO BCKTOPA HAIIPAKCHHO-
CTH JJICKTPUYCCKOI'O ITOJISA UMCCT HEJIMHEHHBIA XapakTep.
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AHHOTAIUS

IIpenmer nccaenoBanmsi. PaccMOTpeHb! SKCIIEPUMEHTANBHBIE U TEOPETUUECKUE PE3YAbTAThl U3yUeHUsT ONTUYECKUX
CBOMCTB IUIaHAPHBIX, MOAU(GUIMPOBAHHBIX 30J0THIMH HAHO3BE3/1aMU KBAPLEBBIX MIOBEPXHOCTEH, MOITYUYCHHBIX C
MIPUMEHEHHEM CIIEKTPOCKOMHUHY THTaHTCKOTO KOMOMHAIIMOHHOTO paccessHus cBeta. Co3qansl QyHKIMOHATN3HPOBAHHbIE
HaHO3BE3/Ibl TOBEPXHOCTU — MPOTOTHUIIEI ONTUYECKUX CEHCOPOB. [IpuBeCHBI pe3yabTaThl MOJCIHPOBAHUS,
XUMHUYECKOTO CHHTE3a U MCCIEeNOBaHUS ONTHYECKUX U MOP(OIOTHUSCKUX CBOICTB HCCIIEJOBAHHBIX CTPYKTYP.
Metoa. [TpeayoxeHn KOMIIIEKCHBIH METOJ CO3JaHHS M OLIEHKH ONTHYECKUX CBOMCTB IUIAHAPHBIX HAHOCTPYKTYD.
MouennpoBaHue peaar30BaHO C MCIOJIb30BAaHMEM METO/a KOHEUHBIX pa3sHOCTeH BO BpemeHHOH obmnactu (FDTD,
Finite-Difference Time-Domain) HarmpskeHHOCTH JIEKTPUUESCKOTO MOJIST BOIN3U MOBEPXHOCTEI HAHO3BE3/1 30JI0Ta B
KOJIIOWAHBIX PACTBOPAX U Ha KPEMHHEBOI moBepxHOCTH. [Ipu poBeieHn1 MOAEINPOBAHHS YUTEHbI TAKUE TTapaMeTphI,
KaK pa3Mep 4acTHIl U 3aBUCUMOCTb 3(P(PEKTUBHOTO yCUIEHUS NEKTPOMArHUTHOTO TOJISI OT MOP(OTOrHIECKUX
rmapaMeTpoB HaHO3Be3A. [IpefcTaBieHa MepCHeKTUBHOCTh TEOPETUIECKOTO MOAX0/a K pacueTaM PacCMOTPEHHBIX
CTPYKTYp, HX XMMHYECKOTO CHHTE3a U HCCIEIOBAHHS ONTHYECKUX CBOUCTB. OCHOBHBIE pe3yJbTaThl. Beimonnen
pacueT napaMeTpoB IEKTPHUECKOTO MOJIS U ONTUYSCKUX CBOMCTB BOJM3M HAHO3BE3[| Pa3HBIX pa3MepoB. [lapameTps
paccuuTaHbl METOJIOM KOHEUHBIX pa3HOCTeH BO BpeMEeHHOMH o6mactu. OnpeiesieHbl ONTUMAIbHBIE pa3Mephl HAHO3BE3]T
IIPU U3MEHEHUH TOJIIIMHBI TOBEPXHOCTHBIX CJIOEB U TIOJyUeHHsT MAKCUMAJIbHBIX 3HAYCHUI pacCesHUS U JaJIbHEHIIero
MCITOJIb30BaHUs UCCIICAOBAHHBIX CTPYKTYP 'MI'aHTCKOI'O KOMGI/IHaLlI/IOHHOFO paccesaHus CBETa B DOKCIIEPUMECHTAX.
BBINONHEH CHHTE3 HAHO3BE3[l, MCCIICIOBAHBl UX ONTHYECKUE U MOP(OIOrHYeCcKUe CBOMCTBA, a TAKKe IPOBEJCHA
(yHKIMOHAIM3aIUsT KBAPIEBIX TOBEPXHOCTEH 1 CO3aHbI IIPOTOTHIIBI CEHCOPOB C LIEIbIO JabHEHINEH OLEHKN yCHICHHUS
curHana (KOMOMHAIIMOHHOTO paccesHus cBeTa). [lo pesymbraraMm MareMaTHYECKOTO MOJCIHUPOBAHUS ONPECICHEI
ONTHUMANBHBIC Pa3MepBl U1l CHHTE3a HAHO3BE3M, KOTOPHIH OCYIIECTBICH JABYXCTYHNEHUYATHIM XUMUYECKAM METOIOM
C UCIIOIB30BAaHHUEM 3aPOJBIIICBBIX YacTHUIl. [l MpoBeeHNS SKCIIEPUMEHTAIBHOM YacTH 10 TOJIyYSHUIO CIIEKTPOB
TUTaHTCKOT0 KOMOMHAIMOHHOTO paccestus npuMeneH crekrpomerp Centaur U (OOO «HanoCkanTexHomorus,
Poccus). CniekrpomeTp ocHamieH Tpems ucrounnkamu: He-Ne nmazepom (A = 632,8 um, 17 MBT) u asymst DPSS
nasepamu (A =532 um u A =473 um, 50 MBT). B npornecce nposeneHus skcrepuMeHTa ucnonb3oBansl He-Ne nazep
u DPSS nazep ¢ anunoii Bonuel A = 532 HM. B ontudeckyo cxemy crekTpomerpa BKIoYeH Mukpockon Olympus
BX41 (Olympus, Snonust) ¢ oobexrusom 100* (NA 0,9) st mo3UIIMOHUPOBAHUS JTy4ya 1 cOOpa pacCessHHbIX (JOTOHOB.
MoHoxpomaTop crieKTpoMeTpa uMmeeT GpokycHoe paccrosaue 800 MM, rororpaduieckyro AuHpPakKIHOHHYIO PEIIETKY
300 wT/MM 1 CHaOKEeH TepMOdJIeKTprIecKiM oxiaxaaeMbiM [13C-nerexropom 1024 x 256 mukcenos (Andor Tech.,
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BenukoOpuranus). [IpakTnyeckasi 3HaYUMOCTh. B pesynbrare paboThl mostydeHsl GyHKIHOHAIN3UPOBAHHBIC
HaHO4YaCTUIblI MOBEPXHOCTU — MPOTOTUIIBI ONTHUYECKHUX CCHCOPOB. l_[0Ka3a1-lo, qTo 3KCHepI/IMeHTaHbeIﬁ
K09 PUIMEHT yCUIIEHHs CHTHAA KOMOMHAIIMOHHOTO PACCESHMUs CBETA MOXKET COCTABIATL HEe MeHee yem 104 pas.
TTosy4eHHbIC Pe3yIbTaThl MOTYT CIIYXKUTh OCHOBOM /IS MOJTy4YeHHs: HEOOXOAMMBIX Pa3MEpOB HAHO3BE3Jl B METO/IAX
KOHTPOJIMUPYEMOr0O XMMHUYECKOTO CHHTE3a KOJJIOMIHBIX HAHOYACTHUI. Pe3ylbTaThl MOTYT OBITh MPUMEHEHBI JUIS
Ppa3paboTKy GOCOBMECTUMBIX 1 BBICOKOYYBCTBHTEIBHBIX ONTHYECKHX CEHCOPOB Ha 0ase 3(hekTa KOMONHALIMOHHOTO
paccesiHUs CBeTa.

KiioueBrble c10Ba
CHEKTPOCKOIIHSI KOMOWHAIIMOHHOTO PAaCcCesHMs CBETa, HAHO3BE3/1a, TIIA3MOH, ONTHYCCKUI CEHCOP, MOJICIIUPOBAHIE
OITUYECKHUX CBOMCTB

Buarogapaoctu
Pa6ota BeimosnHeHa B pamkax Cornanienust ¢ MunoopHayku Poccuiickoit @eneparuu Ne 75-02-2022-872.

Ccebliaka nas nurapoBanusi: 306uH A.1O., Kon U.U., Kynnanesuu A.A., Jlemumikesud E.A., MarseeBa K.I.,
3o3yast A.C., EBrudees [1.0., [Tontopadarsko JI.A., Camyces W.I. Ontryeckue cBOHCTBA IIAHAPHBIX [1a3MOH-aKTUBHBIX
MOBEPXHOCTEH, MOAN(DHUIIPOBAHHBIX 30J0ThIMH HaHO3Be31aMu // Hay4uHO-TeXHUYeCKui BEeCTHUK MH()OPMALIHOHHBIX
TEXHOJIOIMH, MeXxaHuku ¥ ontuku. 2022. T. 22, Ne 5. C. 824-831. doi: 10.17586/2226-1494-2022-22-5-824-831

Optical properties of planar plasmon active surfaces modified with gold nanostars

Andrey Yu. Zyubin!™, Igor I. Kon2, Anna A. Kundalevich3, Elizaveta A. Demishkevich4,
Karina I. Matveeva5, Alexander S. Zozulya$, Denis O. Evtifeev’, Darya A. Poltorabatko8,
Ilia G. Samusev®

1.2.34.5.6,7.8.9 Immanuel Kant Baltic Federal University, Kaliningrad, 236041, Russian Federation

1 azubin@mail.ru®™, https://orcid.org/0000-0002-9766-1408

2 IKon@kantiana.ru, https://orcid.org/0000-0003-3271-1635

3 kundalevich3@mail.ru, https://orcid.org/0000-0001-7428-6441

4 LDemishkevich@kantiana.ru, https:/orcid.org/0000-0001-9481-1549
5 matveeva.k.i@inbox.ru, https://orcid.org/0000-0003-2585-163X

6 zozul97@mail.ru, https://orcid.org/0000-0001-5717-8625

7 d.o.eftifeev@mail.ru, https://orcid.org/0000-0001-6984-172X

8 pdarenok(@mail.ru, https://orcid.org/0000-0002-0059-9151

9 ISamusev(@kantiana.ru, https://orcid.org/0000-0001-5026-7510

Abstract

The article discusses the experimental and theoretical results of studying the optical properties for planar quartz surfaces
modified with gold nanostars using Surface-Enhanced Raman Spectroscopy (SERS). Surfaces functionalized with
nanoparticles, prototypes of optical sensors, have been obtained. It is shown that the obtained experimental Raman signal
enhancement from the dye rhodamine 6G (R6G) can be at least order 104. The paper presents the results of calculation,
synthesis and study of the optical and morphological properties of such structures. A complex method for creating and
evaluating the optical properties of planar nanostructures and evaluating their optical properties is proposed. The method
includes the approaches based on mathematical modeling using finite differences in the time domain (FDTD - Finite-
Difference Time-Domain) evaluating electromagnetic field strengths near the surfaces of star-shaped gold nanoparticles
in colloidal solutions and on a silicon surface. During the simulation, we studied such parameters as the particle size,
the wavelength of the exciting radiation, and the dependence of the effective amplification of the electromagnetic field
on the morphological parameters of the star. The theoretical approach to the calculation of such structures is shown to
be promising for the subsequent chemical synthesis described in the article and the study of optical properties. In this
paper, a theoretical calculation of the parameters of the electric field and optical properties is carried out near star-shaped
nanoparticles of varying sizes. These parameters were calculated by the finite difference method in the time domain.
The task included finding the optimal sizes of nanoparticles as well as varying the thickness of the surface layers in
order to obtain the maximum scattering values and further use of similar structures in SERS experiments. Also, within
the framework of this work, syntheses of star-shaped nanoparticles was carried out, their optical and morphological
properties were studied, quartz surfaces were functionalized with nanoparticles, and sensor prototypes were created
in order to further assess the Raman signal amplification. Based on the results of mathematical modeling, the optimal
sizes for the synthesis of star-shaped NPs were determined. Synthesis of NPs was carried out by a chemical method
using seeds. To carry out the experimental part, SERS spectra were obtained using Centaur U spectrometer (OOO
NanoScanTechnology, Russia). The spectrometer was equipped with three different laser sources: 632.8 nm He-Ne
laser (17 mW), 532 nm and 473 nm DPSS lasers (45 mW). During the experiment, a He-Ne laser with A = 632 nm and
DPSS laser with A = 532 nm were used to match the excitation of the plasmon maximum for the nanostars. The optical
scheme of the spectrometer included an Olympus BX41 microscope (Olympus, Japan) with a 100 objective (NA 0.9)
for positioning the beam and collecting scattered photons. The monochromator of the spectrometer had a focal length
of 800 mm. A holographic diffraction grating of 300 gr/mm, and was equipped with a 1024x256 pixel thermoelectric
cooled CCD detector (Andor Tech., UK). As a result of the paper, surfaces functionalized by nanoparticles were obtained
prototypes of optical sensors. It is shown that the experimental gain of the Raman signal can be no less than 104 times.
The presented data will serve as the basis for obtaining the required sizes of nanostars in the methods of the controlled
chemical synthesis of colloidal nanoparticles. The results presented in the article can be applied to the development of
biocompatible and highly sensitive optical sensors based on the effect of Raman scattering of light.
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BBenenune

B nacrosimee Bpems CyliecTByeT 3HAYMTENbHBIN UH-
Tepec K pa3pabOTKe U UCIMOIb30BAHUIO TNIA3MOHHBIX CEH-
COpOB Ha 0ase MOBEPXHOCTHO-(YHKIIMOHAIN3NPOBAHHBIX
HAHOYACTHI] 30JI0TAa B KOJUIOMHBIX PacTBOPax W Ha IO-
BepxHOCTIX. KoyutonaHble ccTeMBl IPUMEHSIOTCS B Kave-
CTBE a/IpeCHOH JI0CTABKH JIGKAPCTBEHHBIX CPEJICTB B OITy-
XOJIEBBIC TKaHU, KOTOPbIC U3BECTHBI CBOMM pa3pacTaHUEM
COCYIOB, BEICOKUMH MeTabomm3MoM [1] u moTpebrenunem
MTUTATENbHBIX BEIIECTB. B CBS3M C 3TUM HAHOYACTHUIIBI IPH
aZpEeCHOM BBE/ICHUU HAKAIJIMBAIOTCSA B PAKOBBIX KJIET-
KaxX-MHUIICHAX, OKa3bIBasd HAa HUX BOS}IeﬁCTBHC. 30510TBIE
HAHOYACTHIIBI 00Ja/Ial0T XOpoleid OMOCOBMECTUMOCTHIO,
HE SIBJISIIOTCS] HUTOTOKCHYHBIMU [2] M CIIOCOOHBI BBIBOIUTH-
cst opranu3MoM [3]. HacTpanBaemble onTudeckue CBOHCTBa
HAHOYACTHII 30JI0Ta JUISl KCIIOIb30BAHUS B METOaX OITH-
YEeCKOW CEHCOPUKH M JIETKOCTh MOJU(HKAIIMN UX TTOBEPX-
HOCTH CJIeIIAJTN 30JI0TO OJJHAM M3 IIHMPOKO HCTIOIb3YEMBIX
METaJJIOB B IaHHOHM o0nacti. ONTHYecKre CBOWCTBA 30110~
TBIX HAHOYACTHUII, BOJIN3U KOTOPBIX MOXKET HHIYIUPOBAaThCS
9 PEKT MIa3MOHHOTO pE30HAHCA, TTO3BOJITIOT A(PPEKTUBHO
MIPUMEHSTH TaKne YacTHUIIBI B METOaX (hIIyOpECIEHTHOM
" KojebarenbHOU criekTpockonuu [4]. TeopeTudeckue
MOJIE]IM U PACUEThI MO3BOJISIIOT MOACIUPOBATH DKCIIEPH-
MEHTaJIbHbIE PE3YyJIbTaThl, IPEJOCTABIISS HH(OPMALIHIO:
00 onTuManbHOU (hOpME HAHOYACTHUII, OTPEACISIONICH
HEOOXOAMMBIE ONTHYECKHE CBOWCTBA; O MOAXOSIIHUX OIl-
THYECKHX MCTOYHHMKAX BO30YXJEHHs; 00 ONTUMAaIbHBIX
9KCIIEPUMEHTAIIBHBIX YCIOBUSIX U JIP.

UncneHHbIE PENICHNS THX 3a7a4 MOKHO MOJYYUTh
METOZIOM KOHEYHBIX Pa3HOCTEH BO BPEMEHHOW 00yacTh
(FDTD, Finite-Difference Time-Domain), 3aKkTr04aronimm-
cs B AWCKpETU3ANNH ypaBHEeHNH MakcBenmna B nudde-
peHIuaNbHON (popMe ¢ TOMOIIBIO KOHEYHO-Pa3HOCTHON
cxemsl [5-8].

OpnHa 13 pa3pabaTeIBaeMBIX B HACTOSIIEE BpEMs TPO0-
JIEeM — ONpe/elieHHe ONTUMaIbHOH (GOopMBbI U pa3MepoB
HAHOYACTHII, Y KOTOPBIX MapaMeTpbl yCUJICHHS KOMOHMHa-
LIMOHHOTO PacCesiHUs BOJIM3H IMOBEPXHOCTH OyIyT UMETh
HauOoubIIMe 3HaUeHusl. B pe3ynbrare MOXXHO peayn3o-
BBIBaTh CEHCOpPHBIE (DYHKIIMHM HAHOYACTHUI[ B IIPOLECCaX
a/IpecHON JI0CTABKH JICKAPCTBEHHBIX MPETIapaTroB U (OTo-
CCHCHOMIIN3aTOPOB, a TAK)KE PErHCTPallny N3MEHEHUH B
KJIIETKaX MpH UX JedcTBUU. OTMETHM, 4TO B OOJIBIINHCTBE
9KCTIEPUMEHTAIIBHBIX PA0OT HE Y/IENICHO 0CO00T0 BHUMAHUS
BOIPOCAM JETAJILHOTO MOAEINPOBAHMUS MHOTOCIOHHBIX
KOJUTOMTHBIX HAHOYACTHII M X TOBepXHOCTeH [9]. OnmHako
CYILECTBYIOT Pa0OThI, CBS3aHHbBIC C CUCTEMaMH JOCTABKH
HaHovacTull [ 10], B KOTOPBIX PaccCMOTPEHBI KOHKPETHBIC
NI BO3MOXHBIC UBMCHCHHUA MTapaMETPOB MHOTOCJIOMHBIX

HaHnouactul| [11]. Pacuer onTuueckux CBOMCTB sBIsETCA
BaJKHBIM JUJIsL OCYILECTBIEHHUS MOCIENYIOLEro CHHTEe3a
Takux yactui [12].

B Hacrosmieit paboTe puBeICHBI Pe3yIbTaThl TEOPETHU-
YECKOI'0 pacyera apaMmeTpoB JIEKTPUUECKOrO MOJISt CTPYK-
Typ, COCTaBJIEHHBIX U3 30JI0TBIX HaHO3BE3. PeannzoBan
CHHTE3 HAaHO3BE3/I, NCCIIeIOBAHbI X ONTHYECKUE U MOPQO-
JIOTHYECKHE CBOMCTBA, IPOBEeIeHa (DYHKIIMOHATIM3ALIUS 110~
BEPXHOCTEHN U CO3/1aHbl IPOTOTUIIBI CEHCOPOB. BrinonHena
OLICHKA YCUJICHHs] KOMOMHAI[MOHHOTO pacCesiHUsI CBETa OT
MOBEPXHOCTHU CTPYKTYPHI.

FDTD-monenupoBanue onTu4ecKuX CBOMCTB
HaHO3Be3

Jlnist ipoBesieHNst MOAENMPOBAHUS UCIIOJIb30BAH TTAKET
FDTD Lumercal Solutions u pa3paboTranHass aBTOpPCKas
METOJINKA, KOTOPasi COCTOUT B CIIEAYIOIIEM.

1. VYcraHoBKa cyeTHOI 00NacTH, pa3pelieHus: CETKU U Tpa-
HUYHBIX yCIOBUU. )i CUeTHON 00jacTH MpUMEHECHA
NpsSIMOYTOJIbHAsI ceTka 6a3zoBoro anroputma Yee [13]
B JIEKapTOBOM CHUCTEME KOOPAMHAT. DIEKTPHUUECKUE U
MarHUTHBIC MOJISl B JIAHHOW CETKE pAacCUMTaHbI B Ka-
JKIOH OTIeNnbHON Touke pabouei obmactu. [eomerpus
00BEKTOB M WX CBOWCTBA 3aJaHbl C MCIIOJIb30BaHU-
eM nporpammuoro obecnedenus FDTD Lumerical
Solutions. Pazmepsr caeTHO# 0051aCTH IO OCAM H3MEHSI-
JIMCH B TIPEZENax B 3aBUCUMOCTH OT pa3Mepa 0ObEKTOB.
Jns moaep:kaHusg TOYHOCTH aJTOPUTMa CTeHEPUPO-
BaHA CETKa HAaUMEHBINEr0 pa3Mepa, YTOObI TOYHOCTh
HN3MEpPEHUN COOTBETCTBOBAJA YCIOBHUIO CXOAMMOCTH
KypanTa. IIpu 5TOM MUHUMAIBHBIHN IIar CETKH COCTa-
Bui 0,25 um. TTokazarenb npenomiIeHHs paBeH eAUHULE
(TToKazaresIro MpenoMIIeHUst BO3/tyXa). st BBIOIHEHHS
MOJICITMPOBAHUS TIPOBE/ICHA YCTAHOBKA JOTIOIHHUTEIb-
HOU yTouHsIOIIeH ceTku. Pasmep cueTHO obmactu
JIOTIOJTHUTENILHONW CETKH PAaBEH BEJIMYMHAM €€ IlIara:
dx, dy, dz = 2,5 aM. Be10op cTaHIapTHBIX MOTIIOIIAIO-
WX TPAaHWYHBIX YCJIOBHH HI€AIbHO COITTACOBAHHBIX
cnoes (Perfectly Matched Layer, PML) cooTBeTcTBYEeT
MOTYIOIICHHIO M/IAI0IIET0 CBETa C MUHIUMAIbHBIMHU OT-
paKEHUAMH. YCIOBUS UMEIOT CIISTYIOIIe TapaMeTpPhL:
— KAIIITA, CUTMA, AJIb®A (abcopOiinoHHbBIE

cBoiicTBa obnacrert PML Kamnma, curma u ansda
olLIeHHMBaIOTCsl BHYTpU obnacteit PML ¢ ucrnonb3o-
BaHMEM IOJIMHOMHAIBHBIX (DYHKIHIA)

Kappa = 2, sigma = 1, alpha = 0;

— Polinom (onpenensieT NOpsA0K MOJIMHOMA, UCTIONb-
3yeMOro Jyis OIICHKH Karra U curma) = 3;
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— Alpha-polinomial (onpezesseT mopsiIoK IOJIMHOMA,

HCIIOJIb3YEeMOT0 JUIsl OLIEHKH ayib(a-kaHana) = 1;
— MuHnmaibpHble, MAKCUMaJIbHBIE CJIOU (OHH 00e-

CTIEUMBAIOT MTPUEMJIIEMbIN THana30H 3HaAYCHUH JUTs

KonmmuectBa ciioeB PML). MunumManbHbIe clion = 8,

MaKCHUMaJbHblE = 64.

Taxoke 3amanbl Gru3nyecKue mapaMeTpsl MOACIH-
poBaHms paboueil obiacTH: BpeMs mpodera IIoCKo-
TIOJIIPU30BAHHON BONHEI Yepe3 pabouyro 30Hy (1 mc)
U CTaHAapTHas TeMIepaTypa OKpY’KaroIiel cpersl
(T=27°C).

2. Pa3MelnieHue Teiia BHYTPH CYCTHOM 00J1aCTH C 3a/1aHHBI-
MH ONTHYECKMMHU ¥ TEOMETPUIECKUMHU ITapaMeTpaMu.
3ajjaHne ONTHYECKUX M FEOMETPUYECKUX MTapaMeTpOB
oOpasznos. IlpuMenenne marepuanos u3 Hu(poBon
6a3pl JaHHBIX MPOrpaMMHOTO oOecreueHns Ansys
Lumerical FDTD, mapametps! (pasmep, popma, reome-
TpPUsT) KOTOPBIX U3MEHSIINCH TTPU MOJICITMPOBAHNUH. Y UeT
3HAUEHUN NapaMeTpPOB: JCHCTBUTENBHON U MHUMOMN
yacTel AUNIEKTPUUECKON IIPOHULIAEMOCTH, 3aBUCSILEN
YaCTOThI N3Ty4EHHUS.

3. VYcTaHOBKA MapamMeTpOB MCTOUYHHWKA U3ITyUCHUS IS
Tpex JUIMH BOJH. B Hactosieil pabore ncnonb30BaH
MCTOYHUK ToNHOTO paccesuHoro noist (TFSF), koro-
PBIH 4acTO MPUMEHSETCS JUIsl U3yUYCHUs pacCcesHUs Ha
HeOOJIBIINX YaCTHUIAX, OCBEIIEHHBIX IUIOCKOW BOJTHOM.
Ucrounuk TFSF pasznensier BIUUCIUTENBHYIO 0071aCTh
Ha JBE OTICIIbHBIC 00JacTH: OOIIyI0 00JIaCTh IO,
BKJTIOYAIONIYIO TIaJIAlOUIyI0 M PACCESIHHYIO BOJHBIL; 00-
JACTh PACCESTHHOTO 0TS, BKIIFOYAET TOJIBKO PACCESTHHOE
monie. Mcrounnk TFSF — npotsokennsrit. [l anammsa
JIAHHBIX yYTEHBI MAKCUMaJIbHBIC 3HAYEHHS HAIPSIKCH-
HOCTEHN BIIEKTPUUYECKOrO MOJIs U3 BCEH MOJy4eHHOU
00IacTH PacTIpOCTPaHEHHS JIOKAIN30BAHHOTO IIa3MOH-
HOTO pe30HaHCca.

4. OnpeueﬂeHH 3HAQUCHUA BEJIMYNH SJICKTPHUUCCKOIO ITOJIA
E xax (QyHKIMM TOJOXEHHs B IPOCTPAHCTBE B BHJIE
2D-cpe3a, ycTaHOBIIEHA IUIOCKOCTh MOHMTOpA Mapal-
nenpHo ocu XZ. Vcnonb3oBaHre MOHUTOPOB OIS B
YaCTOTHOW OOJIACTH MTO3BOJIMIIO ONPEICIUTD MPOQIITH
TI0JIsI B 9TOW 00JIACTH M NPEACTABUTH PE3YIIBTAThl MO-
JICTIMPOBAHNUS B HEKOTOPOI IPOCTPAHCTBEHHOM 001acTH
s FDTD-monenupoBanns. Bo3Oyxnenne ocymect-
BJIEHO p-TIOJISIPU30BAHHOMN BOJIHOM, NEPIEHIUKYISIPHO
miockocT XZ ¢ SiO, MOBEpXHOCTHIO, B KOTOPOH Ha-
XOIUIUCH HaHO3Be3bI (puc. 1). [TapameTpsr uccnemy-
€MOH MOBEPXHOCTU C HaHO3Be3laMHu: BeicoTa 10 HM,
BHYTpeHHUH paauyc 20 HM, OJTHBIN BHEIIHUH paanyc
60 uM. Paccrostnust Mmexty 3Be3qaMu | HM, 0OBEKT BO3-
Oy KJIeH IIJI0CKOTIOJISIPH30BaHHON MOHOXPOMaTHUECKON
BOJIHOM 632,8 HM.

5. Tlepecuer 3HaueHwus £, MOITy4EHHOTO B CpeJie, B 3HAUC-
HUE CUTHAJIa HHTeHCUBHOCTH I'MTaHTCKOTO KOMOMHa-
nunorHoro paccessaus (I'KP) u Teopetnueckuii koag-
¢unment s dexruHOrO yermnenus |E/Ey|* unu dakrop
ycmnenus (EF) mna IKP (3HaueHns paccyuTansl co-
BMecTHO ¢ nomomkio FDTD Lumerical n saxongarcs
B IPAMOH 3aBUCUMOCTH). [[71s1 pacueTa MCIONb30BaH
ucrounuk TFSF, u nposeneHo MozienupoBanue odiactu
CTPYKTYPBbI JIJIs1 HAXOKIECHUSI MaKCUMaJIbHbIX 3HAUECHUI
EF. B pesynbprare MonenupoBaHus MOJIy4YEHbl pacCcuu-

160

Z, HM
=

-160

-200 0 200
X, aM

Puc. 1. llpumep pacrpeneneHus 3Ha4CHUH HANPSHKEHHOCTEH
AIEKTpUIECcKOro moms Ha SiO, MOBEPXHOCTH CO 3BE3TaMH.
[ToBepxHOCTH pacnonokeHa B MI0CKOCTH XZ

Fig. 1. An example of the distribution of electric field strengths
on Si0O, surfaces with stars. The surface is located in the XZ
plane

TaHHbBIC CICIYIONINE XaPAKTEPUCTHKHU [UTS 30JI0THIX
HAHO3BE3/l: MAKCHMYM HHTCHCHBHOCTH SJICKTPHYECKOTO
noiis (field) E cocrasmiio 24,3 B/M; HHTEHCHUBHOCTH
CHUTHalla THFAHTCKOTO KOMOMHAI[MOHHOTO PaCcCesHUsI
cgera (TKPC) — 1,17-104 otH. ex.; koo duuuent ycu-
senus |E/Ey|* — 1,36-108.

CuHTe3 30J10ThIX HaHo3Be3 (AuNSs)

JI1 XMMHYECKOTO CHHTE3a 30JI0ThIX HaHO3BE3] 3a 0C-
HOBY BBIOpaH MpOTOKOI [ 14] ¢ He3HAYUTETLHBIMUA MO (U-
KalsiIMU. B kauecTBe 3apoAibIIeBOro pacTBOpa UCIONb30-
BaH KOJUIOW[|, IPUTOTOBIICHHBIH 110 IUTPATHOMY METONY
[15]. Jns cunTesa 3aponsiuiei B3aTo 20 M1 pacTBoOpa,
conepxkarero HAuCl,-3H,O u Na;Cit ¢ koHIeHTpauusIMu
2,5:104 monp/i u 1,0-104 mMonb/n coorBeTcTBEHHO. TIpH
YMEPEHHOM TIepeMEITNBaHIH OBICTPO T0OABIIEH CBEXKE-
npurorosieHHsi pactBop NaBH, (0,1 mons/mn, 60 mkim).
PacTBop cpa3zy ke mpruodpeTan KOPUIHEBO-PO30BBIM IIBET
U TIOCTENEHHO, B TEUEHHE CYTOK, MpHOOpeTas OKoHYa-
TEJIbHBIN KpacHbIU. JlIsl cMHTE3a HAaHO3BE3] UCIIOJb30-
BaH pacTBOP LETHIATPUMETHIAMMOHUS Opomuaa (15 mi,
7,33 mMonb/11), K koTopoMy nobasiensl 640 mxn HAuCly
(0,01 monb/m) u 96 mMxa AgNO5 (0,01 mons/n). IIpu un-
TEHCHBHOM IiepeMennBanuy BeeaeHo 110 Mk ackopOrHO-
Bo#i kucaoThl (0,1 Monb/). Cpa3sy nocie odeciBeUMBAHMS
pacTBOpa 100aBIeHO 12 MKI «3apOABIIMIEBBIX YaCTHID» U
BBINOJTHEHO €r0 MePEeMEIINBaHNE ClIc B TeUECHUE 2 MUH,
P 3TOM PacTBOP MOCTEHEHHO NMPHOOPENT CHHHUN IIBET.
CHHTEe3MPOBAHHBIN KOJUTOW TIPEICTABIICH Ha PHUC. 2.

MoaudguunpoBaHue NOBEPXHOCTH
KBapuUeBbIX CTEKOJI

Jlis co3manus CTPYKTYp HCIIOIB30BAHBI TPO3pAvHbIC
B yIBTPa(HOIETOBOM JMAa30He KBAapLEBbIC CTEKIA Map-
ki KY-1, xotopsie MomupuuupoBasd HaHO3BE3TAMHU.
OuncTKa CTEKON OCYIIECTBICHA MHOTOCTAANHHBIM CIIOCO-
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Puc. 2. dortorpadust CHHTE3UPOBAHHOTO 30715 30JI0THIX
HaHO3BE3]]

Fig. 2. Photograph of the synthesized sol of gold nanostars

6om. Ha nmepBoMm »Tare crekia MpoMbIBAJINChH B yJIbTPa3BYy-
KOBOI BaHHe B TeueHre 30 MuH, B KOTOpoi kaxsle 10 MuH
MIPOUCXO/INTIA 3aMEeHa KUIKOCTH TIO CIEAYyIoIIel cxeme:
Milli-Q — uzonponuinossiii crimpt — Milli-Q. /lanee ma-
ctuHbl cymmnn npu 90 °C 10 HONTHOTO BBICBIXAHUS, TOCIIE
Yero CTEeKJIa MOMEIIAIN BEPTHKAIBHO B TEPMOCTOMKYIO
nocyny ¢ pactsop nupansn (30 % H,0, n 96 % H,SOy,
1:3) u monorpesanu 10 70 °C. Yepe3 30 MuH miacTuHy
TIPOMBIBANIN TPH pa3a 1o 10 MUH B yIbTpa3ByKOBOW BaHHE
¢ Milli-Q u cymumu ipu 90 °C 10 MOIHOTO BBICBIXAHUS.
ITocre 3aBepiIeHNs JaHHOTO 3Tala OHO CTEKIJIO Opanoch
JUISl BBITIOJTHEHNS! KOHTPOJIBHOTO 3KCIEPUMEHTA C Kpacu-
Tenem 0e3 HaHO3Be3[. OcTallbHbIE OYMIEHHBIE CTEKJIA
BEPTHUKAJIBHO MOMemanuch B 5 %-ubiii pactBop APTES
u 0e3BOIHOTO TONIyoJia Ha 24 4. Jlamee aisi OYUCTKU OT
m3nuiiek APTES-00pas3iis! mociieaoBareibHO OrpyKain
B YJIIBTPa3BYKOBYIO BaHHY C O€3BOJIHBIM 3TaHOJIOM (JBa

a
Au NSs 647
12 — — - Au@SiO, NSs PR
= / \
o / \
§ / \
5 // \\
008_
g / \
S
E /
/
g
o
(]
g
= 0’4_
=)
=
o
0,0 T

500 600 700
JlnvHa BOJHBI, HM

paza o 10 MUH) U I€OHM3UPOBAHHOMN BONO (TpH pa3a
no 10 mun). [Tocne Boichixanus Ha noBepxHocth APTES-
MOAM(HUIMPOBAHHBIX CTEKOJI aJcOPOMPOBAIN HAHO3BE3-
Jbl. J71s 3TOro MiIacTUHBI TOPU30HTAIBHO MOTPYXkKald B
KOJIJIOMTHBIE PACTBOPHI M OCTABISLUIM B MOKOE Ha 24 d.
UYepes CyTKH CTEKJIa IPOMBIBAIN BOJIOW M MCHOJIB30BaIN
10 Ha3HAYCHUIO.

HccienoBanue onTH4YeCKUX U MOP(OIOrHYeCKUX
CBOICTB 30JI0TBIX HAHO3BE3/L

CrieKTphI OTJIOIICHUS] HAHO3BE3] CHIMAJIX B KBapIle-
BOH KIOBETE C JUIMHON ONTHYECKOro myTH 10 MM ¢ UCTIONb-
30BaHHEM JBYXJIY4eBOTO crekTpodoTomerpa Shimadzu
UV-2600 co crekTpanpabsiM auanazoHom 200-800 uwm.
Ha puc. 3 mpencTaBieHbl CIEKTPHI MOTJIOMICHUS 30J10-
ThIX HaHO3Be31 (Au NSs) U 30JI0TBIX HAHO3BE3X C 000-
soukoit (Au@SiO 2 NSs) (puc. 3, a), a TakKKe CIEKTPHI
HKCTUHKINH (0) JJIS1 CTEKOJI C HAHECEHHBIMH HAHO3BE3[AMHU
(puc. 3, b).

Jist moATBepxKACHUST MOP(OJIOTHH HAHOYACTHUI MPH-
MEHEH METOJ] CKAaHUPYIOIICH IMEKTPOHHONH MUKPOCKOITUU
(COM). HccnenoBaHre OCYIIECTBICHO C IIOMOIIBIO JIBY-
Jy4EBOH 3JICKTPOHHO-HOHHOHN CHCTEMBI CBEPXBBICOKOTO
paspemenus Zeiss Cross Beam XB 540. Ha puc. 4 mo-
Ka3aHbI TIOJYYCHHBIC B pe3yJbTaTe CHHTE3a HAaHO3BE3/bI,
OCaXICHHBIC IS CheMKH Ha TIOBEPXHOCTh KPEMHHUSL.

BKCHepI/IMeHTbI THTAHTCKOIo KOMﬁl/IHaHHOHHOFO
paccesiHud CBE€TA

B pamkax npoBeaeHHs] HKCIEPUMEHTAIBHONW YacTU
o monydeHuto crekTpoB 'KPC ¢ momomsio HaHO3BE3
Ha APTES-monudunupoBaHHBIX CTEKIaX MCIOJB30BaH
cnexrpomeTp Centaur U (OOO «HanoCkanTexHomorus»,

b
—--—- cTekso ¢ Au NSs
e s— 590
8 / N\
. \ / \.
9 - . 'l L)
X ‘v \
\E “
547 N
\
N /
. ,'
0 A
500 T 7700 0 T 900

JlmmHa BOJTHBI, HM

Puc. 3. CriekTpbl HOTIOLIEHHS 30J10ThIX HaHO3Be3/ 0e3 (Au NSs) u ¢ kpeMHe3eMHO# 000104k0i (Au@SiO, NSs) (a) u criextp
IKCTUHKIMH MoauunmpoBanHoil Au NSs cTekitsHHO# oBepxHOCTH (b)

Fig. 3. Absorption spectra of gold nanostars without (Au NSs) and with a silica shell (Au@SiO, NSs) (@) and extinction spectrum of
the glass surface modified with Au NSs (b)
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Puc. 4. COM-n300pakenrie HAHO3BE3/], OJIYIEHHEIX B
pe3yJIbTaTe XUMUYECKOTO CHHTE3a

Fig. 4. SEM image of nanostars produced by chemical reaction

Poccus). Tak kak momydeHHBIE HAHO3BE3IBl HMEIOT IIIH-
POKHIT MaKCUMYM IIJIa3MOHHOTO ITOTJIONIEHNUS], HAYMHAIO-
muiics B paiione 500 HM 1 3aKaHUMBAIOLTUIICS B OTMKHEM
UH(PaKPACHOM JHaNa3oHe, B XO/1¢ SKCIIEPUMEHTA UCTIOINb-
30BaHbI J1a3ephl C ATHHAMH BOJH A = 632 HM U A = 532 HM,
COOTHOCSIIIMECS ¢ MAKCUMYMaMH TJIA3MOHHOTO TIOIIIOIIe-
HUSI MOAN(HIIMPOBAHHBIX CTEKON. B KauecTBe SKCcriepriMeH-
TAJIBHOTO JIETEKTHPYEMOTO BELIECTBA BEIOPAaH KpacuTelb
ponamuH 62K (P6K). CBexKenrpuroToBieHHbIE BOIHBIE pac-
TBOpHI P6)K ¢ konuentpanuein C = 104 mMons/n 1o0asie-
HBI IT0 HECKOJIBKO Karesb 00beMoM V= 2 MKJI Ha pa3Hble
YUYaCTKH MOJTOTOBIEHHON ITOBEPXHOCTHU: BBICOKOH TJIOTHO-
CTH, BapbUPYEMOH TUIOTHOCTH ¥ MOHOCIIOH. Y9acTKH ObIITH
MIPOCYIIEHB! TIPU CTAHJAPTHBIX YCIOBHUSIX U ITOMEIICHBI
Ha TPEIMETHBII CTONHK, MOCJIE YETO BBIIOIHEHA ChEMKA.
[Ipu Bcex PKCHEpUMEHTAax (B TOM YHCJI€ KOHTPOJIBHBIX)
UCIIOJIb30BaHbBI OJIMHAKOBbIE KOHIIEHTpPAIIUS ¥ 00bEM KpacH-
tena P6JK, a Taioke ycnoBust cbeMku. Ha puc. 5 mokazanst
¢dororpaduu MoaHUIIMPOBAHHBIX CTEKOII.

Ha puc. 6 npeacrasnens! cnekrpsl [KPC P6X xon-
nentpaiueit C = 104 MOJIB/JI, NONYYEHHBIE HA PA3HBIX
ydacTKax aHaJH3UPYyEeMOTO CTEKJIa HAHO3BE3/: BBICOKOMH
IUIOTHOCTH, BapbUPYEMOH IUIOTHOCTH M MOHOcIoe (6e3
SIBHBIX Pa3BOJIOB M IIATEH). B Teuenne skcriepumMenTa npo-
BeZieHA cheMKa 14 00pasioB BapbUPyEeMBIX KOHIICHTPAIINI
MIpHU ITMHAX BOJIH U3MydeHus A = 632 am u A = 532 HM
(MOIHOCTB M3ITyYCHHUS JIa3epa B XOJE HKCIIEPUMEHTA HE
M3MEHsJIach ¥ 0CTaBaNach MaKCUMaJIbHOH, paBHOM 50 MBT
st DPSS-nazepa u 17 mBt mst He-Ne nazepa). Cbemka
Jutunach B TedeHue 30 ¢, KoIMYecTBO MOBTOPOB OCTABATIOCH
MIOCTOSIHHBIM (TpH pa3a). Perucrparyst ciekTpoB mpous-
BEJIEHAa B HECKOIBKUX TOYKAX JIJISI OJHOTO U3 YYacCTKOB
(BHYTpH Kax10ll aHanusupyemoit karumm P6XK criekrpsr
I'KPC cHuManuch B IATH pa3HbIX TOUKax). KOHTponbHBII
SKCHEPUMEHT 0e3 HaHO3BE3]] BHIIOIHEH HA XUMHUECKH
OYMIIEHHOM KBaplLEBOM CTEKJIE IIPU aHAJIOTHYHBIX yC-
JIOBUAX CIEKTPaTbHONW CheMKH. B 3TOoM ciaydae P6XK
(C = 104 Monb/11) HAHOCHIICS HA TAKOE CTEKJIO, IOCTE
4yero cHUMaNuCh ero cnektpsl KPC. Perucrpupyemas uH-
TEHCHUBHOCTh KOHTPOJBHBIX criekTpoB KPC cocraBuina
2,13-1,98 oTH. exn. (Tabnuua).

s ouenku ycunenus curnana I'KP P6JK, monydenHo-
IO Ha MCCIEeTyeMBbIX TOBEPXHOCTSX, TOKPBITHIX HAHO3BE3]]

Obnacts BappHpyeMoit
IUIOTHOCTH
Momnocoit

O01acTh BBICOKOM
IIJIOTHOCTH

Puc. 5. Dororpadun nccnenyembix APTES-
MOJIH(HIHPOBAHHBIX CTEKOJ: MOHOCIION U y4aCTOK
BapbUPYEMOIl INIOTHOCTH (&), CTEKJIO C YIaCTKaMH BBICOKOH
IIOTHOCTH (D)

Fig. 5. Photographs of the studied APTES-modified glasses:
monolayer and region of variable density (), glass with regions
of high density (b)

20000 7 =
—— MOHOCJION
— BBICOKas
) IJIOTHOCTh
5 —— BapbHUpyeMas
o IJIOTHOCTh
=
)
=
)
]
Z 10000 7
=
Q
z
e
=
=~ 4
0 | | /\ M M |
500 1500 2500
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Puc. 6. CrieKTpbl THTaHTCKOTO KOMOMHAIIMOHHOTO PacCesHUs
P6K (104 Mouib/i1), HOJYYCHHBIC HA TPEX YYacTKax
aHATN3MPYEMOTO CTEKIIA

Fig. 6. Surface-enhanced Raman spectra R6G (104 mole/L)
obtained on three areas of the analyzed glass
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Tabnuya. TlonyyeHHBIC PE3YNIbTATHI [UIS PA3HBIX YCIOBUI SKCIIEPUMEHTA

Table. Obtained results for different experimental conditions

JlinHa BOJIHBL Mecto VYuactok peructpanuu, | Warencusrocts KP, | MutencusHocts ['KP, Koadpumuent

U3ITyYeHHs], HM perucTpanyun cm! OTH. €]I. OTH. eI YCUIICHUS
632 MOHOCJION 1512 2,13 23817 1,12-104
632 MOHOCJION 1359 2,11 19527 9,20-103
532 BapbHUpyeMasl INIOTHOCTH 1355 2,14 11145 5,16:103
532 BBICOKAS IIJIOTHOCTH 1512 2,20 1797 5,40-103
532 BBICOKASI INIOTHOCTH 1359 1,98 53247 2,69-104
532 MOHOCJIOMH 1358 1,98 1287 6,50-102

metonom APTES, paccanTanbl KO3(QQHUIUEHTH yCUICHUS 3aki04ueHue

I'KP mo popmyme:
. ]FKPCKP
1, KP CFKP ’

rie Irgp U Iip — nHTeHcuBHOCTH curHanos 'KP u KP
Ha BbIOpaHHOM dacTore; Cryp U Cyp — KOHIEHTPALIUU
BeriecTB B 3kcriepumMenTte ¢ I'KP u KP.

[TosnyueHHbIe pe3ynbTaTsl AJIs pa3HbIX YCIOBUH JKCIIe-
PHMEHTa IpeCTaBICHBI B TAOIUIIE.
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C y4eToM pe3yapTaToB TEOPETHUECKOTO MOJCITHPOBA-
HUS YCIIEITHO pa3paboTaHa METOAMKA CHHTE3a HAHO3BE3
(B TOM ymCIe ¢ 000TOYKOH ), UCCIIETOBAHBI UX ONTHYECKHE
u Mopdosiorndeckue cBoicTBa. [IpuBeaeHs! FKCTIEpIMEH-
TaJbHBIC PE3YJILTATbl METOAOM CIHEKTPOCKOIIMU I'MTaHT-
CKOTO KOMOMHAIIMOHHOTO PAaCCesHUs C UCIOJIb30BAaHUEM
HaHo3Be3/1. [TomyueHs! GpyHKIIMOHAIN3UPOBAHHBIE TIOBEPX-
HOCTH HAHO3BE3J] — MPOTOTUIBI ONTUYECKUX CEHCOPOB.
[TokazaHo, 4TO IKCIIEPUMEHTAIBHBIN K0d(duIreHT ycu-
JICHHSI CHTHAJIa KOMOMHAIIMOHHOTO PACCESIHUS MOJKET CO-
CTaBJIATh He MeHee ueM 104 pas. [ToaydeHHble Pe3yIbTaThI
OJTHO3HAYHO 00T Jaf0T TIOTEHITAIOM ITPAKTUIECKOTO BHE-
JPEHUs TS 337189 CEHCOPHUKH, OMO(MU3UKN ¥ MEIUITIHEIL.
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AHHOTANMSA

Ipexmer nccaenoBanus. [Ipencrasien merox nnppoBoil ronorpadudeckoid HHTEPHEPOMETPHUHN VISl PETHCTPALIN
1 OLIEHKH I1apaMeTPOB HU3KOTEMIIEPATypHOH IIa3Mbl, FeHEPUPYEMOH MpHU aTMOC(HEPHOM JaBICHUH B UMITYJIbCHOM
pexume. [logoOHBIN BUI NIa3MBbl B HACTOALEE BPEMsI HAXOAUT CBOEC IPUMEHEHHE B MEAMIIMHE U OMOJOTHH.
Cy1mecTByeT NOTpeOHOCTh KOHTPOIIS A03bI BO3IEHCTBUS U PEXKUMOB (POPMUPOBAHHUS MIa3MEHHOI cpesibl. B kauecTse
KOHTPOJIUPYEMBIX TapaMeTPOB IIa3Mbl PACCMOTPEHA KOHLEHTPAIHS JMEKTPOHOB, KOTOPasi MOXKET OBITh OIpeesieHa
ITyTeM OLEHKH M3MEHEHHs MOKa3aTells NMPEeTOMICHHS IIa3Mbl B UMITYJIbCE OTHOCHUTEIHHO HEBO3MYIIEHHOTO
coctosius. Metoa. PaGoueit cpenoii GpopMUPOBaHHS UMITYJIBCOB IIA3MBI CITY>KWJ renuid. YacTtora ciaenoBaHus
HMITYJIBCOB IITa3MBI cocTaBisuia 5 kI, a ux amurensHocTs — 750 He. MccnenoBaHus BBIOIHEHBI Ha CIICIMAIBEHO
pa3zpaboTaHHOM JIaOOPATOPHOM KOMIUIEKCE PErHCTpaIiy rojorpadguyeckux n300paskeHUH UMITYJIbCOB IIA3MBI.
TonorpamMmbl 3aperucTpUpPOBAHEI C HCIIOIB30BaHUEM HHU(POBOI KaMepbl. B kauecTBe HCTOYHHKA KOT€PEHTHOTO
n3nydenus BoiOpan uMnyiabcHbi nazep INNOLAS SpitLight Hybrid I ¢ qyusol BosHb 532 HM M AIHTEIBHOCTHIO
nmnynabca n3aydenus 10 ve. {ast TOUHOM perncTpanuy UMITYJIbCOB IIa3Mbl paboTa J1azepa, reHepaTopa IiasMbl U
nu(poBoii KaMepsl ObUTH CHHXPOHH3HPOBAHBI MEXIY c0o00ii. B xo1e sxcniepumenTa nonydena cepus u3 500 romorpamMm
¢ mocneayomeil pekoHCTpyKuueil $ha3sl 00bEKTHOTO MO, AHAIHU3 MOCIEI0BATENEHOCTH TOJIOTPAMM MO3BOIHIT
OTIPENETNUTh PA3HOCTH (pa3, CBSI3AHHBIX C ITOKA3aTeIEeM MPEIOMIICHHS HU3KOTEMIIEPaTypHOH UMITyIbCHOHN ILIA3MbI B
requn. OJHAKO Takas IIa3Ma co3JaeT Malyio (pa3oByIO 3aJEPXKKY, 4TO MPUBOAUT K HU3KOMY (Da30BOMY KOHTPACTY
paccunTbiBaeMbIX HHTepheporpamm. C Apyroil CTOPOHBI, HU3KUH KOHTPACT MOXKET OBITH BBI3BaH M HEIOCTaTKaMH
cucTeMbl peructpauuu. s 1oka3aTenbeTBa BO3MOXKHOCTU CUCTEMBbI 3aIIMCH TOJI0rPaMM IIPOBECHBI IIPeBapUTEIIbHbIC
SKCIEPUMEHTHI C perucTpanueil niIa3sMeHHONW Ayru ¢ aHAaJOIMYHBIMU BPEMEHHBIMU [apaMeTpaMu FeHepaluu, HO C
6osee BEICOKUM (pa30BBIM KOHTPACTOM PEKOHCTPYHPOBAHHBIX H300paskeHHii. OCHOBHBIE pe3yabTaThl. [IpencrapieHb
9KCIIEPUMEHTAIbHBIE PE3ybTaThl HCCIEI0BaHUS (Pa30BOr0 KOHTPACTA MOKA3aTeNs MPETOMICHHS YUCTOTO Teius,
TUIa3MEHHOM JTyTH ¥ IMITYJIBCOB IIIA3MBI B Teny. Jlokazana paboTocnocoOHOCTh pa3paboTaHHOTO YKCIIEPHMEHTATEHOTO
KOMIUIEKCA M METOja MOJIydeHHsI HHTepdeporpaMM, OCHOBAHHOTO Ha ONPECIICHUH MOKa3aTels IMPEIOMIICHHS B
nmrynbsce miasMel. [IpakTuyeckas 3HAYMMOCTb. [lomydeHHBIE pe3ynbTaThl MOTYT OBITH HCIIOIB30BAHBI I OLICHKN
JJIEKTPOHHON KOHLEHTpaluu IulasMbl. B nanpHeillieM nmiaHupyeTcs yBeJIMYEHUE YyBCTBUTEIBHOCTU METOJA C
LeJIbI0 MOBBIIICHHUS (Pa30BOr0 KOHTpACTA 3a CUET PACIIMPEHUs CIEKTPAILHOIO AUaIia30Ha JIa3epHOTo U3IIydeHHs PU
PEruCTpaLy TOIOrPaMM IyTeM IIepexo/ia B IPYTryIo CIEKTPAIbHYI0 00J1acTh, HAaIpuMep, HHPpaKpacHyIo.

KiroueBblie ciioBa

nudposas romorpadpuueckas narepdepomerpus, rogorpapuueckas HHTepHepoMeTpusi, HeTepMabHas Ia3Mma,
KOHLIEHTPAIMs 3IEKTPOHOB B MIa3Me, aBTOMAaTH3AIs SKCIIEPUMEHTa
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Abstract

The study of low-temperature plasma generated in pulsed mode at atmospheric pressure was carried out. The purpose
of the presented research is to develop a method of digital holographic interferometry for registration and evaluation of
parameters of low-temperature plasma at atmospheric pressure in pulsed mode. This type of plasma is currently applied
in medicine and biology. Thus, there is a need to control the exposure dose and plasma environment formation regimes.
As plasma parameters, it can be considered its electron concentration which can be calculated through the estimation of
the refractive index of plasma pulse in relation to unperturbed state. The plasma pulses were activated in Helium. The
plasma pulse frequency was 5 kHz and its duration was 750 ns. During an investigation a laboratory set-up for recording
holographic images of plasma pulses was developed. Holograms are acquired on a digital camera and a pulsed laser
INNOLAS SpitLight Hybrid II at a wavelength of 532 nm with pulse duration of 10 ns is used as a source of coherent
radiation. In order to record plasma pulses, the laser, plasma generator and digital camera were strictly synchronized to
each other. During the experiment, a series of about 500 holograms were acquired, and the reconstruction of the phase
of the object field was calculated. Analysis of the sequence of holograms allowed calculations of phase difference
(interferograms) related to the refractive index of low-temperature pulsed plasma in Helium. It is known that low-
temperature plasma leads to low phase delay which forms low phase contrast of the evaluated interferograms. For this
purpose, we carried out preliminary experiments with plasma-arc that has similar temporary parameters, however, with
a higher phase contrast of the interferograms. The paper presents experimental results obtained by studying the phase
contrast of the refractive index of pure Helium, plasma-arc and plasma pulses in Helium. Thus, the effectiveness of
both the experimental set-up and the method to evaluate the interferograms related to the refractive index of the plasma
pulse was verified. The data obtained can then be used to estimate the electron concentration of the plasma. However,
it needs to increase the sensitivity of the method in order to enhance phase contrast. Increase of sensitivity can be done
by means of extension of the spectral range, for example, toward to infra-red.

Keywords
digital holographic interferometry, holographic interferometry, nonthermal plasma, plasma electron concentration,
experiment automation
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BBenenue

HuzkoremneparypHast Ira3Ma yCIenTHO HCIIOIb3YeTCs
JUTS JISYCHUS KOXKHBIX 3a00sieBanwii [1]. DTo cBs3aHO C TeM,
YTO MOTOK TAKOW TIIa3MbI COAEPIKUT 3aPSKCHHBIC YaCTHUITHI
(2MEKTPOHBI ¥ HOHBI), 00pa3yeT pajuKaibl 030Ha, a30Ta U
KHCJIOPOJia U CO3/JaeT ynbTpaduoieToBoe U3inyueHue (B
nuanazone 20-300 HM), UTO TO3BOJIAET Pa3pylIaATh MEM-
OpaHbI MAaTOrCHHBIX MUKpOOpraHu3MoB [2]. [ Tepamnuu
KOKHBIX TIOKPOBOB HU3KOTEMIIEpaTypHasl TIa3Ma IPUMCHSI-
€TCSI B UMITYJIbCHO-TIEPUOIMICCKOM PEXKHME, U CYIIECTBYET
mpobiiemMa 1036l €€ BO3ICHCTBUS, KOTOpasi OMPEIeIIIeTCs
BEITMYMHON KOHIICHTPAIIUU 3NEKTPOHOB. M3BeCTHO, 4TO
JUTS OTIPEACTICHUS SIEKTPOHHON KOHIIEHTPAIHH HCIIONb3Y-
FOT 30HOBBIC METOJIBI, OHAKO ISl MMITYJIECHOMN TIIIa3MBI
HCTIOH30BaTh TAaKME METOMBI JOCTATOYHO TPYIHO, a pea-

JIM3aLHs CIIEKTPATBHBIX METOIOB TPEOyeT TOPOTOCTOSIIIETO
ob6opynosanus [3]. C apyro#t CTOpoHbI, BO3MOXKHO MTPUMeE-
HeHue 0oJiee JOCTYIHBIX M MPOCTHIX METOJIOB, TAKUX KaK
nudposast rosiorpaduyeckast uaTephepomerpus [4-6].

B BUIUMOM CHEKTpaJIbHOM JUaNa30He PerucTpaiuu
rosiorpaduyecKkre METO/bI TO3BOJISIOT ONPEEIISATh KOH-
LEHTPALHUIO 1EKTPOHOB 0T 1016 cM—3. OHAKO BO3MOXKHO
YBEJIMUYEHHE YYBCTBUTEIBHOCTH TaKUX METOJ0B [7, 8], B
TOM YHCIIC ¥ 32 CUET PaCcIIUPEHUs TUHAMUYIECKOTO JIhara-
30Ha MUPPOBBIX JETEKTOPOB, MCIIOIB3YEMBIX IS 3AITHCH
TOJIOTPaMM.

Crnemyer OTMETUTH, YTO UCCIIEIOBAHNE HETEPMATbHOM
MEIUIMHCKON TJI1a3Mbl MeTOIaMHu [IU(POBO rojorpadude-
CKOM MHTEPPEPOMETPUH CBSA3AHO C PSJIOM 0COOCHHOCTEH,
KOTOpBIE HEOOXOMMO yUUTHIBaTh B padore. Bo-nepBsIx,
MOTOK IJIa3MbI IPEJICTABIAET COOONM MMITYJIBC C 4acTO-
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[MpumeHeHne metona umMdpoBon rosiorpaduyeckon MHTepbOEepPoOMeTPUMN. ..

Toil oT 5 kI'1, a Bpems reHepaluu OJHOM TIa3MEHHOM
ctpyu — 750 He. Takum 006pazom, Bce IPUOOPHI JTOJIKHBL
OBITh TOYHO CHHXPOHU3UPOBAHBI C y4ETOM BpEMEHH cpaba-
TBIBAHMS K@)XKJIOT0 M3 HUX. BO-BTOPBIX, TeHEpaIysl 1Ia3Mbl
IIPOMCXO/IUT B TA30BOM ITOTOKE, KOTOPBIH NMEET OOJIBIIYIO
TUIOTHOCTh, @ BO3HUKAOIINE B MOMEHT €€ TeHEpaIlH Te-
TITOBBIE TIPOIECCHI HCKAXKAIOT TPeOyeMyTo HH(POPMAITHIO O
IUIa3M€e U JIOJKHBI OBITH CKOMIICHCHPOBAHBI.

HCHOJ’[I:ByeMbIe METOAbI U MOAXO0AbI

B ronorpaduueckoi nHTEp)EpOMETPHN MOTOK TLIA3MBI
paccmarpuBaeTcs Kak (a30oBBIN (IIPO3PAYHBI) OOBEKT, a
pe3ynbTUpYIOHe HHTEp(EPEHIIMOHHBIE MTOJI0CH (hopMHu-
PYIOTCS OTHOCHUTEJIBHO HayaJbHOM ra30BOM Cpellbl B pe-
3ysIbTaTe M3MEHEHUsI TIOKA3aTelIsl IIPEIOMIICHHSI, BHOCHMOTO
mna3moii [4]. Takxe moTydeHHBIC 3HAUCHUS TTOKa3aTems
MIPEJIOMJICHHUS TNIa3MbI TIO3BOJISIIOT PACCUMTATH €€ JJICK-
TPOHHYIO KOHIIEHTpAIuio [9].

Cas13b pazHocTH (a3 ¢ 1oKas3aTeseM IMPeIoOMIICHHUS OITHU-
CBIBAETCSI COOTHOIICHHEM:

2nh
A(p(x, y) = 7 ]J. [n(xn Vs Z) - nO]dZa
1

rae A — JUIMHA BOJIHBI U3JIy4eHHUs J1a3epa; 1, — IoKa3a-
TEJb MPEIIOMJICHUS HAOIIOIAEMOM CPEIbl B €€ HAUYAIBHOM
cocrosiHuY; n(x, y, z) — KOHEYHOE pacIpe/elicHHe TTOKa-
3arenst npenowiieHus. 3inydeHne mpoxXoauT uepe3 cpeiy
B HAIPABJICHHUH Z, © HHTETPHUPOBAHUE TIPOU3BOUTCS BIIOJb
9TOTO HANPABICHHUSI.

[Ipu ananu3se mokazaressi MPEIOMIICHHUS MJ1a3Mbl HC-
XOJISIT M3 M3BECTHOTO COOTHOIICHUS JJIsl pacyera ee ped-
pakuuu [7, 8]

k B,
n—1=3%\4;,+ ; N, — 4,5-10-14)2N,,
i=1

rie N, u N, — SIeKTPOHHAs U aTOMHasi KOHLCHTPALUK;
A n B — xoncranTsl Komm. B pabore [8] ormedeHo, 9To
B CIEKTPAJIbHOM JMala3oHe, aJeKOM OT JUHHU MOIo-
LIICHUS] aTOMOB, TIOKa3aTeNb MPEIIOMIICHHUSI aTOMOB CJ1a00
3aBHCHUT OT JITMHBI BOJHBL. B CBSI3U ¢ 3TUM HCHOJIb3yeM
JUTMHY BOJIHBI 532 HM, U B TIEPBOM ITPUOJIMIKEHUH He OyjieM
YUYUTBIBATH BJIMAHNUEC KOHILICHTPAIIUKW aTOMOB Ha MMOKa3aTeJib
nipeniomiieHus. TakuM 00pa3oMm, MoTyYrM ClleyIoIee Ipu-
OmkeHue s pasHoctu ¢a3s [8]:

2n
Ap(x, y) = o [An,
An=4510"14)A2N,,

rae / — AmMHA TMyTH CBETa B MCCIeIyeMoi cpene; An —
Pa3HOCTb MOKAa3aTeNeH MPeIOMICHHS.
B [7] mokazaHo, 9TO 11 ONpeaesieHNsT KOHIICHTPAIluU
AJIEKTPOHOB MOYKHO BOCIIOJIB30BAaTHCS COOTHOIICHHEM:
Ae
N,=2,2-1013——
2nlh
B macrosmieit padore ¢popMupoBaHHE IIa3MEHHON
CTPYH OCYIIECTBICHO Ha BBIXO/I€ CTEKISTHHON TPYOKH B
rermun nox gainerneM 1,01 atm. [{mamerp TpyOku paBeH

5 mm. Takum 00pa3om, st TATbHEHIIIHX OIICHOK MOXKHO
UCXOJHUTH U3 yCJIOBUS, YTO BOJM3U TPYOKH ra3oBasi CTpys
U TUIa3Ma UMEIOT IPHOIM3UTEIBHO OIMHAKOBBIE IIPOCTPaH-
CTBEHHBIE pa3Mephl ¥ NWIIMHAPHUYECKUI MPo(HIIb, a JIIHHA
OIITHYECKOTO ITYyTH M3JIy4eHHUs TONEPEeK ra3oBOW CTPyH
TAKXKe COCTABIIACT 5 MM.

OnumieM MeToa CTpoOOCKOTMYIECKOH ToIorpadude-
ckoii maTepdepomerpun [10], mO3BOISIIOMHUI TPOBOTUTH
HaOII0IeHNE M aHAJIN3 TIJTa3MBbl, TCHEPUPYEMOH C 4acTOTOM
5 xI'm u mrensHOCTRIO 750 HE. 71 perucTpanuy um-
MYJbCOB IIa3MbI pa3paboTaHa CHCTEMa CHHXPOHU3AINH U
yIpaBlIeHHUs YCTPOUCTBAMU KOMIUIEKCA C UCIOIb30BaHUEM
nporpaMMHoO-annapaTHeix cpeactB National Instruments.
Perucrpanus n300pakeHnil OCyIIeCTBICHA IO CXeMe 3a-
IIFCH TOJIorpaMM c¢(hOKyCHpOBaHHOTO M300paxeHus. B ka-
YeCTBE UCTOYHUKA KOTEPEHTHOTO M3JTyYEHHS HCIIOJIb30BaH
Nd:YAG nazep xomnanuu INNOLAS ¢ minHON BOTHEI
532 HM, IIUTENBHOCTBIO UMITyJbca 10 HC 1 YacToToi cie-
nmoBanus uMIynscoB 50 ['m. Pacder pasHocTn da3 MexmIy
JIBYMsI COCTOSIHUSIMH OOBEKTA BBITIOIIHEH METOZIOM (hypbe-
ananmsa [11]. Ha puc. 1 npeacraBieHa cxema UCCieI0Ba-
TEIBCKOTO KOMITIEKCA.

[Tpu co3zmaHuy cxembl PErucTpanui ObICTPOIPOTE-
KaIOIIUX MPOLECCOB, 0CO00E MECTO 3aHMMAET pa3padoT-
Ka CHCTEMBbl CHHXPOHHM3ALMHU BCEX OINTOAIEKTPOHHBIX
YCTPOHCTB MeXy coboi (g poBoil kamepsl, Jasepa,
0J10Ka reHepanuu 1iaasMbl) Al o0ecriedeHnsl aBTOMaTH-
3aun SKkcrnepuMenTa. [Ipu 3ToM HE0OX0MMO y4ecTh, 9TO
Ka)/10€ IEKTPOHHOE YCTPOHCTBO KOMILIEKCa 00nanaeT
COOCTBEHHBIM BPEMEHEM OTKJIMKA M Pabodeil 4acTOTOH.
VipasiieHue yCTpOHCTBAMM U X CUHXPOHU3ALUsI OPTaHu-
30BaHa 4yepe3 MporpaMMHO-ammapaTHyio cpeny LabView,
(hopMUPYIOIIYIO TPUTTEP-CUTHAIBI C 33JaHHBIMU Hadallb-
HBIMH 3aJiep)KKamMH. Takum 00pa3zom, 10 CHHXPOHU3HPYIO-
MM TPHUITEP-CUTHAJIAM Ha KaMepy, UMITYJIbCHBIN Jla3ep
Ha IUIaTy yIpaBJICHUs TeHepaliei mia3Mbl OCyIIeCTBICHa
coriacoBaHHasi paboTa BCEX DJIEKTPOHHBIX YCTPOMCTB.
B nipoBeZieHHOM SKCIIEpUMEHTE 4acToTa CIIEJOBAHHS HM-
MyJILCOB IUTa3Mbl cocTaBmiia 5 KI 11 Juist m1a3Mel, a yactora
CJICZIOBAHMSI UMITYJIBCOB JIa3epa M YacTOTA PETUCTPALNH
kamepbl — 50 I'n. CnenoBarenbHO, 3aperuCTPUPOBAH Kaxk-
JBIH COTBIA MMITYJIBC TIa3Mbl. JlJIsl JTUTETbHOCTH TU1A3-
MeHHOTO uMIyisca 750 HC 1 UMIynbca Ja3epa B 10 HC
BpEMSI SKCIIO3UIMH KaMepbl HE UMENO IPHHIUINAIBEHOTO
3HAUCHHUS, TaK KaK perucrpanus MHOpMaIuy Ha MaTpu-
IIy KaMepbl MMPOUCXOIUT 32 BPEeMs T€HEPALUH JIa3ePHOTO
UMITYJIbCA.

OcHoBHBIE pe3yJIbTaThl H 00CY:KIeHUE

B pabore npeacTaBieHbl pe3yibTaThl PETUCTPALUT
TUIa3MBbI JIByX BUJIOB: TIA3MEHHBIX IyT'H U CTPYH, KOTOPbIC
CreHEepUPOBaHbl B UMITYJILCHOM pexume. OTMETUM, 4TO
CHayajia HeOOXOIUMO BBIMIOJHUTH BEPU(DUKALIUIO METOIA
U pa3pabOTaHHOW TEXHUKH Ha MPEIMET MOJIYUYCHUS J0-
CTOBCPHBIX JIAHHBIX O IMOKA3aTelIC MIPEIOMJICHHUS 110 PEKOH-
CTPYUPOBaHHBIM (Da30BBIM pacrpeneicHusM. [IpoBepka
METOJIa BKJIFOYAJIa CIeAyone npoueaypsl. [Iposenenue
perucTpanuy U PeKOHCTPYKIUHU (a3bl IPOXOISAIICH CBETO-
BOW BOJIHBI Yepe3 KaMepy HaOIFOCHHS, COICPIKAIIYIO BO3-
IyX (¢g), a 3aTeM U IIPU BKIIOYEHHOM I1OTOKE IeIHA (P 0),
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Puc. 1. Komrutexc nudpoBoii ronorpaduyeckoir HHTEpHEepoMeTprH IS NCCICAOBAHMUS ITOTOKA TIA3MbI B UMITYJILCHOM PEXKUME
reHepanun: / — UMITyIbCHEIH nazep; 2 — I13C-kamepa; 3 — reHeparop 1mia3mbl; 4 — OAJUIOH C ra3oM; 5 — KOJUIIMATop;
6, 7 — cBeroaenurenu; 8—11 — 3epkana; 12, 13 — cobuparonue JuH3bL; /4 — CTpysl XOJIOIHOU TIa3Mebl;, /5 — cucrema
CUHXPOHHU3ALUU; /6 — KOMIIBIOTEP

Fig. 1. Digital holographic interferometry set-up to investigate a plasma flow in the pulsed generation mode. / — pulse laser;
2 — CCD-camera; 3 — pulse-plasma generator; 4 — helium container; 5 — collimator; 6, 7 — beamsplitter; §—// — mirrors;
12, 13 — lenses; 14 — plasma jet; /5 — synchronization unit; /6 — PC

rae @, — (ha3oBble U3MEHEHUS, CBSI3aHHBIE C HAINYUEM
noroka renus. [loxydennas pasHocts a3 (Qgip. — Pp)
cojieprkaiia HH(POPMAIIKIO O Pa3HOCTH MOKa3aTesei mpe-
JIOMJICHUSA ABYX T'a30B. 3Haﬂ ux Ta6HI/I‘IHI)IC 3HAUCHMUA,
BBITIOJIHCHA OIICHKA TOCTOBEPHOCTH OTPEICIICHUS [TOKa3a-
TEJIS MPEIIOMIICHUS C MTOMOIIBIO MPEUIOKCHHON CHCTEMBI
peructpanuu. Ha puc. 2 mokazaHa pa3BepTKa pa3HOCTH
(a3 mpu MPOXOKICHUY 30HIUPYIOMIETO H3ITydCHHS Yepes
MOTOK Teus. B pe3ynbrare moaydeHo, 94To I BO3IyXa
nmokaszaTelns npenomiienus n, = 1,000292, nns renms —
np, = 1,0000350. PazHocTs mokasaresneil mpenoMiIeHus co-
crasiser 2,57-10-4, a pasnocts da3 — 15,17 pax wiu 2,4
UHTEPPEPEHITMOHHBIX TIOJIOCHI IS IJTUHBI BOTHBI 532 HM
1 TOJIIIUHBI CPEABI 5 MM.

¢, pajguaH

84 112 7799

X My

Puc. 2. ®a3oBas pa3BepTKa HHTEPHEPOrpaMMBbI CTPYH TeIHs

Fig. 2. Phase unwrapped distribution of the helium jet

3aMeTnM, 4TO0 OTHOCHTEINIbHASI PA3HOCTh (ha3 JIsIst HIK-
HHUX TOYCK IMOBEPXHOCTH (Da3 v TOUEK 3a IpeesiaMu TPyOKH
JISKUT B mpezenax 15 paj, 4To COOTBETCTBYET OICHKAM.
Takum 00pa3oM, MOKHO clieJaTh BBIBOJ, YTO U3MEPH-
TEJIbHBIH KOMIUIEKC PETUCTPAIMH ToJIOrpaMM (a3oBbIX
00BEKTOB M METOJ] UX OICHKH, IIO3BOJISIFOT MOJIYYUTH J0-
CTOBEpHbIC U HAJCKHBIC PEe3yNbTaThl. Jajgee BBITOIHIM
IKCIIEPUMEHTAIILHYIO PA0OTY MO PETUCTPALH UMITYIILCOB
wiasmbl (puc. 3), a TakXKe aHAIU3 MOJyYCHHBIX HHTEp-
(dheporpamm, CBSI3aHHBIX C U3MEHEHHEM €€ MOoKa3aTels
MPEIIOMIICHHSI.

Huskoremmneparypras mira3sma 061agaeT HeOOIbIIOH
KOHIICHTpAIMeH AIIEKTPOHOB, U €€ BKIIaJ B (ha3oBoe pac-
npeJielieHne Ha rojiorpammax Hesenk. J{is Bepudukanum

Xou 20 1

.
.
;
1

Puc. 3. 300paxxeHus m1a3Mbl, HCCIeTyeMOit B paboTe:
IUTa3MEeHHBIe AyTa (@) U CTPys B MOTOKe ra3a reaus (b)

X, cMm

Fig. 3. Images of plasma: plasma arc (a), plasma jet in the
helium flow (b)
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METOJIa B aCleKTe BOSMOXKHOCTH peructpanuu (Ga3oBoro
Habera, CBSI3aHHOI'O C CyIIECTBOBAHHMEM IUIa3Mbl, IIPO-
BE/IEM OKCIIEPUMEHT C pEerucTpanueil Ia3MeHHOH 1y TH,
KoTOpast o0nasaer OONBIICH MIIOTHOCTHIO U MOXET CY-
iecTBOBarh 0e3 mojgaun rasa. OTcyrcTBHe pabouero rasa
TIO3BOJIMIIO COKPATUTh KOJIMYECTBO HCTOUHHKOB BO3MYIIIE-
HUH, KOTOPBIE 3aTPYAHSIIOT PETUCTPALNIO (a30BBIX M3Me-
HEHMH, CBSI3aHHBIX MCKIIOYUTENIHHO C HAIMYHUEM IUIa3Mbl
B 30HE HaOmromeHus. [Ipu npoBeneHNH SKCIEPUMEHTA 110
perucTpannu miIa3MeHHOH Tyru 3aMedeHo, YTo B o0na-
CTH CyILIECTBOBAHMS I1a3Mbl BO3HUKAIOT TEMIIEPATypHbIE
BO3MYIICHHUS, CBSI3aHHbBIC C YBEJIMYCHUEM TEMIEPaTypbl
cpensl (puc. 4, a). J{ns BelYuciIeHUs] N3MEHEHHS TTOKa3a-
TeJIsl IPEJIOMIICHHS TUTa3Mbl BBIIIOJIHUM JIOTIOJHUTEIbHBINA
9KCIIEPUMEHT, B KOTOPOM KOMIIJIEKC padOTaeT B aCHHXPO-
HU3UPOBAHHOM peXHMe. ITO ObIO HEOOXOAMMO, UTO-
ObI IPOM3BECTH BBHIUYMCICHNE PA3HOCTH (ha3 rojorpamMm ¢
TeMIepaTypHON HABOAKOH Oe3 TuTa3Mbl U ¢ Tura3Moit. [Tpu
CpaBHEHHH IOTyYEHHBIX TOJIOTPAMM BHJTHO, TIIE pacTIpesie-
JeHne pazHocTu (a3 oToOpakaeT M3MEHEHNE MTOKa3aTels
MIPEIOMIICHUS, CBSI3aHHOTO HUCKIIFOUUTEIBHO C CYIIECTBO-
BaHMeM I1a3Mbl (puc. 4, b, ¢). 3apukcupoBaHo, 4To MpH
BO3HUKHOBEHMU IUIA3MEHHON IyTH, TIOABIISIOTCS BO3MYIIIE-
HUSI BHEIIHEH CpeJibl, KOTOPBIE TPEIOI0KHUTEIBHO MOXKHO
0XapaKTepU30BaTh KaK «yJapHYIO BOJIHY» OT KOPOTKOTO
paspsia.

Pesynbrarhl perucTpanyy IiasMeHHO! JIyTH TIOKa3aln
BO3MOKHOCTH HCIOJIB30BAaHUS MPEIIIOKECHHON METOIH-
KM ¥ KOMIUIEKCA JUUIsl PETUCTPAIUY TUIa3Mbl. BhImonmHum
peTUCTpalii0 HEeTepMalbHON (MEIUITHHCKO) II1a3MBl,
KOTOpast 00J1a/1aeT MEHBIIEH MIIOTHOCTHIO U CYIIECTBYET
B TTIOTOKE Ta3a reius. DKCIIEPUMEHT MPOBEJCH CO CIEy-
IOLIMMH TEXHUYECKUMH MapaMeTpaMu: KaMepa U Jaszep
nmerotT yactoty 50 ['m, wactora HMIynbCOB maa3Mbl 5 kI,
JUIITENIbHOCTD CyIeCTBOBaHMS M1a3Mbl 750 He. OTMeTHM,
YTO HKCIIEPUMEHT OCJIO)KHEH TeM, YTO ITOTOK I'a3a, B KOTO-
POM CyIIECTBYET I1a3Ma, HE MOXKET ObITh CTaOMIM3UPO-
BaH M M3MEHSIET HallpaBJeHUE IIOTOKA B 3aBUCUMOCTH OT
BHEIIHUX YCJIOBHUMH, TaK KaK, B COOTBETCTBHH C UCXOJHBIMHU

Y, MM

20

10

0 0

X, Mmm 0

0 10

TpeOOBaHMUSIMH, UCCIIETIOBAHNE TUIA3MBbI JIOJDKHO OBLIO MPO-
BOJIUTHCS IPH HOPMAJIBHBIX YCIIOBHUSIX, T. €. IIPH arMoc(ep-
HOM JIaBJICHUH.

DKCTIEPUMEHT OCYIIECTBIICH B CIIEAYIOMIEH MOCIe10Ba-
TEJIFHOCTH: 110 BHEITHEMY TPHUITEP-CUTHAITY HaIlPaBJICHBI
CHTHAJIBI Ha BCE JICKTPOHHBIC SIIEMEHTHI € ITapaMeTpaMu,
o0ecreunBaloIMIA CHHXPOHU3NPOBAHHYIO PaboTy KOM-
IUIeKCa; Jajiee HauyMHAJach [10Ja4ya ra3a u Ipou3BeJeH
«IIOIKUTY TUIa3MBl; MOCTIE MOSBICHUS IUIa3MEHHOTO (da-
KeJsia ObLTa 3aMylieHa perucTpanus JaHHBIX Ha Kamepe.
Yepes HECKOJIBKO CEKyHJ IIPEKpallalach nojada Hamps-
JKEHHsI Ha IIa3My, NepeKphIBaiach mojada rasa, mocie
Yero 3aKkaHuMBaJlaCh pErUCTpanus JaHHBIX. TakuM oOpa-
30M, o0ecrieyrBaiach PerucTpamus mia3MeHHO! CTpyH,
MoTOKa rasza 0e3 IIasMsbl, ¢ mapaMeTpamu, OJU3KUMHU K
rnapaMeTpam ra3za BO BpeMsl CYIIECTBOBAHHUS IUIa3MBbI, a
TaKOKe PErucTparys cpesibl 0e3 00beKTa, Kor/a 1mojada raza
IIpeKparieHa.

Ha puc. 5, a mpeacrasinena naTepdepeHINOHHASL
KapTHUHA 3apErHCTPUPOBAHHOIO MTOTOKA Ta3a ¢ IJIa3Moil
(Po+he+plasma) OTHOCUTEIBHO Cpefibl 6e3 00BEKTa ().
3aMeTHM, 9TO MOTOK Ta3a AaeT OONMBIINI BKJIAI B pacmpe-
JICJICHHE Pa3HOCTH (a3, YeM Iuia3ma, Tak Kak oOiamaer
Oosbieit TIOTHOCTRIO. JIJIst BBIZICIICHUS TaHHBIX O (a-
30BOM paclpe/iesIeHNuH, CBSI3aHHOM C CYyII[ECTBOBAaHUEM
TUIa3MBl, IPOM3BE/IEM BBIYNCIICHUS ABYX HHTEp(EporpamMmm
(@0 +he+plasma — Po+he)» TAC Ha IIEPBON 3aPErUCTPUPOBAH 110~
TOK Ia3a C IIa3MOH Qg pe+ pigsme» & HA BTOPOH — IIOTOK rasa
[I0CJI€ BBIKIIIOYEHUS I1JIa3Mbl @), PE3yJIbTaThl BbIUHUCIIE-
HUI B MOHOXPOMATHYECKOM U LBETHOM IIPEACTABICHHSIX
TTOKa3aHkl Ha puc. 5, b, c.

Ha npezncrasieHHBIX H300paskeHUAX BUIHO, YTO KOHY-
co00pa3HbIil PO IIIb, CBI3aHHBIN ¢ U3MEHEHHEM MIOKa3a-
TeIs PEJIOMIICHHSI B Cpeie, CoBMaaet ¢ popmoii mpoduiist
wia3Mbl. MOXKHO 3aKJIIOUUTh, YTO MPEATIOKEHHAS METO-
JIMKa PErUCTPalMi UMIYJIbCHOM TUIa3Mbl HOAXOAUT JUIS
perucTpanyy Takux MpoLeccoB |, B AalbHEHIIEM, JTOIDKHA
MO3BOJIMTH NPOBOJMTH OLIEHKY KOHIIEHTPALIMH 3JIEKTPOHOB
B IJIa3Me Yepe3 ONpeieieHNe ee II0Ka3aTesisl IPEeIOMICHHSI.

Y, mm

0

10 X,mm 0 10 X, Mmm

Puc. 4. Uatepdeporpammebl (ha30BbIX H3MCHEHUH, CBSI3AHHBIX C HAJTMYHEM ILIA3MEHHOM TYT'H OTHOCUTEIBHO HETIOBHKHOTO
BO31yxa (a) ¥ BO3yXa MEXKIY UMITYTbCAMHK JAYTHU JUIsi MOHOXPOMHOTO (b) U IIBETHOTO () MPECTaBICHHIA

Fig. 4. Interferograms of plasma arc in relation to the air (@), to the air and between the plasma pulses (monochrome image) (b),
to the air and between the plasma pulses (color image) (c)
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Puc. 5. ntepdeporpamMmbl (a3oBbIX U3MEHEHHH, CBSI3aHHBIX ¢ HAUIMYHEM IUIA3MEHHON CTPYH B IIOTOKE ra3a OTHOCHTEIBHO
HETIO/IBI)KHOTO BO3/1yXa (@), M IOTOKA TeJIUs MLy MMITY/IbCaMH IIJIa3Mbl IIPU MOHOXPOMHOM (b) M IIBETHOM (¢) NMPEACTABICHHSX

Fig. 5. Phase difference distribution of plasma jet in the gas flow in relation: to the stationary air (a), to the helium flow and between
plasma pulses (monochrome image) (b), to the helium flow and between plasma pulses (color image) (¢)

3akjarouenne

Pazpaborana Metonuka peructpanuu Gpa3oBbIX HU3Me-
HEHMH, CBSI3aHHBIX C TIOKA3aTesIeM MTPEIOMIICHUS TL1a3Mbl,
KOTOpasi TEHEPUPYETCsl B UMITYJIbCHO-TIEPUOMYECKOM pe-
JKMME TIpU aTMoc(epHOM AaBlieHHH. B pesynbrare mpo-
BEJICHHBIX AKCIIEPUMEHTOB IOJYUYCHBI CBEJICHHS O (a3o-
BOM KOHTpAcTe TI0Ka3aTeslsi IPEeJIOMIICHHS] YUCTOTO Teus,
TUTa3MEHHOM JAyTH W MMITYJILCOB IIa3Mbl, KOTOpPBIE TeHe-
PUPYIOTCS B IOTOKE pabouero raza — renus. JJokasana
paboTococoOHOCTh pa3paboTaHHOTO IKCIIEPUMEHTATh-
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AHHOTANMA

IIpeamer ucciaenopanusi. B pabore paccMOTpeHO MpUMEHEHHE COBPEMEHHBIX U MEPCHEKTHBHBIX METOJI0B
OmopannopOTOHUKH 111 00paOdOTKH OMOAIEKTPUIESCKUX CUTHAIOB Ha 0a3e ONTHYECKUX U aKyCTOONTHYECKUX
ycTpoiicTB. OCHOBHBIE TPYJIHOCTH IPUMEHEHHUS STHX METOIOB CBS3AHEI C TEM, UTO HCCIEAYEMbIe CUTHAIEI SBIISIOTCS
HU3KOYACTOTHBIMU, U TpeOyeTcs pa3padoTKa CIeUaIbHBIX MEp aJalTalliyd pacCMaTPUBACMbIX YCTPONCTB IS MX
obpaborku. Metoa. [Ipeoxkeno BBOAUTE HHPOPMAITHOHHEIH OHOAIEKTPUYECKHI CHTHAJ B @KyCTOOITHYECKYIO CHCTEMY
00paboTKM C BpeMEHHBIM HHTETPHPOBAHUEM, UCTIONB3YsI MOIYIISILIUIO BEICOKOUACTOTHOM HECYIIEH ¢ IMHEHHOH YaCcTOTHOM
MOZYJISIMEH HU3KOYaCTOTHBIM HH(GOPMALMOHHBIM CHTHAIOM. Takasi cUcTeMa JI0JDKHA 00eCIeunTh peain3aluio
ofepanuy CBEPTKU C MOMOIIBIO siueek bparra, KOTopsle OPHEHTUPOBAHBI HABCTPEUY APYT K Apyry. IIpennoskenHbIi
MOJXO0/ 00€CTeunsI BO3MOXKHOCTD BBIYMCICHUS CIIEKTPa MOIHOCTH OMOAIEKTPHUECKOTO CUTHANA M €TO BEHBIET-
npeoOpa3oBaHus, MPUYEM HAINYHE HECYIIEH ¢ JIMHEHHON 9acTOTHONH MOIMymsnueil 00s3aTenbHO 11 000MX BHIOB
00paboTku. BriepBrie HCIIOIB30BaH METOJT ITPEIBAPUTEIILHOTO CHKATHS OMOAIEKTPIYECKOTO CHIHAJIA JUTS €T0 IepeHoca B
BBICOKOYACTOTHYIO 00JIaCTh. JTO MO3BOJIIIIO BBOAUTH HI3KOUACTOTHEIH HH()OPMAMOHHBIH CHTHAT B BEICOKOYACTOTHYIO
AKyCTOONTHYECKYIO CHCTeMY 00pabOTKH C MPOCTPAHCTBEHHBIM MHTEIPHPOBAHHEM. B mpocToM akycToOnTHYeCKOM
KOPPEJSTOpE C OMOPHBIM TPAHCIAPAHTOM Ha BBIXoze (OTONpHEMHHUKA C(HOPMHUPOBaHA OTMOAONIast KOPPEIALHOHHOMN
¢yukuun. [IpuMeneH HAOOp OMOPHBIX TPAHCIAPAHTOB B MHOTOKAHAJILHOM KOppENsTOpe AJIsl pealn3alui BeiBier-
aHanM3a MPOTSHKEHHOTO OMOAIEKTPUUECKOTO CUTHANA C UCIIONb30BaHNEM MaTepuHCKoro BeiiBnera. [IpenBapurenbHas
onTHyeckas 00paboTka HCCIeTyeMOTo CUTHANIA OCYIIECTBIEHA Ha KUIKOKPUCTATIIMIECKHX MaTpuiax. OCHOBHbIe
pe3yabTaThl. Brimonnen anann3 o0paboTKN AIEKTPOKapIHOCUTHAIOB, CHATHIX C MOJOMBITHBIX JKHBOTHBIX (KPBIC) C
HCTIONB30BaHNEM JKHIKOKPUCTAIIMIECKON MaTPHUIIBI AJIST BBOJIA ATUX CUTHAJIOB B ONTHYECKyIo cucteMy. [lokasaHo,
YTO CIIEKTpaNbHAs U BEHBIeT-00paboTKa MOTYT OBITH pean30BaHbI O3 NCIIONB30BaHUS MOIYIISIIUH BEICOKOYACTOTHOM
HecyIieil HU3K04aCTOTHBIM HH(POPMAIMOHHEIM curHasioM. [IpakTHyeckast 3HAYNMOCTS. Vcrons30BaHue MOy YeHHBIX
PE3yabTaTOB MO3BOJIUT CO3/IaTh HOBOE CEMEHCTBO YCTPOMCTB BEHBICT-00pabOTKH OMOAIEKTPUICCKUX CUTHAJIOB,
peanusyeMoill B pealbHOM MaciiTade BpEMEHH, YTO BHECET BaXKHBIH BKJIAJ B COBEPIICHCTBOBAHHE ITUATHOCTHUKU
3a00J1eBaHNI CEePICUHO-COCYMCTON CUCTEMBI, TOJIOBHOTO MO3Ta U LIEHTPAIbHON HEPBHOW CHCTEMBI.
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Abstract

The application of modern and perspective bioradiophotonics methods on the basis of optical and acousto-optic devices
for the processing of bioelectric signals (BES) have been considered. The basic application difficulties of these methods
are connected with the fact that the studied signals are of low frequencies, and development of special actions are
required for the processing devices adapting. It has been proposed to introduce into acousto-optic processing system
with time integration the bioelectric signals using method of high frequency carrier with linear frequency modulation
which is modulated by low frequency signal. The system configuration has to provide the realization of convolution
procedure; hence, the used Bragg cells must be oriented oppositely to each other. The performed analysis has shown
that it is possible to realize both signal power spectrum calculation and its wavelet transform; the presence of carrier is
obligatory for both kinds of processing. Also, the method of the preliminary BES compression has been proposed for
its transmission into the high frequency area. In this case, the possibility occurs to introduce the signal into the acousto-
optic processing system with spatial integration. In the simple acousto-optic correlator with the reference transparency
the envelope of the correlation function is formed depending on time. Using the set of the reference transparencies in
the multichannel correlator, it is possible to realize the prolonged BES wavelet analysis using the mother wavelet. The
optical preliminary BES processing can be also performed using liquid crystal arrays. The analysis of the processing
of electrocardiac signals obtained from the experimental animals (rats) has been listed using the liquid crystal array for
the signal introduction into optical processing system. It has been shown that both spectral and wavelet processing can
be realized in this case without using of the high frequency carrier by the low frequency signal. The use of the obtained
results will make it possible to create a new family of devices for wavelet processing of bioelectrical signals implemented
in real time which will make an important contribution to improving the diagnosis of diseases of the cardiovascular
system, the cortex, and the central nervous system.

Keywords

bioelectric signals, optical processing, liquid crystal arrays, acousto-optic spectrum analyzers, convolvers and correlators,
liquid crystal arrays, information signals compression
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BBenenue

BrIsiBiICHHE HOBBIX JTUArHOCTHYECKH 3HAYMMBIX Map-
KEpPOB ¥ MPU3HAKOB PA3IMYHBIX MATOJOTHUN KUBBIX CH-
CTeM — OJIHa M3 OCHOBHBIX 3aJ1a4 KaK JJISl MEJIUKOB, TaK
W JUISl TEXHUYECKUX CIEIMAICTOB, pa3padaThIBAIOIINX
CHCTEMBI M3BJICUCHUS HH()OPMALTUH U3 OUOITCKTPUICCKIX
curnanos (b3C). B wactnoctn o6padorka BOC nomkna
o0ecIIeunBaTh HAICKHYIO THATHOCTHKY CEpACYHO-COCYIHU-
CTBIX 3200JICBaHUH, a TaK)Ke MATOJIOTHI TOJIOBHOTO MO3Tra
1 [EHTPATbHON HEPBHOH CHCTEMBI. JTa 3a7adya MOXKET
OBITH pelIeHa Ha OCHOBE HCIIONIb30BAHNS HHCTPYMEHTAIb-
HOHM 3JeKTPO(HU3NOIOTHH CBEPXBBICOKOTO Pa3PEIICHUS
(CBP) — HOBOTO aBTOPCKOTO METOJIa U3YUYCHHUS DIEKTPH-
YEeCKOW aKTUBHOCTHU KJIETOK, TKAHEW U OPraHoOB KUBBIX
cucteM [1]. MeToa ocHOBaH Ha W3BIEUYEHUH MaKCUMaJILHO
BO3MOYKHOTO 00BbEMa I0JIe3HON HH(OPMAIHN O COCTOSIHUH
HCCIIeyeMOro O0BbEKTa M BKIIIOYAET B Ce0sI JIBE OCHOBHbIE

coctaBHble yactu CBP: meToxn anexTpokapauorpaduu
(OKT), obecreunBaromuii u3yuyeHne TOHKOH CTPYKTY-
peI anextpokapauocurnanos (OKC) [2], a Takke MeTon
anekTposHnedanorpadun s 1eTaIbHBIX NCCICJOBAaHNI
anexrposHuedanorpapudeckux curuanon [3]. Oxna u3
TTIaBHBIX UACH METO/a MHCTPYMEHTAIBHON 3IEKTpOopu-
suonoruu CBP u ero cocTaBHBIX yacTeil 3aKiodaeTcs B
pacIIMPEeHNnH aMIUIUTYAHOTO U YaCTOTHOTO JHAa30HOB
crema, peructpanuu u oopadorkn BOC CBP 3a cuer nmpu-
MEHEHHsI HOBEUIINX HH(OPMAIIMOHHBIX TEXHOJIOTHI U ca-
MO COBPEMEHHOH paJin03IEKTPOHHON 3JI€MEHTHOH Oas3hl.
JlaHHBIE METO/IBI TIPEUIOKEHBI U pa3padaThIBAIOTCs OTHOM
U3 BeIyIIMX Hay4HbIX Ko Poccuiickoit @eneparyn (PD)
«PannosnexrponHble U MH(GOPMAIIMOHHBIE CPEJICTBA OLICH-
K1 (DPM3HOJIOTHYECKUX TApaMeTPOB XKUBBIX cuctem» (PONC
7KC) Bo 1iaBe ¢ mpodeccopom, TOKTOPOM TEXHHUECKHUX
Hayk K.B. 3aiiuenko. Cosetom no rpantam IIpesunenta
Poccuiickoit deaepanun KOJIEKTUB HAYYHOM LIKOJIbI
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K.B. 3ainueHko, b.C. lN'ypesuny, C.A. Porog, A.A. Kopatokosa, M.C. Ky3bMuH

PBUC XKC Obu1 npu3HaH nodenureneM KOHKypca BEAY X
HayuHbIX mKkoia PO — Ceunerensctso HII-3455.2012.8.
B Hay4Hy!0 MIKOIY BXOJST YUYEHBIC Pa3JIMUHBIX HAYYHBIX
opranuzaiyii n ynusepcuretoB PD, a 6azoii 1yt ee pabOThI
siBIsieTcst THCTUTYT aHAIIMTUYECKOTO IPHOOPOCTPOCHUS
PAH.

K coBpeMeHHBIM 1 NEPCIIEKTUBHBIM MeTO/1aM (hOTOHH-
ku 00pabotku BOC, i KOTOPBIX CETOMHS MPUMEHICTCS
TePMHH «OHOPaTnopOTOHHNKAY, CIEAYyeT OTHECTH TaKue
METOJIBI KaK ONTUYECKYIO U aKyCTOONTHIECKYIO 00paboTKN
STHX CUTHAJOB. VIX OCHOBHBIE JOCTOMHCTBA — IPOCTOTA
U Malible radapuThl peaju3yroluX YCTPOUCTB, HU3KOE
9HEpromnoTpedieHue U BrIcoKoe ObIicTponelicTBue. [Ipu
obpaborke Hu3kouacToTHBIX (HY) curnanos, ojHu U3 Ko-
Topbix — BOC, OpicTponeiicTBrs IM(POBOTo mpoleccopa
noctarodHo. OHaKo B HEKOTOPBIX CHEIU(PUIECKHX CITyda-
SIX, KaK, HallpuMep, KOra HeoOX0AnMO 000HTHCEH Oe3 Arek-
TPOHHO-BBIYMCIINTEIBHBIX MAIINH JJIsI YMECHBIICHNS Beca
7 TabapuTOB yCTPONCTBA CIEKTpanbHOi 00padboTkn BDC
[4], akTyarpHO IPAIMEHEHNE ONTHYECKUX M aKyCTOOIITHYE-
CKHX CPeACTB. B paHHNX paboTax, MOCBAIIEHHbBIX ONTHYE-
cKoit 00paboTke HY curuasios, npeaioKeHo UCII0Ib30BaTh
yCTpOICTBA BBO/IA B BUJIE 3aIIMCH CUTHAJIOB HA (DOTOILJICH-
ke win Ha Tpyoke «Tutyc» [5]. Takxke pekoMEHIOBaHBI
aKyCTOONTHYECKHE YCTPONUCTBA C MPOCTPAHCTBEHHBIM U
BPEMEHHBIM MHTErpUpOBaHuEM, B KoTopbix HU curnan
MOAYJHMpYET BhIcOKouacToTHyI0 (BU) Hecymyro [6].

BaxxHeWmnii nCTOYHNK MHPOPMALMH O CBOMCTBAx
CUTHAJIa — €ro BeHBIeT-peo0pa3oBaHue, B TOM YHCIIE
pean3yeMoe ¢ MOMOIIBI0 ONTHYECKOro mpoueccopa. OHo
TIOJIE3HO JUTS UCCIIEIOBAHNS HECTAIIMOHAPHOCTH CUTHAIIA,
OTIpEZIeNICHNUS eT0 crenn(puuecKnX 0COOCHHOCTEH 1 Xa-
PaKTEPHBIX AJIEMEHTOB, a TAKXKe JUIs TIOMCKA UX JOKaJIU-
3aruu [7]. OCHOBOH CUCTEMBI ONITHYECKOW 00pabOTKH B
9TOM Cilydae OOBIYHO SIBJISIETCS] ONTHYECKUN KOPPEISITOP,
cHaOxeHHBIH Habopom BeliBieT-GuibTpoB. [Tponenyps
ONTHYECKOW 00pa0OTKH B TAKUX MPOIECCOPAX OOBIUHO
IIPeyCMaTpHUBAIOT JINOO ToJI0TpaduuecKylo 3aIruch, mpe-
HMMYIIECTBCHHO METOIAMH THHAMHUYCCKOM roorpadun [§],
MO0 PETHCTPANNIO N300PAYKEHNUS C TTOMOIIBIO Pa3IMUHbBIX
MIPOCTPAHCTBEHHBIX MOAYIATOPOB cBeTa [9, 10]. Otu BuabI
MIPOLECCOPOB 0OECTIEUNBAIOT TOTYUICHHUE AAHHBIX O Ya-
CTOTHO-BPEMEHHOM PaCTIpEACICHIH H3y9aeMOT0 CUTHAIA.
bnaronapst 3ToMy JOCTHraeTcsi BBICOKOTOYHAS JIOKAIN3a-
LUl HEOHOPOIHOCTEH M XapaKTepPHBIX 3JIEMEHTOB HCCIIe-
JyeMOTO CUTHaJIa.

Jist obecrieueHust CieKTpaibHOM U BeHBIET-00paboTKH
BOC, HeoOxoanmMo 100UThCsT BOBMOXKHOCTH pa3perieHus
O4YeHb HMU3KHX 4acToT, XapakTrepHbix g BOC. Kak OKC,
TaK W 3JIeKTpodHLe(anorpapuieckue CUrHaIbl Jaxe s
pexumMa CBP umeror nmonocy 4acToT, pacno0KEeHHYIO
MEK/Ty HECKOJIBKMMH TepPIIaMH M HECKOJIbKUMH KHJIOTepIia-
MH. DTO 00CTOSITEILCTBO CO3/IAET JONOJIHUTEIILHOE TPeOOo-
BaHNE K cUcTeMe 00pabOTKU U PsiIl TPYIHOCTEH, MOCKOIIbKY
aKyCTOONTHYECKHE YCTPOHCTBA PabOTAIOT C CUTHAJIAMH,
YaCTOTA KOTOPBIX COCTABISIET AECATKH U COTHH MeTarepil.
CrnenoBaTenbHO: aKyCTOONTHIESCKIN TPHOOP TOIHKEH OCY-
MECTBIATH CIEKTPaIbHYIO U BelBieT-00padoTky bOC;
YaCTOTHBIE JIMAIa30HbI UCCIIEAYEMbIX HH(POPMAIIMOHHBIX
CHTHAJIOB M aKyCTOONTHYECKUX YCTPONCTB JIOJI’KHBI OBITH
COITIACOBAHBI.

Oo6padorka BIC akycToonTuyecKUMHU yCTpoiicTBaMu
¢ BpeMeHHbIM HHTEeTPHPOBaHHEM

O0603HaYCHHBIE 3a/Ja9l MOT'YT OBITh PEIIEHBI C UCTIONb-
30BaHUEM aKyCTOONTHUYECKHUX MPOLECCOPOB C BPEMEHHBIM
UHTEerpupoBaHueM. [IpuHIHNI BpeMeHHOTO HHTETPUPOBa-
HHUsL U1 aKyCTOONTUYECKUX YCTPOMCTB CIIEKTPAJIbHOIO
aHaJn3a npeyioxkeH B padbotax [11, 12]. Cxema npocTtei-
IIEr0 CHEKTPOaHaIM3aTopa ¢ BpeMEHHBIM MHTETPUPOBa-
HHEM I10Ka3aH Ha puC. 1, rie L — MoymmprHa arneprypeal
BXOJIHOTO CBETOBOTO Iy4Ka, F' — (OKyCHOE paccTosiHUE
JIMH3, a Sy, () — BBIXOJHOM curHaj, CHUMaeMslii ¢ Qoro-
JIETEeKTOpa.

[TpuHIMIIEL paOOTHI JAHHOTO YCTPOICTBA M KOHBOJIbBE-
pa Montromepu [ 13] mpentnanst. B ciaydae, ecnu mpezto-
JKEHHasl OTITHYECKAsi CXeMa IIPUMEHSETCS ISl CIIEKTPalb-
Horo aHanu3a bOC [14], To B Hell oguH U3 cUrHaNoB s (f)
MpecTaBiIsieT cO00N Kojebanue ¢ JIMHEMHONW YacTOTHOM
Moaymsueid (JIYM), MoaynupoBaHHOE MO aMITIUTYIE
aQHAJIN3UPYEMbIM HH(GOPMALUOHHBIM CUTHAJIOM §,(1), a
Jpyroii curuai s,(¢f) — JIYM-konebanue ¢ IpsIMOyTOIbHOM
orudaromei.

Onruyeckast cxemMa BKIIIOYaeT B ce0sl JBE OMHAKOBHIC
BCTPEYHO OPHEHTHPOBaHHBIC siueliku bporra. J[Be aMH3bI
oOecreunBaloT onTHYeckoe npeodpazosanue Oypne Mo
JIBYM KOOPIHWHATaM, a PEKEKTOPHBIH GuiabTp (OreHmna)
BBIpe3aeT HyJIeBOH MudpakIHMOHHBIN MOPsAI0oK. MHOTO-
SJIEMEHTHBIA NTUHEHHBIN (HOTOAETeKTOp obecmeunBaeT
HaKOIUICHHE 3apsija U GOPMUPYET BBIXOAHON CHUTHAI.
BrimonHeHHBIN aHanu3, Ha OCHOBE puc. 1, mokasan [14],
4TO €CJIM NPHUHATH BPpEMs HAKOIJICHUSA 3apsda Ha (I)OTO-
JACTCKTOPE PAaBHBIM JJIMTCJIBbHOCTU NEPUOAA MOAYIAINN
JIUM-konebanus, TO HAKOIIJICHHBIC 3apsiibl OYIYT MPOTIOp-
IIMOHAIBHBI CIIEKTPY MOIHOCTH aHATU3UPYEMOT0 CUTHaIA.
[Ipu 5TOM BpeMsi HAKOIIJIGHUSI B COBPEMEHHBIX JIMHEHKax
WM MaTpunax GOToAeTEeKTOPOB JOCTUIIIO EANHHI] CEKYH/I.
Pa3pemmMBbIii 9acTOTHBII WHTEPBAN JJIS aKyCTOONITHYE-
CKHUX MPOLIECCOPOB TAKOTO TUIIA ONPEEISIETCS] BpEMEHEM
HaKOTUICHUs (POTOTPHEMHHKA, TIOATOMY OH MOXKET COCTa-
BUTDH BEJINUUHY TOPSIZIKA JIECSTKOB-COTEH repil. OTmeTnm,
4yTO 00Imas paspemaronas CioCOOHOCTh TAKOTO yCTPOM-
CTBa HEC MPEBBIMIACT €€ 3HAYCHUA JII aKyCTOOIITUYCCKUX
CIEKTPOAHAIN3aTOPOB C MPOCTPAHCTBEHHBIM UHTETPUPO-
BaHMEM, [TOITOMY T10JIOCA aHATM3UPYEMbIX 4aCTOT MOXKET
0Ka3aTbcsl KpaliHe HEeBBICOKOM M Bcero Ha 2-3 mopsaka
MPEBBINIATh Pa3pelINMbIi YaCTOTHBIM WHTEpBaN (JOJIH

$x(f) PexexropHblii

* Sueiixa $ubTp
| Y Bbporra 2

Sgbix

L N
L
Slueiixa &
Bbporra 1 F ‘ F

s1(0) JIunza JIunza

®doTtoaeTekTop

Puc. 1. OnTuueckas cxema aKyCTOONTHYECKOTO
CIIEKTPOAHAIIM3aTOPA C BPEMEHHBIM MHTET PUPOBAHHEM

Fig. 1. Optical circuit of acousto-optic spectrum analyzer with
time integration
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repl — eJIUHUIBI repi). Takux 3HaueHUH MOXKET OBITh
JIOCTAaTOYHO ISt aHaM3a ctanaapTHeIX BOC, uccnemyemsix
B OKI 1 snexrposnnedanorpaduu.

B cxeme konBonbBepa MonTromepu (puc. 1), cormacuo
[15], Ha sgeiikax oTompueMHHKa (HOPMHUPYETCS 3apsi,
KOTOPBIM MPOMOPIMOHAIICH SHEPTUH TAJAIOIIETO CBETa
3a BpeMs 3aCBETKH M OTPAaHWYMBAETCS JOIYCTUMBIM Bpe-
MEHEM WHTETpHUpOBaHMs TuHEHKH. Pacuer sHeprun [6]

UMeEET BUI:
1 e 2 1 N X 2
E(x)=—[|Re3, (——t) dt+—| Resz(t-ir——Ta) dt+
47 v 47 v
1
+—Re{j§l*(£ft)§2(t+£fTa)dt}, (1)
2 7 \v y

rJe § — KOMIUIEKCHBIH CUTHAJN; X U V — KOOpJUHATa U
CKOpPOCTb 3ByKa B CpeJie 3ByKOIIPOBO/Ia BAOJb A4ueek bparra
u Qoronerexropa; t — Tekyee Bpems; 7, — BPEMEHHAS
areprypa sueiiku bpoarra; 3nak (*) — KOoMIUIEKCHOE co-
npspkenue. [lepBbie 1Ba WieHa MpaBoi YacTH ypaBHEHUS
(1) — mocTostHHBIC BETMYMHBI PU TOCTATOYHO OOJIBIIOM
BPEMEHM UHTETPUPOBaHUs 1, a TPETUI YJIEH IPEICTABISET
co00i1 cBepTKy (DyHKIHH §1(¢) 1 55(7).

[IpuBeneHHbIC BBIIE COOOPAXKEHHUS MO3BOJIIN BIEP-
BbI€ HCIIOJIB30BATh CXEMY KOHBOJIbBEPA C BPEMEHHBIM HHTE-
rpupoBaHueM (KOHBOJIBBEp MOHTroMepn) IS peai3anuu
BEHBIET-Npe0OpazoBaHusi HHPOPMAIIMOHHOTO CHUT'HAA
51(f), COCTOSIIIETO B CBEPTKE 3TOTO CUTHAJIA C €r0 MAaTepUH-
CKHM BeliBIeTOM $,(7) [15].

B xonBosibBepe Montromepu [13] mpeaycMoTpeH BBOJ
pazoYacTOTHBIX CHT'HAJIOB S;(f) B COOTBETCTBYIOIINE JIBE
stueriku bparra, mis popMupoBaHUs X CBEPTKH B COOT-
BeTcTBUU ¢ (opmynoit (1). DTo mamo BO3MOKHOCTH [15]
MIPEATIOKUTEH ABTOPCKYIO peann3alfio BeiBneT-mpeodpa-
30BaHMs OMOAIEKTPUUECKOTO CUTHAIA, 3aKJIIOYAfOIIyIOCs B
aMIUTUTYTHOW MOTYJIALIMY JIBYX PaJiOYaCTOTHBIX HECYIIINX
B siuetikax bpoarra (puc. 1) uadopmanronasiv bO3C u ero
MaTEPUHCKUM BEHUBIIETOM.

B 3TOM ciryuae BBIXOAHOM CUTHAJ aKyCTOOITHYECKOIO
BEUBIET-IIpoIleccopa — KOHBOJIbBEPA C BPEMEHHBIM HMH-
TErpupOBaHNEM MOXKET OBITh TpejcTaBiieH B Bue [15]:

0(x) = Re {Aexp(i2KOx)L/ij;Tsl(t + % )s2 (% - t) dt} e

rae Ky = Qy/v, Qy — HauanbHas yactora cursana JIYM-
Hecymiel; L — pa3Mep JUHENHHON anepTypsl aKyCTOONTH-
yeckoi stueliku; C — mbejectan ¢ IepeMEeHHON aMIUIn-
TyAoM.

CrnenoBarenbHO, ITPU UCTIONB30BAHNU HECYIETO pa-
nuovactoTHoro JIYM-curnana HaKOIJIEHHBIN 3apsi Ha
¢doronpuemuunke (I13C-nuHelKe) HECeT HHPOPMALIHIO O
BEHBIIET-TTPe00Pa30BaHNH CUTHAINA §((f) IO MAaTEPHHCKO-
My BEHBIETY §,(f) ¢ mapaMeTpoM BpeMEHH HAKOILIeHHs 7.
Takum o0Opa3om, cyIiecTByeT BO3MOKHOCTh Ha OJHOM
AKYCTOOINTHYECKOM MPOIIECCOpPE C BPEMEHHBIM HHTEIPH-
poBaHueM Ha 6a3e KoHBOJIbBepa MOHTroMepH Npu rnojayue
Ha ero BXOJbl PA3JIMYHBIX COOTBETCTBYIOIIMX CUTHAJIOB
MIPOM3BOIUTH BBIYHCIICHHE HE TOJBKO CIEKTPa MOIIHOCTH
undopmanuonsoro b3C s,(¢), Ho u ero BeliBiIeT-NIPeod-
pa3oBaHusl.

Oo6padorka BIC akycToonTHYeCKMMH YCTPOHCTBAMHU
€ MPOCTPAHCTBEHHBIM HHTETPHPOBAHHEM

Bonee mpocThIMH SABIIAIOTCS aKyCTOONTHYECKUE KOP-
PEISTOPBI U @aHATM3ATOPBI CHEKTPA C MPOCTPAHCTBEHHBIM
WHTErpupoBaHUEM. VX HET0CTaTOK — HEBO3MOXHOCTH
00pabOTKH CUTHAJIOB, JUTUTEIBHOCTH KOTOPBIX IIPEBBILIAET
BpPEMEHHYIO anepTypy sueiiku bparra — He Oosee He-
CKOJIBKHX JIECSITKOB MUKPOCEKYH]I. DTy TPYAHOCTb MOXKHO
oboiiTH, nonasas B cucremy HY curnas, cxarblii Bo Bpe-
Menu [16, 17]. TIpu 3ToM monoca curHana pacuIupurcs B
YHCIIO Pa3, paBHOE KOIPPHUIIUEHTY CHKATHS, HO, TIOCKOJIbKY
AKyCTOONTHYECKHE YCTPOHCTBA MMEIOT MIMPOKYIO TTOJIOCY
MIPOITYCKaHUsI, 3TO BIOJIHE JIOMYCTUMO, IAKE ECITH CHKATHIM
curHajoM Oyrmet momynmupoBathes BU Hecymas. Cxxarue
B3C MOXHO OCYIIECTBIATH, CAUTHIBAS €r0 U3 OyepHOTro
3aIIOMUHAIONIET0 YCTPOICTBA CO CKOPOCTHIO, OONBIIEH,
4yeM CKOpOCTb 3anucu. Hampumep, /uis moucka pparmeH-
ta HY curnana anutensHOCTHIO 10 MC B IPOTSKEHHOM
curhHaine ¢ nonocoit 2 k', MmoxkHo cxarb ero B 1000 pa3.
Torna miuTeabHOCTh parMeHTa coctaBuT 10 MKC, U OH
MIOMECTHUTCSI Ha OIIOPHOM TPAHCIAPAHTE KOPPEIATOpa C
JUIMHOH, COOTBETCTBYIOLIEH BpEMEHHO! anepType suei-
ku bporra. [Tonoca cxxaroro curnana cocraBut 2 M.
Amnanoro-1dpoBoii 1 IU(PPO-aHAIOTOBBIH Ipeodpa3oBare-
JIM, @ TAKXKe YCTPOHCTBO Oy(epHOM MaMSATH MPH TAKMX T1a-
pameTpax CUTHAIOB MOXHO JIETKO pean30Barh. B mpoctom
AKyCTOOTITHYECKOM KOPPEIISITOPE C OTMIOPHBIM TPAHCIIAPAH-
TOM Ha BBIXOJe (POTOTIPHEMHHUKA MIPH 3TOM (pOpMHUpYyeTCs
orubarorast KOppeasiuoHHON GyHKIwH. Vcrons3ys Habop
OTIOPHBIX TPAHCIIAPAHTOB B MHOTOKaHAIBHOM KOPPEIATOPE,
MOXHO pean30BaTh BeUBIET-aHAIN3 NPOoTshkeHHOro bOC
C UCMOJIb30BAaHUEM MATEPUHCKOTO BeilBleTa, 3aBUCSILETO
OT ABYyX napametpos [12].

Hcnonp3oBanue JKUIKOKPUCTATINYECKHX MATPULL
s oopadorku BIC

B Hacrosiiee BpeMst OZIHO U3 MEPCIEKTUBHBIX OMTH-
YECKHX YCTPOWCTB BBOAA MH(OPMALUU B CHCTEMY 00-
pabotku — xuakokpucramumyeckue (OKK) marpuust ¢
9JEKTPOHHBIM yrpaBienueM [18]. Paccmorpum Bo3mMoxk-
HOCTH HMCHOJB30BAaHUS TaKuX Marpui npu Beojae bOC B
cucremy obpabotku [19]. Unucno oTcueToB B peannsa-
nun HY curnanos DKI' CBP 3agacTyro HEBEIHKO, Tak
Kak BCsl MH(OpMAIMs O CUTHAJE, ATUTEIBHOCTHIO | € ©
nosocoit 2 k', comepxutcs B 4000 orcueron. KK ma-
TPHUIBI C TAKAM YUCIIOM ITHKCEIIOB B CTPOKE CYILIECTBYIOT.
Hcnonb3yst HECKOIBKO CTPOK MaTPHUIIbl, MOYKHO BBOANTH B
OINTHYECKYIO CHCTEMY HECKOJIbKO CUTHAJIOB JUIsl X Tapajl-
JICNIbHOM 00pa0®oTKu. J[J1s1 CUTHAIOB ¢ OOJIBIINM YHCIIOM
OTCYETOB (J10 HECKOJIbKMX MUJUTHOHOB) MOXXHO IPUMEHUTh
ux pactpossiii BBoJ B JKK marpuiy, a Gonee JuIMHHBIE
CUTHAJIBI — 00pabaThIBaTh OTACILHBIME ()parMeHTaMu.
B cBs3m ¢ Tem, UTO BpeMs Ha ONTHYECKYIO 00paboTKy
U PETUCTPALMIO CUTHAJIOB Ha BBIXO/IE€ CHCTEMBI rOPa3JI0
MeHbIIe amuTensHocT bOC, mpomycKu mpyu BBOJIE CHT-
HAJIOB U3-3a 00pa0OTKH MPEABIAYIINX (PparMeHTOB OyayT
Mmaibl. Kpome Toro, pyu NCTIONb30BaHUHU JIBYX ITOOYEPETHO
paboTarIIUX CUCTEM, POMYCKOB B 00pabOTKE MOXKHO
MOJTHOCTBIO N30€XkKAaTh.
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Ha ocHoBe onTuueckux ycTpoicTB 00pabOTKH C BBO-
JqoM curHanos JKK marpuniamMu MOXKHO cO37aTh OHOKa-
HaJbHbIE 1 MHOTOKaHAJIbHBIE aHAJIU3ATOPBI CHEKTPA, KOp-
PEISTOPHI M KOHBOJIBBEPHI CHTHAJIOB C TIPOCTPAHCTBEHHBIM
MHTETPUPOBAHUEM, B TOM YHCIIE U I 0OpabOTKH Ipo-
TsDKEHHBIX curHaioB [20, 21]. B aTux ycTpoiicTBax He
TpebyeTcst ucmonp30BaTh Moaysanuio BY wvecymeir HY
curaanoM. Takum obOpa3om, npumenenune KK matpur ¢
SNIEKTPOHHBIM YIPABICHUEM YIIPOIIAET YCTPOHCTBO BBOJA
U SIBIISICTCS TIEPCIIEKTUBHBIM [t 00padotku bIC B ontu-
YECKUX CHCTEMaXx.

ITepBble sKCHIEpUMEHTAIbHbBIE HCCIEI0BAHHUS BO3MOXK-
HOCTH onTudeckoil oopadorku BOC npoBeaeHb aBTO-
pamu Hacrosiel paboThl Ha JelcTByIOIEM MakeTe (y-
pee-npoueccopa ¢ KK marpuineit or BuaeonpoexTopa
[22]. Beibopka B 1024 orcuera u3z DKC CBP, cusToro
B MHCTHTYTE SKCNEpUMEHTaIbHON MenuuuHel LlenTpa
B. A. Anma3oBa ¢ TOJOTNBITHOM KPBICH [4], BBOIMIACE B
BH/JIE IPOCTPAHCTBEHHOTO curHaia B crpoku KK mMarpuiipl.
JlnvHa cUrHaIa COOTBETCTBOBAJA JUIMHE CTPOKH MATPHIIBI,
a MIMPHHA 3aHMMaJla HECKOJIBKO PSIJIOM PacIIONOKEHHBIX
CTPOK C IENbI0 YBEINYCHNUS MOITHOCTH BBIXOJHOTO CHT-
Hausa npoteccopa. [yt BBoa OUIOJISIPHBIX CUTHANIOB K
OKC CBP nobaBneH curia mojacTaBku (IOCTOSTHHASI CO-
crasystronast). [Tpumep n3o0paeHuss HA MOHUTOPE BBOAU-
MOTO MaTpULEH BXOJHOIO CUTHalla ONTUYECKOH CHUCTEMBI
MoKa3aH Ha puc. 2. TeMHOe o€ COOTBETCTBYET HE3aHATON
CUTHAJIOM YaCTH MaTpPHUIBI.

BrixomHO# curHaNm B OKAIBHON TUIOCKOCTH (Pyphe-
00BEKTHBA, COOTBETCTBYIOIINH SHEPTEeTHYECKOMY CIIEK-
Tpy cymmbl OKI' curHama m mopcTaBKH, 3apeTHCTPUPO-
BaH ¢ momoImbi0 BOb-kaMephr 1 BEIBEIEH HA MOHHUTOP.
OnHOBpEMEHHO Ha BTOPOM MOHHTOPE MOXKHO OBLIO 3a-
perucTpupoBath BEIOpaHHOE cedeHue crekrpa. Ha puc. 3
NPHUBEICHBI BHIXOJHON CHTHAJ f ONTHYECKOW CHCTEMBI
(PHEpreTUYeCKuil CIIEeKTP) U €ro CeueHre Mo OCH YacTOT
Juts Hu3KouacToTHOM cocransonieit OKC CBP (13 HY ka-
Hausa). Yactotsl Beite npumepHo 100 't ordrnbTpoBanb
B OKC CBP 10 nogauu cursaia B ONTHUYECKYIO CHCTEMY.
B cnexrpe xopomo BUAHBI TapMOHUKH HU3KOYAaCTOTHBIX
BeIOpocoB DKC CBP. Home Ha wacToTHOI ocu (puc. 3, a)
COBIIAJIAET C IIEHTPOM Y3KOTO CHEKTPa MOCTOSIHHOH Cco-
CTaBIISTIONIEH, MAaKCHMYM KOTOPOTO OTpaHu4eH (OTONpH-
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Puc. 2. HabnronaeMoe Ha MOHHTOPE H300paKeHNE BXOIHOTO
3JIEKTPOKAPANOCHUTHAJIA Ha MOJICTABKE U3 TIOCTOSHHON
COCTABJISIOIICH, BBOIUMOE B OIITHYCCKYIO CHCTEMY
JKUJKOKPHCTAITHYCCKOM MaTpHILICH; X — KOOpAHWHATA BJIOJIb
n300pakeHust
Fig. 2. Input electrocardiac signal image observed in the
monitor with the pedestal of the constant component introduced
into the optical system by liquid crystal array; x — coordinate
along the image

emHMKOM. [lomdgepkHeM, 4TO Ha puc. 2 N300pakeH BXOI-
HOM CUT'HaJl, COOTBETCTBYIOILIUM CIIEKTPY, NOKa3aHHOMY
Ha puc. 3, a.

Ha puc. 4 moka3aHbl BXOTHOW ¥ BEIXOIHOW CUT'HAJIBI OTI-
TUYECKOM CHCTEMBI, a TAK)KE CEYCHNE BBIXOHOTO CHUTHANA
o ocH 4yacToT npu obpadoTtke BY cocrasnstomnieit OKC
CBP (u3 BY kanana).

YacTotsl Hike npumepHo 100 I'p npeaBaputensHo
or¢punsrpoBansl B DKC CBP. i ynobcTBa perucrpanuu
B BY oOnacTtu criekTp B JaHHOM cityyae ObLI CKaT B JBa
pasa o 4acTOTHOM OCH. 3Has 4aCTOTY TapMOHHK CHUTHaJIA
B HY cniekTpe, MOXHO onpeaenuTs Macital 1Mo 9acTOTHOH
OCH U TpaHHIbl mrymonogooHoro BU crekTpa B gaHHOM
peanmzarun DKC CBP.

CpaBHEHHE BBIXOJHBIX CUTHAJIOB ONITHYECKOTO IPOLIEC-
copa Co CHEeKTPaMH, Oy4EHHBIMH Ha JIEKTPOHHO-BBIUHC-
JUTEIBHBIX MAIIMHAX, [TOKA3aJI0 UX XOpOIlee COBMAICHHE,
YTO CBUACTEIBCTBYET O MEPCIEKTUBHOCTH NMPUMEHEHUS
onrtuueckoro pypbe-nporeccopa ¢ KK marpurieit Ha BXo-
Jie JUIsl petieHus 3a1a4 00paboTKyU OMOAIEKTPUYECKUX
CUTHAJIOB.

< o o L%

rd
0 200 fiTn

Puc. 3. BbIXOHO#M CUTHAJ ONTHYECKOH CUCTEMBI (IHEPreTHUeCKHi CIIEKTp ¢ (ypbe-Tporieccopa) npu 00paboTKe HU3KOYACTOTHOI
COCTaBJISIONIEH IEKTPOKApANOCUTHANA CBEPXBBICOKOTO pa3pelieHus (a) U ero ce4eHne Mo ocu 4acToT (b)

Fig. 3. Output signal of the optical system (power spectrum) while the processing of ultra-high resolution electrocardiac signal low
frequency component (a) and its cross section along the frequency axis (b)
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Puc. 4. BxonHo# (a) 1 BEIXOAHOH (b) CUTHAIBI ONTHYECKOH CHCTEMBI; CEYeHHE BBIXOJHOTO CUTHAJA 110 OCH YacToT (¢) IpH 00paboTke
BBICOKOUACTOTHOH COCTABIIAIOIIEH 37€KTPOKAapANOCUTHAIA CBEPXBBICOKOTO Pa3peleH s

Fig. 4. Input (a) and output (b) signals of optical system; cross section of the output signal along the frequency axis (c¢) while the
processing of ultra-high resolution electrocardiac signal high frequency component

3akaouenune

[IpumeneHne pacCMOTPEHHBIX METOIOB ONTUYECKON

1 aKyCTOOTITHYECKOW 00pabOTKH OMOATEKTPUIESCKUX CHT-
HAJIOB, a TAK)KE MX COBMECTHOE HMCIIOJIb30BAHHUE B pa3-
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AHHOTALUA

Ipenmer uccaenoBanus. [Ipyn qUarHoCcTHKE OHKOJIOTHYECKHX 3a00IE€BAaHUH KOXKH OCTAeTCs aKTyalbHOU mpobiema
HECBOEBPEMEHHOTO BBIIBICHHS MaToioruii. CoBpeMeHHBIE TUarHOCTHYECKUE METObI IMEIOT Psifi HEJOCTATKOB,
CBSI3aHHBIX C OTPaHMYEHHBIMU BO3MOYKHOCTSIMU YEJIOBEUECKOTO 3PEHMS, BRICOKMMH TPEOOBAaHUAMH K HEMHBA3HBHBIM
HCCIEAOBAHUAM U K IU(GPOBOMY MPEJCTABICHUIO ITOJTYYEHHBIX PE3YJbTATOB IS MX Mepeladu Mo KaHallaM
cBsi3u. BakHeiinine 3agaun paHHeid OMHAPHO AMAarHOCTUKU KOXKHBIX HOBOOOpPA30BAHUN MOTYT OBITH PELICHBI C
HCIIONIb30BaHUEM MeToZ0B Onopaanodporonuxku. Meroa. B pabore paccMoTpeH aBTOPCKUIT MHOTOCHEKTPaIbHbIH
MeTo 00pabOTKH M300paXKeHHH yUacTKOB KOKM C UCIIOIb30BAHHEM HOBOTO CHEIUATH3UPOBAHHOTO MOIHXPOMHOTO
HCTOYHHKA CBETA C MPOTPAMMHBIM YIIPABICHHEM UIHHON BONHBI M3mydenus. [IpoaHann3npoBaH NpUHIUI JSHCTBHSA
TaKOTO MCTOYHUKA H 000CHOBAHO IIPHUMEHEHNE HaO0opa CBETOANOIOB CO CIICIHATBHBIM PACIOIOKEHUEM, UTO TIO3BOJISIET
HaIPaBIITh ITyJOK CBETa JII000H JUTMHBI BOIHEI B OTHOM HarpasieHuH. [TonTeepikeH BEIOOp HCIIONb3yeMBIX JJHANa30HOB
JUIMH BOJIH CBETOJIMOJIOB, ONTUCAH MEPBBIH BapHAHT MaKeTa TAKOTO UCTOYHHMKA CBETA, IPUBEAEHBI €ro ONTHYSCKas U
CTPYKTypHasi cxeMbl. [Ioka3zaHo, 4TO ONTHMAIBLHBIM CIIOCOOOM MPOrPAMMHOTO YIPABICHHS JJIHHOW BOJIHBI SIBIISIETCS
ee Tpy0ast HaCTpoiika MepeKIIOYeHNEM CBETOMO/IOB U TOHKAs HACTPOHKA YCTAHOBIEHHBIMU Ha BBIXO/E€ MCTOYHHKA
aKyCTOONTHYECKMMH NepecTpanBaeMbIMi QuiIbTpaMu. OCHOBHBIE pe3yabTarhl. [IpUBEeH Psijl TECTOBBIX CHHUMKOB
MUTMEHTHOTO TSTHA Ha Koke pasmepoM 40 x 30 MM ¢ ATMHAMU BOJH B MpEAEIax OT OMIKHETO YIbTPadHOIETOBOTO
1o OmKkHEro HH(pPaKpacHOTO IMAMa30HOB C MCIIOJIb30BaHNEM 4epHO-0emoit kamepsl. [Ipu nudpooit 06padboTke
TMIOTyYeHHBIX MOHOXPOMATHUECKHUX H300paskeHHH ITPOBEICHBI THCTOTpaMMHAas! SKBAIM3aNs U MeIHaHHasT (prIIbTparus
CHHUMKOB JIUISl paCIIMPEHHs JMHAMHIECKOTO JUana3oHa YPOBHEH SIPKOCTH U MHHUMH3AIMN NCKa)KEHUH, BBI3BAaHHBIX
HEepaBHOMEPHOCTBIO MCCIIEYEMOT0 yJacTKa KoK M HallndueM TeHeBoH 3acBeTkH. [lomydens! rpaduky pacnpeeneHns
AMIUTUTY/IHOI MHTEHCUBHOCTH B HCXOJHBIX U OT(UIBTPOBAHHBIX CHUMKAX JUIsl BBIOPAHHBIX JUIMH BOJH CBETOIHO/IOB.
IToka3aHo, YTO O HAJIMYMM KO)KHOTO HOBOOOPA30BaHMS MOXHO CYIHTh IIO IIPOBaJiaM KPHUBOIl pacnpeeneHus
HMHTEHCUBHOCTH cBeTa. OO0CHOBAHO panalbHOE PACHONIOKEHNE CBETOUOIOB Ha ILIaTe Il MHHUMU3AIUU TEHEBOU
3aCBETKHU IIpU ocBemmeHnn Koxu. IlpakTuyeckasi 3HaUMMOCTh. [IpoBeneHHbIE HCCIEJOBAaHNS MHOTOCHEKTPATbHON
00paboTKN U300paKEHHH ¢ MOMOIIBIO PEANTH30BAaHHOTO ITOJMXPOMHOTO NCTOYHUKA CBETa BHOCAT BKJIAJ B PAa3BUTHE
HOBBIX METO/IOB PAaHHEH AMarHOCTUKH KOJKHBIX HOBOOOpa30BaHMIT HA OCHOBE (DOTOHHKU M ONTOICKTPOHUKH U MOTYT
HaWTH IPaKTHIECKOE IPUMEHEHNE B METUIINHCKIX TEXHOJIOTHSX.

KunioueBble ciioBa
HCTOYHUK CBETA, paK KOXH, MPOrPaAMMHOC YIIPaBJICHUE, HA0OP CBETOAMOOB, aKyCTOOITUYCCKHE ITEPECTPANBACMEBIC
GbuibTphl, UGPOBas 00padoTKa U300pAKECHUT
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Abstract

When diagnosing oncological skin diseases, the problem of untimely detection of pathologies remains relevant. Modern
diagnostic methods have a number of disadvantages associated with the limited capabilities of human vision, high
requirements for non-invasive studies and digital representation of the results obtained for their transmission over
communication channels. The most important tasks of early binary diagnostics of skin neoplasms can be solved using
bioradiophotonics methods. The paper considers the author’s multispectral method for processing images of skin areas
using a new specialized polychrome light source with software control of the radiation wavelength. The principle of
operation of such a source is analyzed and the use of a set of LEDs with a special arrangement is justified which makes
it possible to direct a beam of light of any wavelength in one direction. The choice of the wavelength ranges used
for LEDs is confirmed, the first version of the layout of such a light source is described, and its optical and structural
diagrams are given. It is shown that the optimal way of the wavelength programmable control is its coarse tuning by
switching LEDs and fine tuning by acousto-optic tunable filters installed at the source output. A number of test images
of a pigment spot on the skin with a size of 40 x 30 mm with wavelengths ranging from near ultraviolet to near infrared
ranges using a black and white camera are presented. With digital processing, received monochromatic images, histogram
equalization and median filtering of images were carried out to expand the dynamic range of brightness levels and
minimize distortion caused by the unevenness of the skin area under study and the presence of shadow illumination.
Graphs of the amplitude intensity distribution in the original and filtered images are obtained for the selected wavelengths
of the LEDs. It is shown that the presence of a skin neoplasm can be judged by the dips in the light intensity distribution
curve. The radial arrangement of LEDs on the board is justified to minimize shadow illumination when illuminating the
skin. The conducted studies of multispectral image processing using a realized polychrome light source contribute to
the development of new methods for the early diagnosis of skin neoplasms based on photonics and optoelectronics and
can find practical application in medical technologies.

Keywords
light source, skin cancer, programmable control, LEDs set, acousto-optic tunable filters, digital image processing
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BBenenue

Pa3paboTka MeTONOB paHHEH OMHAPHOW AMATHOCTHKHU
HOBOOOpa30BaHMM KOXKH YPE3BBIYAIIHO aKTyalbHAas MPo-
6sema. B o01ieli cTpyKType OHKOJIOTHUYSCKIX 3a00JICBaHU I
B Poccuiickoii @enepaniun pak KOXKH SBISETCS JUIUPYIO-
MM, YTO ITOITBEPKITACTCS CYNICCTBCHHBIM POCTOM YHC-
Jla TaKHUX MAIUEHTOB B MOCIICIHEE BPeMsi. ITO BBI3BAHO,
B YaCTHOCTH, HCCBOCBPEMCHHBIM BBISBICHHEM JaHHBIX
narosioruit [1, 2]. CymecTByromue METoAbl AUarHoCTH-
KU 3JI0Ka9e€CTBEHHBIX HOBOOOPA30BaHUH KOXKH 00JIaTat0T
PSAIOM CYIIECTBEHHBIX HEIOCTATKOB M 9acCTO HE MOTYT
o0ecreunTh HaIe)KHOE BBISIBICHHE JTaHHBIX 3a001eBaHUI
Ha paHHUX CTAJUAX pasBUTH [3]. AKTUBHOE MPOJBUIKE-
HHC MCTOJIOB, OCHOBAaHHBIX Ha MPUHIUIIAX OHOpamxnodo-
TOHHKH, MPEIyCMATPUBACT ONTO- U PATUOIICKTPOHHYIO
00paboTKy OMOMEIUIIMHCKUX JaHHBIX. Perrenue nanHoi
3aJlayd BO3MOXKHO IPH UCKJIFOYCHUU HEOMPENICICHHOCTH,
BO3HUKAOIICH B pPe3yJIbTaTe BU3YAIIEHOTO OCMOTpPA HOBOO-
OpaszoBanus. [losiBIIeHHE HEOIPEICIEHHOCTH 00YCIIOBICHO
OrpaHUYCHHBIMH BO3MOXKHOCTSIMH YEJIOBEUCCKOTO 3PCHUS,
HE CITIOCOOHOTO OTIMYATh YUCTHIC CIICKTPAIBHBIC I[BETA OT
cocTaBHBIX. Hanbomnee 9acTo MPUMEHSFOT METOIBI paMa-

HOBCKO#1 [4, 5] 1 aBTOo()uIyOpeCIeHTHO# crieKTpocKonuH [6].
O0a meToa 00a1aroT psiioM HeocTaTkoB. OJIMH U3 HeJlo-
CTAaTKOB — MOTEPs YacTH MH(POPMAINHU H3-32 OTpPaHUYCH-
HOTO YHcia JUIMH BOJIH, B IIpeJiesiaX KOTOPBIX MTPOBOMSTCS
n3Mepenus. PerenneM ykazaHHBIX IPOOJIEM MOXKET CTaTh
pa3paboTka HOBOTO MeTo/1a IU(PPOBOIl MHOTOCTIEKTPAITb-
HOW 00pabOTKH M300paskeHIH KOKHBIX HOBOOOpA30BaHUI
[7]. MeTon ocHOBaH Ha MpeoOpPa30BaHUH MOIUXPOMHO-
TO M300pakeHUs B MOCIET0BATEIEHOCTh MOHOXPOMHBIX
M300paKEHUH, KaK0€ U3 KOTOPBIX MPEICTABISET COOO0M
pacrpe/iesieHle MHTEHCUBHOCTH CBETa Ha BHIOPAHHOM JJTH-
He BOJMIHBI. PaboTy MeTona obecrneunBaeT NpUMEHEHHE
CHEIUAIBHOIO ITOJIMXPOMHOTO UCTOYHHMKA cBeTa. Llennb
paboThl — pa3paboTKa MPOrpaMMHO YIPABISICMOTO TI0-
JIMXPOMHOTO HCTOYHHKA CBETA M IEMOHCTPAIINS BO3ZMOXKHO-
CTEeH MCII0Ib30BaHMsI HCTOYHUKA JIUTsS PAaHHEH THarHOCTUKH
KO)KHBIX HOBOOOPA30BaHHH.

IpuHUMD paGoThl NOINXPOMHOI0 HCTOYHHKA CBETA

B ocHOBY aBTOpCKOTro MeTO/1a MHOTOCIEKTPaIbHOM 00-
paboTKK N300paKEHUI KOXKHBIX HOBOOOpa3oBauuii [8—10]
3aJI0KEHO MPEOOPaA30BAHUE MOTMXPOMHOTO H300paKECHUS

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 5

847


mailto:kvz235@mail.ru
https://orcid.org/0000-0002-2881-4386
mailto:bgurevich48@gmail.com
https://orcid.org/0000-0002-7520-7087
mailto:svyatkina.vi@edu.spbstu.ru
https://orcid.org/0000-0002-6456-8776

[MONMXPOMHBIN NCTOYHMK CBETa 4J151 peann3aumm MHOrocnekTpaabHOro MetToaa. ..

B ITOCJIE/IOBATEILHOCTh MOHOXPOMHBIX CyON300pakeHHH,
Ka)KJJ0€ M3 KOTOPBIX IpeJICTaBIsIeT co00l pacnpeeseHue
WHTEHCHBHOCTH CBETa Ha BHIOPAHHOW JUIMHE BOJHBL. Yem
OO0ITbIIIE YHCIIO MCIIOIB3YEMBIX JITMH BOJIH, TEM OOJBIINH
00BeM CIIEeKTpaJIbHOM HH(OPMAIIMH MOXKHO HOIYYHUTh ITPH
HCCIIEJOBAaHNN HOBOOOPA30BaHMS B JIONOJIHEHNE K MMEIO-
ieiicss mpoCTpaHCTBEHHOH MH(POpMAIHH. DTO peaans3yeT-
csl, B TIEPBYIO OYEpe/ib, 3a CUET MPUMEHEHHsI CIIEIUAIBHO
Pa3paboTaHHOTO MOJIMXPOMHOIO HCTOYHHUKA CBETA C YIIPAB-
JIACMBIMH IJIMHAMUW BOJIH, BBI6paHHI)IMI/I JUI obecnieueHus
OMHApHOW AMArHOCTHKHU paka KoXu. [IpuHImn padboTsl
MIPOTOTHIIA UCTOYHHUKA pacCMOTpeH B padorax [11-13] ans
MIPUMEHEHHS] B OMOXMMHUYECKNX aHaIn3aTopax.
[TonuXpOMHBIN HCTOYHKK CBETa JUIsl peasin3alii MHO-
TOCIIEKTPAJIBHOTO MeToaa 00pabOTKH M300paskeHNI KOXK-
HBIX HOBOOOPA30BaHMH JJOJDKEH IPOTPaMMHO MEPEKITIOYaTh
JUTHHBI BOJIH CBETOBOT'O TTOTOKA C TIOMOIIIBIO IEPEKITIOUCHUST
cBeToanon0B. CBETOANOABI PACTIONOKEHBI paHaibHO OT-
HOCHUTENBHO IeHTpa TupakinoHHoi pemerku. Ha ¢o-
KyCHOM PacCTOSTHUH OT CBETOANOAOB HAXOSTCS] CETMEHTBI
JIMH3bI, KOTOpbIE (POPMUPYIOT IMyYKH KOJNTUMHUPOBAHHOTO
cBeta. Bee myuku nomnagaroT B HEHTP IUGPaKIMOHHON

pELIeTKN MOJ] yIIaMH TaJIeHHs], BEIOpaHHBIMH TakuM 00-
pa3om, 4ToObI IepBble qU(PAKIMOHHBIE TOPSIKK OT Kaxk-
JIOTO IIy4Ka pacHpOCTPaHSJIUCh B OJHOM HalpaBICHUU.
[lepexitoueHne JUIMHBL BOJTHBI OCYIIECTBISAETCS NOAa4Yen
TOKa Ha BBIOpaHHEIN cBeToauon. Ha puc. | mpuBeneHa
ONITHYECKAsl CXeMa MaKeTa HCTOYHHKA CBETA.

OCHOBHOH YIIPaBJISFONINI YJIEMEHT HCTOYHUKA CBETA —
MHKPOIIPOLIECCOP, K KOTOPOMY MOAKIIOUEHBI KITIOUH, KOM-
MYTHPYIOILHE CBETOAHObI. YIIPABICHHE HCTOYHUKOM CBe-
Ta pou3BoAuTCs yepe3 moayiabs USB. Muxkpormnporieccop
YHOpaBIAET TAKKe HCTOYHUKAMHU TOKa CBETOIMOIOB U OCY-
IIECTBIISIET MOJydeHHue AaHHbIX mo nopty USB. Crpyk-
TypHasi cxeMa pa3paboTaHHOTO MCTOYHHMKA CBETA IMpell-
CTaBJIeHa Ha puc. 2.

Maker MOJTUXPOMHOTO HCTOYHHUKA CBETA

B makeTe B xauecTBe MCTOYHHUKA CBETa PacCMOTPECHBI
CB€TOAMOABI C NJIMHAMMA BOJIH B IIpCaCiax OT 6HI/I)KHeFO
yabTpauoIeTOBOTO 10 OJMKHEro HH(pakpacHOro Ju-
arna3oHOB. BBIOOP CBETOAMOMOB OCYIIECTBICH OLCHKOM
UX Ta0apUTHBIX M ONTHYECKHX XapaKTepUcTHK. Makert

Puc. 1. Onrnyeckas cxema TMOJIUXPOMHOT'O UCTOYHHKA CBETA.

1 — cBeTOMO/IBI; 2 — CErMEHTHI JIMH3bL;, 3 — MudpaKkInoHHas peleTKa; 4 — 3epKajo; 5 — JIMH3a

Fig. 1. Optical scheme of the polychrome light source.

1 — LEDs; 2 — segments of lenses; 3 — diffraction grating; 4 — mirror; 5 — lens

CerMeHTbl JudpakronHas IOcruposounoe Brixonuoi
—{ CBeToIHO/IbI THH3 elTeTKA . JInnza S —
p pxaio IIy4OK
cBeTa
Kittoun Mukpornpoueccop USB 5BM

HcTouHnKY TOKA

[Tanens ynpasnenus

Puc. 2. CtpykTypHas cxema IOJIMXPOMHOTO HCTOYHHKA CBETA.

OBM — DJICKTPOHHAs BBIYHCIUTEIIbHASA MallliHa

Fig. 2. Structural diagram of the polychrome light source layout
OBM — Electronic Control Module
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Puc. 3. MakeT noJImXxpoMHOI0 UCTOUHUKA CBETA

Fig. 3. The polychrome light source layout

HCTOYHMKA CBETA, PEAIM30BAHHBIN M0 CXEME pHC. 2, TIPo-
M3BOAMT MIPOTPAMMHYIO TPyOyI0 HACTPOWKY JITHHBI BOJTHBI
cBeTa Ha § Mmojaauana3oHax. bonee TOHKyI0 MporpaMMHyI0
HACTPOHKY JUIMHBI BOJIHBI BBIIIOTHSIOT yCTAHOBICHHBIE Ha
BBIXOZIE MICTOYHHMKA CBETA aKyCTOONTHYECKHE IIepecTpa-
uBaeMble GpuIBTPhI Ha stueiikax bparra [14, 15]. Tounsie
3HAYCHUS JUTMH BOJH B sf4eilkax 3aJaHbl MPOTrpaMMHBIM
MyTeM C UCIIOJIb30BaHUEM YacTOTHI YIPABISAIOLIETO CUT-
HaJla, II0aBaeMOro Ha Ibe30NpeodpazoBareib A4eHKH
Bporra. B pesysbrare BO3MOXXHO 00€CIIEUNTh OCBEIICHNE
30HBI HOBOOOPA30BaHMsI CBETOM C TIOJIOCOH MPOIYCKaHUS
mopsiaka 10 am. Ha puc. 3 npuBenena dotorpadus co-
Opannoro makera. Perncrpanust n300pakeHHH Ha BBIXOJIC
OCYIIIECTBIIEHA C TIOMOIIFIO MOHOXPOMHOM KamepsI Basler
acA720-520um.

Pacuersi MOJIMXPOMHOTI0O UCTOYHHUKA CBETA

KitroueBble mapaMeTps! npu BeIOOpE AU(PAKINOHHOMN
pemeTku: qudpaknuoHHas 3pPEKTUBHOCTD, YTON AU }-
pakuuM U yriopas aucrepcus. Jisi BBIOpaHHON peIeTKu
BBITIOJIHEH pacyeT YIJIoB TU(paKIHH:

d(sing — sing@’) = kA,

rae d — nepuoj JUPPaKIHOHHON PEIIETKH; (¢ — yTOJ
TaJICHUst CBETa; (' — yroi Andpaxuum; k — mopsiioK Jud-
PaKIHOHHOTO MaKCHMyMa; A — JJTMHA BOJHBI U3ITyYCHHUS.
JUi1s orMcaHust CBETOIMOIOB HCIIONB30BaHa MOJIeIb c(hepH-
YECKOTO JIaMOEPTOBCKOTO M3ITydaTelist, MOITHOCTH KOTOPOTO
B TEJIECHOM YIJIE TIOJy4eHA U3 BHIPasKCHHS:

P=4nP,, sin%(q/2),

rae P — MOIIHOCTD B TEIE€CHOM YyIvle U3ayuarens; P, —
MOIIHOCTh U3JTyYCHUS] HICTOUHHKOB CBETA; ¢ — TEIEeCHBIN
yroJ, B KOTOPOM PACIPEIEIISETCS MOIHOCTh U3ITyUSHUSI.
s TenecHoro yria, papaoro 8°30’, 3HAYEHHE MOIITHOCTH
puOIM3UTENbHO 7 % OT 00MIIeii MOIITHOCTH CBETOAHMO/A,
KOTOpasi UMEET B CPEAHEM BEIMUYHHY TOPsIKA HECKOIBKIX

JIECSITKOB MUJUTMBOJIBT. [IprMeHeHne aKyCTOONTHIECKUX
nepecTpanBaeMblX (HIIBTPOB yMEHBIIAET MOIIHOCTD
MIPOTIOPIIMOHAIBHO TI0JIOCE BBIIENIIEMOTO CIIEKTPAILHOTO
MHTEpPBaa 10 OTHOIICHHIO K HHTEPBAIly CBETOANOA.

PesyabTarhl HudpoBoii 06padoTKu
TeCTOBBIX H300paskeHU i

Kasxoe TecToBoe n300paXkeHHe MPEICTABICHO B BUJIE
MaTpPUIbl U3 BOCBMUONUTHBIX IEIBIX YHCEI, KOTOPbIC HH-
JEKCHPOBAaHbI HOMEPOM ITHKCENIa H300paKeHUS K COOTBET-
CTBYIOT KOZy IIBeTa B rpagarmu ot yepHoro (0) k Oemomy
(255). B pesyabrare moixy4eHbl TpadUKH pacipeaeieHus
UHTCHCHUBHOCTH [JI KaXXI0I'0 CHUMKaA. 21.]'[5[ pacoinpeHuA
JIMHAMHYECKOTO JIMana3oHa YpOBHEH SIPKOCTH U MHHUMH-
3allMU MCKa)XeHUH, BEI3BAHHBIX HEPABHOMEPHOCTBIO HC-
CJICJlyeMOro y4acTKa KOXKH ¥ HAJIMYUEM TEHEBOM 3aCBETKH
MPE/IBAPUTEIHEHO BITIOIHEHA TUCTOrPAMMHast SKBAJTU3ALIHS
1 MeJraHHasl QUIBTpalust CHUMKOB. Ha puic. 4 moka3aHsl
n300pakeHus: ucxonHoe / U 0OpaboTaHHbIC: SKBAIN3HU-
poBaHHOE 2 U OTHWIBTPOBAHHOE 3 [UIsi CHUMKOB, MOJY-
YEHHBIX IPH OCBELICHHSX: OPAHKEBOM, 3€JICHOM, CHHEM,
TITyOOKOM CHHEM W ONIDKHEM YAbTpaduoeTe.

Pacnpeneﬂennﬂ HHTCHCUBHOCTH CBE€TA

Jlis mocTpoeHus rpaKoB pacrpeieeHus] HHTeH-
CHUBHOCTH HCIOJIb3yeM BBIOOPKY CTPOKH ITHKCEIIOB C SIBHO
BBIPAKEHHBIMHU y4JacTKamMu noromenus. Ha puc. 5 npu-
BEJICHBI TPa)UKHU pacrpeneaeHus] HHTCHCUBHOCTH IS
n300paKeHU: UCXOAHOTO / W 00pabOTaHHBIX: IKBAIN3U-
posanHoro 2 u otduisrpoBanHoro 3. Ha mecte ygactka
KOXKH C SIPKO BBIPQXKEHHBIM 00pa3oBaHUEM HaOIIOmaeTCs
ITPOBaJI UHTCHCUBHOCTH SAPKOCTH.

[Tomy4eHo npoIeHTHOE OTHOIICHUE TTPOBAJIA HHTEHCHB-
HOCTH K €ro MaKCUMYyMY JUTsl 1300payKeHUH MPY 3aCBETKAX:
opanxeBbIM — 45,7 %; 3enenbiMm — 52,5 %; cuHem —
53,02 %; riry6okoM cuHeM — 66,67 % ¥ OnmKHeM yabTpa-
¢uonerom — 66,67 %.
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Puc. 4. VI300pakeHns1, TOIy4YEHHBIE ITPU 3aCBETKE: OPAHKEBBIM («); 3e1eHbIM (b); cuHHUM (c); ITyOOKUM CHHUM (d)
u OmKHUM yisTpaduonetoM (e). Pasmep nzobpakenwuii 2,5 X 10,97 cm.

1 — ucxoaHoe; 2 — HKBAINZUPOBAHHOE U 3 — OT(HUIBTPOBAHHOE

Fig. 4. Images taken when illuminated with orange (a); green (b); blue (¢); deep blue (d); near-ultraviolet (e).
Image size 2,5 x 10,97 cm

1 — initial; 2 — equalize; and 3 — filtered
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Puc. 5. PacnipenienieHist ”HTEHCUBHOCTH, TIOTyYEHHBIC TIPU 3aCBETKE: OPAHKEBBIM (a); 3€eHBIM (b); cHHUM (¢); TITyOOKUM CHHHM (d)
H OIMKHUM YAbTpaduoneToM (e).

1 — vcxonHOE; 2 — HKBAIM3UPOBAHHOE U 3 — OT(UIBTPOBAHHOE

Fig. 5. Intensity distribution when illuminated with orange (a); green (b); blue (c); deep blue (d); near-ultraviolet (e).
1 — initial; 2 — equalize; and 3 — filtered

3akiarouenne

Pa3paboTaHHBIi NOTMXPOMHBIH UCTOYHUK CBETA I10-
3BOJIMII CPOPMUPOBATH CYOM300pa’keHNsI Ha HECKOJIBKHUX
JECSITKAaX [UTMH BOJIH M MOJIYYUTh 3HAYUTEIBHO GONBIINIT
00BEM CIIEKTpAIbHON HH(OPMAIINH, YeM 3TO 00ecTieurBa-
10T JpyTHE CIIEKTPOMETPHUYECKHE METObl. B pesymbrare
TIOJTy4eHHAs! MAaKCUMaJIbHO BO3MOXKHAs CHEKTPAJIbHAS MH-
(hopmanusi, COBMECTHO C UMEIOIIEHCS MPOCTPAHCTBEHHOM
uHpopManuei, MO3BOJSMIOT 00JIee TOYHO ONMPEACIUTh Xa-
paxkTep HOBOOOPa30BaHUs M ero KOHMUTYpAIHIO Ha KOXKE
yestoBeka. [TocTpoens! rpaduky pacnipe/ieieHNst HHTEHCHB-
HOCTHU B 3aBUCUMOCTH OT JIMHBI BOJIHBI, KOTOPBLIC ITO3BOJIA-
10T ONPENIeNIUTh HAJIMYMEe HOBOOOPA30BaHMUs 110 TIPOBAJIaM
KpHBOH. B nanbHeliIem miaHupyeTcst yCOBEpIICHCTBOBATh

METOJIMKY MHOTOCIIEKTPaIbHOM 00pabOTKH AJIsl BBISIBIIC-
HUs OMHAPHOW JUArHOCTHUKY IOPayKeHHUI KOKU Ha PaHHUX
cTamusx ux pazButus. [Ipu cHATHM cepun n300paKeHuUi
BO3HUK psJ prZ[HOCTeﬁ, CBs3aHHBIX C ITOABJICHHUCM TCHU
Ha 00bEKTe, HCKaXKatollel rpaguku HHTEHCUBHOCTH. B Ha-
CTOsIIIIEE BpeMs BEJIETCS IPOEKTUPOBAHKE YCOBEPIIEHCTBO-
BAaHHOM CHCTEMBI CBETOJUOJHBIX IIAT AJI YCTPAHECHUS
9TOH MpOOIIeMBI, a TaKKe ISt 00eCIedeH s BO3MOKHOCTH
MOJCBEUYMBATh KOXKY M3HYTpU. Kpome Toro, mpoBoauTcs
SKCIEPUMEHTAIIbHOE OKPAIIMBAaHHE CHUMKOB B PA3JINYHBIE
[BETA C MOCIENYIONIMM HAJOXKEHUEM UX APYT Ha JIpyra
BO BpeMs 00pabOTKH M300paKeHHH ¢ IeNbl0 OMHApHOM
JUArHOCTHUKN HOBOOOPA30BaHMA, HEAOCTYITHOH YeioBede-
CKOMY 3pEHHIO.
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AHHOTAIUA

IIpencraBinena HOBas MPUHLMIHMATBHAS CXeMa I aBTOMAaTHYECKOTO paclo3HaBaHUsA (GOPMBI M B3aHMHOTO
PpacIoNoKeHNsI BKIIIOUCHUH B IBIDKYIIUXCS TTOIYIPO3PaYHBIX 00beKTaX. BBEIeH HOBBII KpUTEPHUIT IJIsl aBTOMATHIECKOM
HUICHTH(UKAIMK CTPYKTYp (MX JIOKAJIM3alMi) HA OCHOBE aHaIM3a HHTEP(EPEHIIMOHHONW KapTHHBI, CIIPOCIUPOBAHHOMN
Ha noBepxHocTH [13C-maTpuubl, KOTOpas SBISETCS IEMEHTOM CXEMbl ONTHYECKOr0 KOppelsTopa Ha OCHOBE
KOH(OKATBHOTO rosiorpaduueckoro romorpada. Pesynprarsl TaHHOM pabOThl MOTYT OBITh TOJIC3HBI CIICIIUATUCTAM B
00J1acTH HEPA3PYIIAOIIEr0 KOHTPOJISI U HAWTH MPUMEHEHHUE B COOTBETCTBYFOILIMX OOTACTSX.

KanroueBsbie ci1oBa
Hepa3pyLIAIOINK KOHTPOIb, J1a3epHas Tomorpadus, [13C-marpuia, uarepdepomerpus, roorpaguyecKuii KoppensTop
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B IIOJIyNIPO3PAYHBIX JBHKYIIMXCA 00ObEKTaX HAa OCHOBE rojorpaduueckoid MyapoBoil nurephepomerpun (KpaTkoe
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Automatic recognition of internal structures in translucent objects based
on hologram-moire interferometry
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Abstract

A new principal optical scheme for automatic recognition of the shape and relative position of inclusions in moving
translucent objects is presented. A new criterion for automatic identification of structures (their localization) based on
the analysis of the interference pattern projected on the surface of a CCD matrix, which is an element of the proposed
scheme of an optical correlator based on the confocal laser tomograph, has been introduced. The results of this work
may be of interest to the specialists in the field of non-destructive control; it can find application in the relevant fields.
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BBenenue

B HacTOAIICEC BPEMA aKTUBHO Pa3BUBAIOTCA MCTO/bI
paHHEeH AMarHOCTHKY pa3IniHbIX 3200J€BaHUN M HHTPAO-
MIePaIlMOHHON MOAJEPIKKU MPUHATHS pelnenuii [ 1], a Taoke
KOHTPOJISl KauecTBa B CEJILCKOM XO3sICTBE. B cBsi3M ¢ 3 TNM
Ba)XHO CO3JIaHME HOBBIX IEPEIOBBIX CPEACTB HEepaspyla-
om1ero KoHTpossi. OcoOOeHHOCTh KOHTPOJISI 0OBEKTOB B MO-
JTYIPO3PavHBIX CPEfaX — CO3JaHNe METOJ0B OITHYECKOI
JIMAarHOCTHKH € ITPOCTPAHCTBEHHBIM Pa3peIICHUEM MOPSIKA
JIECATHIX JoJel Muumerpa. Pesynbrar nuccnenoBanui —
oOHapyXeHHE U paclo3HaBaHUE TPeOyeMoro mpu3HaKa
0o0BeKTa MO 3apaHee 3aJaHHOMY KpuTepuio. Takum 06-
pa3om, HanboJsiee MOAXOMAUIMMHI METONAMHU ISl TaKOH
JIMarHOCTUKH SIBIISIIOTCSI METO/IbI JIA3€PHOI ToMOrpaduu
[2, 3] ¢ ncnoap30BaHUEM COBPEMEHHBIX aIlMapaTHO-IPo-
TpaMMHBIX CPEACTB HJIA MOJTYUYCHHUA U 06pa6OTKI/l OIITU-
4yecKuX n3o0pakeHuid. B HacTosieit padote mpeioxKeHa
MPUHIUITHAIBHASL CXeMa PaclOo3HaBaHUS JBIDKYIIUXCS
00BEKTOB HAa OCHOBE KOH(OKAIBHOTO roJIorpaduuecKoro
ToMorpada, MpUHIUIT JEeHCTBUS KOTOPOrO OCHOBAaH Ha
TOJIOTPaMMHO-MYyapoBOW MHTEP(HEPOMETPHUHN /IS TIOTY-
MIPO3pavHBIX 00BEKTOB [4, 5]. YcTaHOBKA HMEET HEKOTOPHIE
CXOJICTBA CO CXEMOH COIPSKEHHOTO (pyphe-KOPPEISTOpa,
TIPEUIOKESHHOTO B padoTe [6], 3aKITI0Uaromuecs B UCTIONb-
30BaHUH IIPOCTPAHCTBEHHOTO MOLYIIATOPA cBeTa 171t hop-
MHPOBaHMS 3TAIOHHBIX MUKporosorpamMm dypre B 00beme
royiorpa)UueCcKoro JAUCKa U B UCTIOIB30BAHHUHU TICUH [T KX
(uxcanuy.

B omnndne oT 0CHOBHO# Macchl paboT 1O JIETEKTUPO-
BaHMIO M PACIIO3HABAHUIO OOBEKTOB B ONITHUECKUX KOppe-
JSITOpaXx, TJIe MPeIoIaraeTcesi IIMPOKoe NPUMEHEHNE Hell-
POHHBIX CeTel Ha OCHOBE IU(POBOI 00pPAOOTKH CHTHAIIOB,
TIpe/uIaracMblil METOJT ICTEKTHPOBAHMS CTPYKTYP B JIBIKY-
IIMXCS TOTYTIPO3PAYHBIX 00BEKTAX HA HUX HE OCHOBAH U
He TIpeArnoaraeT HuQpoByo 00paboTKy CHTHAIOB. 3a CYeT
oTcyTcTBUS (Da3bl KOHBEPTAI[MHM aHAJIIOTOBOTO CHI'HAJIA B
(poBoil OKUIaeTCS 3HAUYMTEIILHOE YCKOPEHHE aBTOMA-
THUYECKOI MIEHTH(DUKALNN CTPYKTYpP B MOIYIPO3PAYHBIX
JBIDKYIIUXCST OOBCKTAX.

IIpuHIMn pacno3HaBaHusA

TexHnveckast peanu3aluy IMPoLEcca paclo3HaBaHU
3aKJII0YAETCsl B MTOCJIEA0BATEILHOM Nepedope MUKPOTO-
ngorpamMm Dypbe 3TaJOHHBIX 00BEKTOB, 3aMCAHHBIX Ha
rojgorpaduueckoM gucke. [Tepebop ocymecTBIsICTCS C
MOMOIIIBIO BpPAIllEHUs AUCKA C HEKOTOPOW YIIIOBOM 4acTo-
Tol ®. Pacnio3HaBaHnue oCyLIECTBIAECTCS IIPU IIOMOILU
CpaBHEHHUs] TU(PPAKIIMOHHBIX KapTHH, COOTBETCTBYIOIINX
paccesHUIO HAa MUKporojorpammax ®@ypbe U Ha pacros-
HaBaeMoM oObekTe, Ha oBepxHocTH [13C-marpunbt. [1pn
3arucu MUKporosnorpaMm Pypbe HCIOIb3yeTCs YIIIOBOE
MYJIBTUIUICKCHPOBAHUE.

IIpu paccMOTpeHHH pacmo3HaBaHUS BHYTPEHHUX
CTPYKTYD B JIBIDKYLIMXCSI OOBEKTaX, 0OBEKT, 3aIIMCaHHbIH
Ha roorpaMuecKiil JUCK U COBIA/IAIOIINH C ITallOHOM,
MIPOXOMT Yepe3 IoJIe OCBEIIEHHs, (POPMUPYEMOE JIMH30H
L#7. B pesynbrare UKCHPYETCS IEPUOIUICCKOC N3MCHE-
Hue ocBelleHHocTel Ha noBepxHocTH [13C-maTputibl, npu
3TOM pACIHpPEACICHNE OCBEIEHHOCTEH HEKOTOPOE BpeMs
OyzeT ocTaBaThCsl OHOPOIHBIM.

OueBHUIHO, YTO B CIIyyae CMEIICHUS] BOJIHOBBIX TOJICH
pacro3HaBaeMoro o0beKTa M 3TaJOHA Ha BEIWUHHY, KpaT-
HYIO JUIMHE BOJIHBI JIA3€PHOTO M3JIyUCHUs], paclpeaeiIeHe
CBeTOBOM sHepruu no nosepxHoctu I[13C-marpurs! Oyner
MaKCHUMAaJIbHO SIPKUM, a KpPaTHOE IMOJIYBOJIHE — MaKCH-
MaJbHO TycKJIbIM. [1o 3TOM mpuunHe, B OTIIMYUE OT CTaH-
JIapTHOTO roJyiorpaduyeckoro koppensropa [7, 8], npuHImn
pacro3HaBaHUsl OCHOBAaH HE HA aHAJIOTOBOM BBIYMCICHUU
KOPPEISIIMOHHON (DYHKIMHU, a Ha TIPOBEPKE YCIOBHS, UTO
Pa3HOCTh 3HAYEHUH NHTCHCUBHOCTH JIA3€PHOTO H3TyUCHNUS
MEXAy pa3nuuHbIMu nHkcenamu [13C-maTpunsl 1, coot-
BETCTBEHHO, ITyOWH MOTEHIMAIbHBIX M HE IPEBBIIIACT
3a/IaHHOTO YPOBHS, OMPECNIIEMOT0 BEIOpAaHHON CXeMOn
KaTeropu3alun BHYTPEHHUX CTPYKTyp. OTMETHM, UTO
CTENeHb OrpyOJIeHHs KaTeropusanuyu o0ycIoBIeHa KaK
HEOOXOIMMOH CTEeTeHbI0 TOYHOCTH PACIIO3HABAHUS, TaK U
00bEMOM JIOCTYITHOM NaMsTH royiorpaduyecKkoro JAucKa.
CreneHb orpy0OIeHus KaTeropu3aliy €, COOTBETCTBYOIAS
3aJja4e aBTOMaTU4eCKOro MOUCKA BKIIIOUEHHUH B 3alaHHOM
o0beMe, MOXKET OBITh CBsI3aHA C KOJIMYECTBOM TOJIOTPAMM
N, 3alIMCaHHBIX Ha JMCKE, CJICTYIONINM 00pa3oM:

: 1
€ N (1)

B cBs3u co cnaboii HEKOTEPEHTHOCTBIO CBETa, MPO-
IIE/IIIEro Yepes3 MOIyIPO3pPavHOe TEJIO0, KOJIUYECTBO 3a-
MUCAaHHBIX TOJIOTPAaMM HE JOJDKHO TPEBBINIATh 3HAYCHUS,
OTIPEAEISIEMOTO MTPUHIINIIOM pa3pennMocT Paest.

Tak Kak BEJIMYMHBI HAKOTUICHHOTO 3apsiia B KaXI0M
TTHUKCeIe TeM OOJIbIIIe, YeM TITy0)ke COOTBETCTBYIOIIAS TI0-
TEHIMAJIbHAs SIMA, TO KPUTEPUN PAaCIO3HABAHUS MOXKET
OBbITH BBEZICH Uepe3 IapaMeTp HEOJHOPOAHOCTH pacIipeie-
nenust 3apsia o nosepxHoctu [I3C-marpunp Ky :

1 _Kch <eg,
(%
Kch = Q >

rae (Q) — yCpeaHEHHOE TIO BCeil MIOMNIaan TOBEPXHOCTH
[13C-MarpuIbl 3HAYCHHE BEIMYMHbI 3apsijia, HHIYIHPO-
BAHHOTO Ha HEW BHEIIHHUM IIOJIEM. OTMCTI/IM, 4TO B ClIy-
4ae MOJHOTO COBIIAJICHUSI BOJIHOBBIX ()POHTOB 00BEKTA
U dTaloHa BeIIONHAETCA yenoBue: Q. = Opin = (O).
DTO COOTHOIICHUE OCTAETCS HEM3MEHHBIM B T€UCHHE He-
KOTOPOTrO BpeMeHHU Af U TIpU pacrio3HABAHUH CTPYKTYp B
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ABTOMAaTMYECKOE Pacrno3HaBaHMe CTPYKTYP B MOAYNPO3payHbIX OBUXKYLLMXCS 00bekTax...

JBIDKYIIUXCST 00BEKTAX, TOCKOJIBKY B ATOM Cliydae OyaeT
TOJIBKO MEPUOIUYCCKH MEHSATHCS OCBEUICHHOCTh, HO HE
OIHOPOZHOCTH OCBELIEeHHMs. IcXo/is U3 3TOro, MOKHO Hpe-
MTOJIOKUTH, YTO TOIBKO OJHOM TOJIOTPaMMBI, 3aITUCAHHOU B
CTaTHKe, JOCTATOYHO JJIsl OJHO3HAYHOU MICHTU(HUKAIIUH
obbekTa. Harpumep, eciin paccTosiHie MEXy Pacro3Ha-
BaE€MBIMU 00BEKTaMH L, CKOPOCTh MX MOCTYHATEIbHOTO
JIBIDKCHUSI V, ¥ KOJIMYECTBO 3allMCaHHbIX Ha rojorpaduye-
CKOM JIMCKE rojiorpamMM N, TO 3TO BpeMsi MOXKHO OLICHUTb
CIIEYIONINM 00pa3om

L
At=—.
vN

ITockoabKy KOITMYECTBO TOJIOTPAaMM OIPaHUYEHO J10-
CTYNHON NMaMAThIO HA JUCKE, TO KOJUYECTBO BCEX BO3-
MOJKHBIX pPa3MEeIeHUI 3TaJIOHHOTO 00pasa BKIIOUCHUS,
3aIMCaHHOTO Ha TOJOrpaMueCcKuil TUCK, BHYTPH JIOIY-
cTUMOTO 0ObeMa AV HakiaJIbIBaeT CIEAYIOIIee YCIOBHE

N
N

Ha SHCMeHTapHHﬁ 00BeM pacnno3HaBacMoro O6’b€KTa, C
KOTOPBIM ITPOU3BOAUTCSA CPABHCHUC!

AV, ==
O N

O06BeM, B KOTOPOM JIOIYCTHMO BaphbHPOBAHUE PACIIO-
JIO)KCHHEM U (HOPMO¥l BKITFOUCHHUH, 3a1a€TCsI, UCXOIs U3
YCIIOBUA HAXOXKACHHUA BKIIOUYCHUA B IIapOBOM CETMEHTEC
3aJJaHHOTO 00BbeMa:

PoTAQ;05+AO; g +AF

]}

00:90:70

AV(rgy, B, ¢g) = r,sin(0,)dr,d6 do,,

rae r,, 0, 1 ¢, — paauyc-BeKTOp, a3UMyTaJIbHbIH U OJISp-
HBIH yIIBI 27IeMeHTa 00beMa B COOTBETCTBYIOIIEH 00macTu:
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Pucynox. IlpuHIAnuagbHas cxema ronorpadguieckoro romorpada.
L#1-11 — cobuparonue nuH3bL;, S#1-5 — ontudeckue 3arBopsl; M#1-2 — 3eprana; BS#1- 2 —paznenurent jiyya
Figure. The principle scheme of holographic correlator.
L#1-11 — focusing lenses, S#1-5 — beam shutters, M#1-2 — mirrors, BS#1-2 — beam splitters
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PaccmoTrpumM npuHIMI paboThl IpeaaraeMoi ycra-
HOBKH (PHUCYHOK) JJIsi aBTOMaTH4YE€CKOTO PaclO3HaBaHUS
obpa3zos. Ha srane npuema u 3amvcu nH(GOpMaIy Ha ro-
norpaduuecknii muck HD ontudeckue 3arBopsl S#1, S#3
U S#5 3aKpBITHL, a 3aTBOPLI S#2 U S#4 OTKPBITHL. 3€pKano
M#2 BBIIBUHYTO 3a NpEeJelibl J1azepHoro ty4da. [lomaBas
HampsDKEHHE Ha COOTBETCTBYIOIINE THKCENBI MPOCTPaH-
CTBEHHOTO MonyisTopa ceeta SLM, ¢popmupyercs cur-
HaJbHAasl CBETOBAsl BOJIHA, COOTBETCTBYIOIIAS] KPUTEPHUIO
orbopa/pacnio3HaBanus. MHTepdepeHus qaHHO| cuUr-
HaJIbHOM CBETOBOM BOJIHBI COBMECTHO € IUIOCKON CBETOBOM
BOJIHOM OT umiyinbcHOro Nd:YAG na3epHOro MCTOYHUKA
(dopmupyeT TUPpaKIHOHHYIO PEIIETKY B 00beMe rojiorpa-
¢uueckoro qucka. Gukcanus JuQpPaKIUOHHON PELIeTKH,
c(OpPMHUPOBAHHOM B 00bEME PErUCTPUPYIOLIEH CPeJibl To-
J0TpadMIECKOro JIMCKA, JIOCTUTAeTCs €0 HArPEBOM B ITEUH
Oven. lonorpaduueckuii AUCK MpeacTaBisieT co0oil cioi
PETUCTPUPYIONIEH Cpebl, HAHECEHHYIO Ha OTPaXKAarOLIyIO
oBepxHOCTh. Ha ciemyromiem sTarne onTudeckne 3aTBo-
pBl S#2 u S#4 3akpeiBaroTcs, a 3aTBOPBI S#1, S#3 u S#5
OTKpBIBAIOTCS. 3epkano M#2 BIBHTaeTcs B IIpeeibl Jia-
3€pHOTO JIy4a, KaK [M0Ka3aHo Ha pucyHke. Takum o0pasom,
(dopmupyrores Ba mieda nareppepomerpa MaiikenbcoHa,
riae cseT or He:Ne nazepa HenpepbIBHOIO AeicTBUS, OT-
PaKEHHBIH OT BpalIalOUIErocs ToJI0rpaduueckoro InUcKa,
CIIY’)KUT B KauecTBe OnopHoro (pedepenTHoro) styya. B cur-
HaJILHOM IuTeue nHTepdepomerpa MalikenbcoHa 3a JIMH30H
L#7 popmupyertcst HpoOHT III0CKOW BOJHEI, ITAIAFONINI Ha
JBIDKYIUHCS TIOIyIpo3padHbiii 00bekT OR ¢ pasmmuHbIMu
HETPO3pavYHBIMH BKJIIOUCHUSAMH, (POPMY M PaCIIOIOKEHUE
KOTOPBIX TpeOyeTcs ompenenuTh. MexaHHIeCKUi MPUBOT
MD BBITIONHSAET OTOPAKOBKY OOBEKTOB B COOTBETCTBUH C
MX aBTOMAaTH4eCKOW MICHTHU(UKALMEH. ABTOMAaTHYECKAs
UACHTU(UKAIIMY OCYIIECTRIISICTCS Ha OCHOBE JIOTHUCCKON
cxembl LC, oOpabarsiBatoliieii BbixoHOM curuai ot [13C-
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Optical Society of America. 1966. V. 56. N 9. P. 1161-1166. https://
doi.org/10.1364/JOSA.56.001161

5. Brandt G.B. Hologram-moir¢ interferometry for transparent objects
/I Applied Optics. 1967. V. 6. N 9. P. 1535-1540. https://doi.
org/10.1364/A0.6.001535

6. Ryf R., Montemezzani G., Giinter P., Grabar A.A., Stoika .M.,
Vysochanskii Yu.M. High-frame-rate joint Fourier-transform
correlator based on Sn2P2S6 crystal // Optics Letters. 2001. V. 26.
N 21. P. 1666-1668. https://doi.org/10.1364/0OL.26.001666

7. Vander Lugt A. Signal detection by complex spatial filtering / IEEE
Transactions on Information Theory. 1964. V. 10. N 2. P. 139-145.
https://doi.org/10.1109/TIT.1964.1053650

marpuusl (CCD), na ocHose ycnoBus (1). Jlornueckas
cXeMa COCTOMT M3 CyMMaropa, JeJIUTENsl 1 KoMIaparopa
YPOBHEH HaNpsHKEHUH, a TaKkKe MUKOBOTO JETEKTOPA.

B cuiry Hanmuuuns criekJoB IPH pacCessHUM KOTepeHT-
HOTO M3JIy4EeHUS Ha TOJIYIIPO3PAYHOM OOBEKTE IS yiTyd-
IICHUS] Ka4eCTBAa CPABHEHUS C BOJHOBBIM ITOJIEM 3Ta-
JIOHHOTO 00BEKTA, 3aIMCAHHOTO Ha TOJI0TpadudeCcKOM
JIMCKE, BOJTHOBOW (PPOHT OT HCCIEAYEMOU CTPYKTYpPHI
BHYTPH JIJaHHOTO 0OBEKTa JOIKEH OBITh alallTUBHO INPO-
MoaynupoBaH pemieTkoit Ponku RG, [9]. [Ing 6onbmiero
YBCINYCHUA OTHOLICHUA CI/IFHaJ'I/H_IyM HCIIOJIb30BaHa CO-
Ouparomias nuH3a L#6, u mnockocts [13C-marpuna pac-
HOJIOXKEHA Ha PACCTOSHUM JI0 €¢ (POKATbHOU IIIOCKOCTH.
B nanHO# cxeme mpearnonaraeTcs, 4To Bce JHMH3bI (J1BO-
SIKO- MJIN OJHOBBINYKJIbIC) UMEIOT OJMHAKOBOE (POKyC-
Hoe paccrosHue f. [y CHUKEHUS BIMSAHUS TEIUIOBBIX U
BUOpPALMOHHBIX IIyMOB B YCTAHOBKE NPUMEHEHA CXeMa
IMaynma—/IpeBepa—Xomma (Pound—Drever—Hall frequency
stabilization technique).

3akjoueHne

B pabote npeacrapicHa MPUHIUITUAIBHAS CXCMa aB-
TOMAaTHYECKOTO Paclo3HABAHHS BHYTPECHHUX CTPYKTYD B
JIBUKYIIUXCS TOTYIPO3pavHbIX 00bekTax. [IpeaioxkeH
KPHUTEPHU pacrio3HaBaHsI, OCHOBAHHBIN HA MyapOBON-TO-
norpaduyeckoit mHTEphEpOMETPHH, KOTOPHIA COOTBET-
CTBYET CTEIEHH PABHOMEPHOCTH PaCIIPE/Ie/ICHHsI CBETO-
BOH PHEpruu mo 3acBedeHHOoH miomanu [13C-MaTpuiis.
[Tonbop HaMTydIINX BAPUAHTOB ISl WICHTU(HUKAIINN BHY-
TPEHHUX CTPYKTYP B IBMKYIIUXCS 00bEKTaX OCYIICCTBIISI-
eTCs IMyTeM mepedopa BCeX BO3MOXKHBIX BapUAHTOB MPHU
TIOMOIIH BPAIICHUsI TOJIOrPapUUISCKOTO TUCKA, Ha KOTOPOM
3arucanbl JU(PAKIMOHHBIC PEIICTKH, COOTBETCTBYHOIIUE
BOJTHOBEIM (DPOHTAM ATAIOHHBIX OOBEKTOB.
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AHHOTAIUA

IIpenmer ucciaenoBanmsi. VccienoBana BO3MOXKHOCTD IIPUMEHEHUS] HEHPOHHBIX CeTel U KOMIBIOTEPHOTO 3PEHUS
JUISL aHaJIM3a U300paKeHU KOXKHBIX HOBOOOPA30BaHHI M BBISBICHUS TPU3HAKOB Pa3BUTHSI PA3IMYHBIX MAaTOIOTHH,
B TOM 4YMCJe OHKOJOTHuecKuxX. PaspaboTana MeToquKa OIEHKHM 3HAYUMOCTH KOMOMHAIIMI 1BETOBBIX KaHAIOB U
MPOCTPAHCTB C MPUMEHEHHEM TEXHOIOTHH KOMIBIOTEPHOTO 3PEHUS, & UIMEHHO, METONOB JIOKAIbHBIX OMHAPHBIX
11abIOHOB 1 THCTOTPAMM OPHEHTUPOBAHHBIX TPAANCHTOB JUTS H3BJICUCHHS IPU3HAKOB KOXKHBIX M3MEHEHHH 1 OMHAPHOI
KITacCH(MKANK HOBOOOpa30BaHHUH KoXH denoBeka. OnTrMu3arms KoMOMHAIHI TIPU3HAKOB MO3BOIUT Oortee 3 eKTHBHO
pemats npodiaeMy pa3aedMMOCTH JJAaHHBIX Hpu Kiaccuukannu. ITokazaHa BO3MOXXHOCTD HCCIIETOBAHUS KOMXKHBIX
HOBOOOPA30BaHMI MPH HCIIOIB30BaHUY HAOOpa JaHHBIX Masoro ooseMa (MeHee 1000 n3zobpaskenuii). [Ipemioxeno
NPUMEHEHHE METOJAMKH K JJAHHBIM, MTOJYYaeMbIM C IIOMOIIbI0 HOBOTO YHHUKAJIBHOTO METOJIa MHOTOCIIEKTPaIbHON
00paboTKN KOXKHBIX HOBOOOpa3oBanuii. Metoa. Mcrosb3oBanbl H300paxenus u3 Habopos nanHbix [SIC-19 n ISIC-20.
[l TpEeHUpOBKHU U Banuaanuu Mozaesnel copmMupoBaHsl BEIOOpKH ¢ orpanndenueM B 1000 u3zoOpaxkeHuii, a Takxe
JIOTIOJTHHUTENbHAsE TecToBask BeIOOopKa n3 250 mzoOpaxkenuil. Bce n3o0pakeHHus MPUBEACHBI K €IUHOMY pa3Mepy
128 x 128 nukcenos u mpeodpazoBaHbl B mBeToBEIe pocTpancTBa Y CrCb, BGR, Grayscale, HSV. 1o kaxxgomy
[BETOBOMY KaHaJIy M3BJICUYEHBI IPU3HAKH C OMOIMIBIO METOMOB JIOKATHHBIX OMHAPHBIX IMIa0JIOHOB U THCTOTPAMM
OPHEHTHPOBAHHBIX I'paJHeHToB. s KitaccurKanuy JaHHBIX IPUMEHEH PsiJi MaTeMaTHYeCKUX MOJIENeil, B TOM JHcIie
HelpoHHBIe ceTH. BrinonHeHa orenka 3pdeKTnBHOCTH KOMOMHAINIT 00beJTUHEHNS IPU3HAKOB O [IBETOBLIM KaHaJIaM
U MeToZiaM HX u3BnedeHus. [Ipenobpadorannbie H300paXkeHHs pa3/ieieHbl Ha TPEHUPOBOYHYIO M BaJHJALMOHHYIO
nonBeIOopKH B cooTHoteHnu 70/30 %. [poBenena oneHka Mojeseil ¢ momolibio MeTpuk Accuracy, Recall, Precision
u Fl-score Ha cTpatuUIMPOBAHHON KPOCC-BAMIAINN U TeCTOBOM BbIOOpKe. ONTHMHU3ALUs TapaMeTPOB MoAeei
OCYIIIECTBIIEHA HA OCHOBE (DYHKIIUH MOTEPh, MPEACTABICHHON YCPEAHEHHBIM 3HAU€HHEM 10 KPOCC-BalUAAINH 1
OIICHKE Ha BalWJAlMOHHON BhIOOpKe. OCHOBHBIE pe3yabTaThl. B mpomecce wccieoBanmil BEIIONHEHO Ooee
15 000 ontuMu3anuii mapaMmeTpoB Moxeneil. Hanbosee ycroifumBeie pe3ynbTaThl Ha BaluIallMOHHOM Habope
JAHHBIX JOCTUTHYTHI IPU aHCAMOIMPOBAaHHN MoOjesIell, 00y4eHHBIX Ha KOMOWHAIIMY NPU3HAKOB C MPHMEHEHHEM
METOIOB JIOKAJILHBIX OMHAPHBIX MIA0JOHOB M THCTOIPaMM OPHUEHTHPOBAHHBIX TPpaaneHToB. [lokazaHo, 4To MoeH ¢
HCIIOJIE30BAaHUEM TOJIBKO METO/Ia JIOKAJILHBIX OMHAPHBIX [Ia0JIOHOB MMEIOT JIyYIIHe 3HAY€HHsI METPHK, IPUMEHEHHE UX
HE PEKOMEH/IyeTCs Ha MpaKThUKe 0e3 ancaMOnupoBaHus ¢ 0ojee CHIIbHBIME Mozienisivu. [IpakTHyeckast 3 HAYMMOCTb.
TTosydeHHbIe pe3ynbTaThl MOTYT HAWTH IPUMEHEHHE TIPU UCIIONIB30BAaHUY aHCaMOIs U3 state-of-the-art cBepTOUHBIX U
PEeKyppeHTHBIX HEHPOHHBIX ceTeil. [IpennokeHHbIi MOAX0 ABISETCS yHUBEPCANBHBIM U IPUMEHHM KaK IS aHaIH3a
OT/IENBHBIX M300paKEHHUH KOXKHBIX HOBOOOPA30BaHUH, Tak M JUIS aHAIN3A UX TOCIEI0BATEIbHOCTEH, MOTyIeHHBIX
110 METOJy MHOTOCIIEKTPaJIbHONH 00paboTkn n300pakeHui. MeToIuKy MOKHO HCIIONB30BaTh Ha HA0Opax MAHHBIX C
OTPaHMIEHHBIM UX KOJIMIeCTBOM. [lomydeHHbIe pe3yasTaTsl OyayT MOIE3HbI CIIeHaINCcTaM B 00JIacTSIX KOMITBIOTEPHOTO
3pEeHUsSI U aHAJIN3a METUIUHCKIX CHIMKOB.

KuioueBble ciioBa
KOKHbIC HOBOOOpaszoBaHus, HellpoHHbie cetr, HOG, LBP, nBeToBbIc MpOoCTpaHCTBA, aHAIN3 U300paKCHUI,
MHOT'OCIEKTpaibHas 00paboTKa H300paKeHHA
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Abstract

Opportunity research of using neural networks and computer vision to analyze images of skin lesion and identify
features of various pathologies, including oncological neoplasms. A methodology has been developed that makes it
possible to evaluate the significance of combinations of color components and spaces in feature extraction using local
binary patterns (LBP) and histogram of oriented gradients (HOG) computer vision technologies to extract features of
skin changes binary classification of human skin lesions. Optimization of extracted feature makes it possible to more
effectively solve the problem of data separability in classification. Research reveals an accessible way to classify skin
lesions on a small dataset (less than 1000 images). Research is supposed to be applied to data sequences obtained using
a new unique method of multispectral processing of skin lesions. In the course of the work, data from the ISIC-19 and
ISIC-20 datasets were used. Samples were formed with a limit of 1000 images for training and validating the models.
Additionally, a test sample of 250 images was formed. All images were reduced to 128 x 128 pixels and converted to
YCrCb, BGR, Grayscale, HSV color spaces. Features were extracted for each color channel using the HOG and LBP
methods. Mathematical models, including neural networks have been used for data classification. The effectiveness of
features combinations by color channels and feature extraction methods was evaluated. The preprocessed images were
divided into training and validation subsets in a 70/30 ratio. The accuracy, recall, precision and f1-score metrics were
used to evaluate the models. The models were evaluated using stratified cross-validation and a test dataset. Optimization
of model parameters was carried out based on the loss function represented by the average of cross-validation and
evaluation on the validation set. In the process of research, more than 15 000 different optimizations of model parameters
were executed. The most stable results on the validation dataset were achieved using ensemble of models, which were
trained on a combination of features using local binary patterns (LBP) and histogram of oriented gradients (HOG)
technologies. Models which used only local binary patterns technology had the best metrics values, but these models
are not recommended to be used in practice without ensemble with stronger models. The results gained can be applied
for usage with an ensemble of state-of-the-art convolutional and recurrent neural networks. The proposed approach
is universal and applicable both for the analysis of individual images of skin neoplasms and for the analysis of their
sequences obtained by the method of multispectral image processing. The technique can be applied to datasets with a
limited amount of data. The results obtained will be of interest to specialists in the fields of computer vision and medical
images analysis.
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skin lesion, neural networks, HOG, LBP, color spaces, image analysis, multispectral image processing
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BBenenune

PanHsIs1 TMarHOCTHKA 37I0Ka4eCTBEHHBIX HOBOOOpa30Ba-
HUH KOXXH B HACTOSIIIIEE BPEMsI — aKTyaJbHas poodiema.
AXTHBHOE pa3BUTHE CPEJICTB OMOPaMOPOTOHNKH CIIOCO0-
CTBYET IMOSIBIICHUIO HOBBIX ONTHYECKHX METOI0B HCCIE-
JIOBaHUS KOXKHBIX HOBOOOpPA30BaHMA, MO3BOJISIONINX pac-
IIMPHUTH TUATHOCTHYECKHE BO3ZMOXKHOCTH JIEPMOCKOIINH.
OnnH U3 HUX — YHHUKQJIBHBIH METOJl MHOTOCTIEKTPATh-

HOH 00paOOTKH N300paskeHNI KOXKHBIX HOBOOOPA30BaHUM
[1-4], mpennokeHHBIN U pa3BUBAIOIIUICS B Ta0OpaTopun
«Paano- n onTOAEKTPOHHBIX MPUOOPOB paHHEH JUarHo-
CTHKH TaTOJIOTHIl )KMUBBIX cucTeM» MHCTHTyTa aHAIUTH-
yeckoro nmpudopoctpoernss PAH (Cankr-IletepOypr) moxn
PYKOBOZCTBOM TIpoheccopa, JOKTOpa TEXHUIECKUX HayK
K.B. 3aituenko. J[aHHBII METOZ] OCHOBAH Ha MOJYYCHUN
MOCJIEIOBATEILHOCTH MOHOXPOMHBIX M300pakeHUH, Ka-
JKI0€ U3 KOTOPBIX MPEACTaBIsAET cOO0N pacmpeneneHne
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C.A. MunaHTbeB, A.A. Kopalokosa, [.0. Lesskos, E.I. Jlorayes

WHTEHCHBHOCTH CBETa Ha BEIOPAHHOM JUTHHE BOJIHBL. Takum
00pazom, 4eM OOJIbIIIe YHUCIIO UCIIOIb3YEMBIX JJIHMH BOJIH,
TeM OoJIbIINIT 00bEM CIIEKTPaJIbHON HHPOPMALIUK MOXKHO
TIOJTYYNTH B JJOMOJHEHHE K UMEIOIIEHCs] IPOCTPAHCTBEH-
HOW HH(pOPMALINH.

Jas meTanpbHOTO M3YUECHHUS JTIOOBIX M300paKeHHI
KO)KHBIX HOBOOOpa30BaHUH, a TakKe WX JaIbHEHIIETO
ABTOMATHYECKOTO aHAIM3a B MPOIIeCcCe MPUHATHS JHArHO-
CTHYECKOTO PEUICHHs, OOJBIION HHTEpEC MPEACTABISICT
NIPUMEHEHUE TEXHOJIOTMI HEHPOHHBIX CETEH U METOIOB
KOMIBIOTepHOTO 3peHusA. C uX MOMOIIBI0 MOJKHO Hepei-
TH K PEIICHUIO OHOM M3 OCHOBHBIX 3a/lad AHArHOCTHUKU
KOXHBIX HOBOOOpA30BaHUI — OWHAPHOW KTacCUBUKAIINN
HOBOOOpa30BaHMI Ha JOOPOKAYECTBEHHBIE U 3JI0Kaye-
cTBEeHHbIC. JJOOUTHCS HTOr0 MOXKHO ITyTeM OOHAPYKECHHS
B MICCJIC/TyEMBIX H300paKEHHUSIX MapKepoB, MMEIOIINX pa3-
JUYHYIO TPUPOIY: IBET, pa3Mep, KOHTYpP, HHTCHCUBHOCTh
OTPaXCHHS CBETA OT MCCICIYEMOTO y4acTKa KoKu. B cBs-
3H C 9TUM OOJBIIION WHTEpEeC MPEACTaBISACT MPOBEACHNE
OLICHKH ITBETOBBIX KaHAJIOB M MPOCTPAHCTB B MCCIIETYEMBIX
n300pakeHMIX, a TAaK)Ke ONTHMH3ALNA BCEX TMOJE3HBIX
MIPU3HAKOB, COJICPIKAIIMX B ceOe MH(OPMAIIHMIO O HATUYUH
00 OTCYTCTBUH MATOJIOTHH.

Ienb paboThl — MPUMEHEHHE TEXHOJIOT U HEHPOHHBIX
ceTeil M KOMITBIOTEPHOTO 3PEHUs JIJIsl aHAJIN3a N300pake-
HUM KOXKHBIX HOBOOOPA30BAHUI U BBISBICHNUS [TPU3HAKOB
Pa3BHUTHS PA3JIMYHBIX [TATOJIOTHH, B TOM YHCIIE OHKOJIOTHH.
Ji1st 5TOr0 HEOOXOMMO PEIIUTh CIIEAYIONIYIO 3314y —
pa3paboTarh METOUKY, KOTOPAst TIO3BOJIUT OI[CHUTH CTaTH-
CTHYECKYIO 3HAYMMOCTh KOMOWHAIINI I[BETOBBIX KAHAIIOB 1
MIPOCTPAHCTB Ha OCHOBE MTPUMEHEHHUS METOIOB JIOKAJIHHBIX
6unapubix mabmonoB (Local Binary Patterns, LBP) u ru-
CTOrpaMM OpHUEHTHPOBAaHHBIX rpagueHToB (Histogram of
Oriented Gradients, HOG), a Takke HEHPOHHBIX CETCH.
OreHka 3HAYUMOCTH OyJeT BBIpA)KEHA MTOKa3aTeNsIMU Me-
TPUK MOJIeNEeH 10 KaXKJOMY NPOBEICHHOMY YKCTIEPUMEHTY.
Pabora Mo)keT BHECTH BKIJIaJ B pa3BUTHE METOAA MHOTO-
CIEKTpaIbHOW 00paboTKH N300pakeHUH (MOHOXPOMHBIX )
KOKHBIX HOBOOOpa3oBaHWUii [ 1—4], a TakyKe MO3BOJISICT IIPO-
BOJIMTH UCCIIEAOBAHMS U IPYTUX N300paskeHNHT (IIBETHBIX),
MIPECTABIISIOMINX HHTEPEC TSI TUATHOCTUKHU paKa KOXKH.

MeToabl M OAXO0IbI

OCHOBHOI MMOJX0JT HACTOSIIEH pabOThl — BBISBICHUE
HauboJiee 3HAYMMBIX [IBETOBBIX IPOCTPAHCTB U KaHAJIOB
JUTsL KITacCU(HMKAIIMU KOKHBIX HOBOOOpazoBaHuid. [1prunna
peanu3annuy NoX0Aa — HCCIIEI0BaHNE TPUMEHEHUS Me-
TOJIMKH Ha faraceTax Maioro oobema (meHee 1000 u3zo-
Opaxennii). [Torck HanOONBIICH 3HAYMMOCTH [IBETOBBIX
TIPOCTPAHCTB Ha N300paKEHMAX KOXKHBIX HOBOOOPa30BaHHH
TIO3BOJIUT PEIIUTH OCTPO CTOSIILYIO IPOOIEMY pa3AeInMo-
CTH JIaHHBIX B PaMKaX HEOOIBILOTO JaTaceTa.

Janubie. [Ipy perienny nocTaBIeHHOM 3a/1a4M yUTeM,
4TO COOp M300pAKEHUI KOKHBIX HOBOOOPA30BAHUI C IMO-
MOIIBI0 HOBOTO METOJ/Ia MHOTOCIIEKTPaIbHON 00paboTKu
M300paKeHNH B COOTBETCTBYIONIMH JaTaceT HAXOIUTCS
Ha HavyaJbHOM craguu. HenocrarouHoe KoqMuecTBO JaH-
HBIX CIIY>KUT IPETSTCTBUEM JUIsl OLIEHKH CTATUCTUYECKOMH
3HAYMMOCTH JKCIIEPUMEHTOB. B cBs3m ¢ aTnM 1i1st hopmu-
pOBaHMsI 33/1a4M OMHAPHOW KJIACCH(UKAIIMN HCIIOIb3yeM

cymectBytomue garacetsl ISIC-19 [5-7] u ISIC-20 [8].
B npoBoanMBIX SKCIIEpUMEHTAX JIIsE CUMYJISLIIH Oy/Tyero
MIPUMEHEHHNSI METOJIMKH K JIAaHHBIM, OJTy4YSHHBIM METOJIOM
MHOTOCIIEKTPAIbHOM 00pab0TKN M300payKeHUH, HATIOKUM
OTpaHUYCHUS Ha KOJIMYESCTBO MAaHHBIX. OTMETHM, UTO JIa-
tacet ISIC-19 Brurtouaet B ce0st 6omee 25 000 mepmarocko-
MTUYECKIX M300pakeHUH, COIEePIKAIX MHOTOKIIACCOBBIE
KOKHBIE HOBOOOpa30BaHMs (KaK 370KaueCTBEHHBIC, TaK U
JoOpoKaueCcTBEHHBIE), a UMEHHO: Keparo3, HeHpohuopoma-
T03, 0a3aJIbHO-KJICTOUHAS KapIIMHOMa, aepMarodudpoma,
Oone3nb boysHa, MIOCKOKICTOYHBIN paK, JIEHTUIO, OOPO-
JIaBKH, 3JI0KaueCTBeHHas MenaHoMa u np. Apxus ISIC-20
COZICPIKUT, B TOM YHUCIIC U JJaHHBIE U3 JIPYTUX JaTaCeTOB:
MSK (paznuunbie pazmepsl uzodpaxenuii), HAM10000
(pa3mepsl n300paxkenuit 600 x 450 nukcenos) 1 BCN20000
(pa3mepsl nzobpaxennit 1024 x 1024 nuxcenos).

B pesynbrare nmepBoHa4aIbHO HA OCHOBE HAOOPOB AaH-
apix ISIC-19 u ISIC-20! ciyuaiinpiM 06pa3oM creHepu-
poBaHa cOaraHcHpoOBaHHAsI MO KiaccaM MoaBBIOOpKa. Ee
pasmep orpannder 1000 m3obpaxkenuit, 700 U3 KOTOPHIX
WCIIONIBb30BaHbl B TPEHUPOBOUHOM MOABEIOOpKE, a 300 — B
BaMIAIMOHHOM. Takke chopMupoBaHa TeCTOBast BHIOOP-
Ka U3 JOMOJHUTENBHBIX 250 n300pakeHuii, MOJEIUPYIO-
mas mpouecc OUCHKHU 3KCILTyaTalluid Ha HOBBIX JaHHBIX.
TpeHnpoBoUHast, BAIMIAIIMOHHAS M TECTOBAs TOABBIOOPKH
CTPOTO MPEJIONPEIEIICHBI 110 HHJIEKCaM HIeHTH(UKaTOpamMu
N300paKCHUH.

Bo Bpems mpoBeieHns SKCIEPUMEHTOB M 00y9IEHHS MO-
JIeTIeH MICTIOIh30BAHBI JIOTIOTHUTEIIFHBIC OLICHKH ¥ TEXHUKA
JUTS TIPETOTBPAIICHHS TIPOIiecca TepeoOydeHIsT MOICTICH.
B niepByto ouepens npumeneHa L2-perymspusartist as mo-
JIydyeHHs] yCTOMUMBBIX Mojiene. [IpoBeiena onTumMusanus
apaMeTPOB MOJIEIEH M0 CPETHIM 3HAYCHUSIM, UCXOMIS 13
OLIEHOK KPOCC-BaJIM/IAlMHU 1 BaJH/IAIIMOHHOMN BBIOOpPKE.

Ipenodpadorka naHubIX. OTMETUM, UYTO B UCIIOb-
3yembix garacetax ISIC-19 u ISIC-20 BcTpeuarorcs
n300pakeHus, UMeIore YepHbie odnactu. Bo nzbexa-
HUE BO3MOXKHBIX YXYALICHHH METPHK B Ipolecce o0y-
YeHHsI U ONTHMHU3ALINN MOJEJICH 3TH 00JaCTH MUHHMH-
3UPYIOTCS C MIOMOIIBIO MpeoOpa3oBaHus U3 OHOINOTEKI
ImageMagick ¢ ko3 punueHTOM He4eTKOCTH 0K0JI0 5 Y.
3areM Bce m300paxeHust IPeoOpa3yroTCs B SIUHBIN pa3Mep
128 x 128 nukcenoB. s ayrMeHTAIlNH JAHHBIX U yITyd-
IICHUS UX CTPYKTYPHI B OTJACIBHBIX dKCIIEPUMEHTAX MpPHU-
MEHEHO TayCCOBCKOE Pa3MbITHE C AApoM 3 X 3 wiu 5 X 5 B
pasnuuHbIX MacmTabax. B padore [9] paccmoTpen moaxos
OLIEHKU OCBEUIEHHOCTH, MTOJITBEPIKAAIOIINI ONTUMATbHBIN
ko3 duunent Hopmel MunkoBckoro (Minkowski norm
p =06). C 11e51b10 JOTOTHUTENBHON HOpMAIU3alluu U30-
OpaskeHHMI B HACTOsIIEH paboTe Tak)Ke BHEAPEH JAHHbIN
MO/IXO0JI, HA OCHOBAaHHMU KOTOPOTO BBINOJIHEHO MPUMEPHO
15 % oT 0011ero Yncita SKCIIEPUMEHTOB.

Jaiee k KaKI0OMy U3 H300pakeHUH OBLITH TPUMEHECHEI
pasiokeHus 1o 1BeToBsIM mpocTpancTBaM: BGR (RGB),
YCrCb, HSV, Grayscale. BGR — agautnBHOE 1IBETO-
BOE MPOCTPAHCTBO, B KOTOPOM HTOTOBBI IIBET 3aaeTCS
JMHEHHOW KOMOWHanuen Mo BceM (QUiIbTpaM, HMEIOIITM

I International Skin Imaging Collaboration [nekTpoHHBIH
pecypc]. Pexxum moctyna: https://www.isic-archive.com (nara
oOpamenust: 27.09.2022).
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[MprMeHeHne TEXHONOr N HEMPOHHbLIX CETEN Y KOMIMbIOTEPHOI0 3PEHUS. ..

KOPPEISILIUIO ¢ MHTEHCUBHOCTBIO ocBerienus. B Y CrCb-

MIPOCTPAHCTBE BBIAEIAETCSA KaHal IPKOCTH Y, MOJTyUeH-

HBII noce ramma-koppekuun u3 RGB, a takxke kanan Cr

(Cr=R-Y), mokaspiBatomuii paccrosiare R ot Y u xanan

Cb (Cb =B-Y) — paccrosiaue B ot Y. OHO W3 TIIaBHBIX

npenmytectB npoctpancTBa Y CrCb — pasneneHne wH-

(dbopmann 06 HHTEHCHBHOCTH OCBEIICHHS W I[BETOBOI

nHpopmanuu. [[BeToBoe pocTtpancTeo HSV coctont u3

kaHana ToHa H (qoMuHHpYyomas AIWHA BOJIHBI), HACHI-

IICHHOCTH I[BeTa S M 3HAUEHUS LBeTa. 3HAYMMBIM MPEU-

MYIIIECTBOM JIAHHOTO I[BETOBOTO MPOCTPAHCTBA SIBIISACTCS

HCIOJb30BaHNe kaHata H g onucanus 1seTa, KOTopoe

OCTaeTCsl HEM3MEHHBIM NPU U3MEHEHUU UHTEHCUBHOCTH

ocpenenus. [{BeroBoe npocrpanctBo Grayscale mo3so-

JIAeT UCCIeA0BaTh U3MEPEHUSI HHTEHCUBHOCTHU CBETA B

KaJIOM ITUKCEJIe B COOTBETCTBUU C ONPEEIEHHON UIMHON

BOITHBI, 9TO aKTYaJIbHO JIJIsI MOHOXPOMHBIX H300paKeHHN,

MTOJTY9CHHBIX METOJJOM MHOTOCTICKTPAIbHONH 00paboTKH

M300pakeHUH.

MeToabl u3BJIeYeHHs PU3HAKOB. PaccmoTpuM nipu-
MEHEHHEe METOA0B KoMmbioTepHoro 3peHus LBP [10] u
HOG [11], ¢ mOMOIIBI0 KOTOPBIX MOYKHO TOJXYYHTb TIpe-
JUKTOPBI (MAaCCUB MCCIIEYyEMbIX MPU3HAKOB), COJEpPKa-
II11€ AOMONHUTENbHbIC HEJTMHEHHBIC 3aBUCUMOCTH. Taioke
nccieayeM KOMOMHAIMK TIPU3HAKOB, B TOM 4HCiIe U 00be-
nuHenue npenukropoB HOG u LBP, 3apexomennoBaBiee
ce0s B HayuHBIX pad0OTax O 3aj1a4ax Ki1acCH(UKaUN H30-
Opa’keHUI 1Tl TUATHOCTHKH paka skenyaka [ 12] u monou-
HOM xene3sl [13].

Meton HOG B HacTosimeit pabote mpuMeHEH B Kaue-
CTBE OTHOTO W3 METOJIOB M3BIICUCHUS MPHU3HAKOB U3 WC-
crexyembIx m3o0paxenuii. OcHoBHast unes meroqa HOG
3aKJTI0YAETCs] B TOM, UTO JIF000€ N300pakeHHEe MOXKET ObITh
OITHCAHO C MTOMOIIIBIO PAaCTIpeIeNICHNs] NHTEHCUBHOCTH Ipa-
JMEHTOB. J[aHHBII METOJl OCHOBAH Ha IIOJCYETE KOJIMYECTBA
HalpaBJIeHUH IrpajIMeHTa B JOKAJIBHBIX 00sacTsix n3obpa-
JKEHHUS U NTOJIPa3yMeBaeT CIEAYIOIIE ATAIBL.

1. Pazngenenne mUKCeNOB KaXkJ0ro M300pa)keHUs Ha
siueiiku. BHYTpH Kak01 siueiiku BBIUUCIIEHA JIOKAJIb-
Hasi TUCTOTpaMMa HarpaBiieHU# rpaauenTtos. [locie
BBIYUCIICHUS TPATUCHTOB KaXKIBIH IMHKCEN IMONTYYUIT
3HayeHust HaripasiieHus ot 0 1o 180° u BennuuHy rpa-
nueHnTa. [lpu cocTaBieHUM JOKaIbHOW TMCTOIPaMMBbl
HaImpaBlIeHUN TPAaJUCHTOB 3HAYCHHUE €r0 BEITUYUHBI
J00aBJIEHO B MHTEPBAJI THCTOIPAMMBI, K KOTOPOMY ITpH-
HAAJICKUT 3HaUCHUE HAMpaBICHNUS NHKcena. B naHHOM
SKCTIEPUMEHTE THCTOrpaMMa cozieprkana 9 HHTEpBaoB,
cootBeTcTBytomux yriam 0, 20, 40, 60, 80, 100, 120,
140 u 160° [12, 13]. Tak KaK KCMOIB30BaHBI 3HAUCHUS
0e33HaKOBBIX TPaJUEHTOB, TO HarpasieHus 0 n 180°
SIBJISIFOTCS] 9KBUBAJICHTHBIMH.

2. OObenwHEHUE siUeeK B OMOKH. [ MOBBINICHUS MHBA-
PUAHTHOCTH METOJa K OJTMKaM, TCHSIM U K JPYTUM IITy-
MaMm, sST9eiKH 00BeIUHEHBI B OJIOKH. BHYTpH Kaxkmoro
07oKa KO BCeM sueiikaM MpUMEHEHa HOpMaTH3aIlns
TUCTOIPaMM HallpaBJIeHUM IpaJueHToB. [laHHas ore-
panus 3aKIIo4aeTcs B 00bEIMHEHUHN BCEX JIOKATBHBIX
THECTOTPaMM HAIpaBICHUH TPaUCHTOB BHYTPH OI0Ka,
T7Ie TIOJTyYeHHBIE Pe3ybTaThl IPEACTABIAIOTCS B BUJC
BEKTOPa, KOTOPBIH HEOOXOIUMO pa3ieiuTh Ha JUIMHY
JTAHHOTO BEKTOPA.

3. BrolnonHeHue onepanuyu KOHKaTeHAIluu TUCTOTpaMM
rpaJIMEHTOB 10 BCEM LIBETOBBIM KaHallaM JJIsl MOJTyye-
HUS PE3YJIBTUPYIOLIETO BEKTOPa MPU3HAKOB.

MeTton LBP Takke npuMeHeH Uil U3BJIeUeHUs IPU3Ha-
KOB. B M30mmMpoBaHHOM BHIIC JaHHBII METOI MMEET Jyd-
IIHe TI0Ka3aTeIl METPHUK 110 cpaBHEHHIO ¢ MetogoM HOG.
[punnun padorsr metoga LBP ocHoBan Ha cpaBHEHUH
3HAYEHUI MUKCEIOB M300paKEHUS CO 3HAUYCHUSIMHU CBOHMX
coceqell U moipa3syMeBaeT CIEeIyIOIINe STaIlbI.

1. PaznenenHne MUKCETOB KaXKI0TO M300payKeHUS Ha AUCH-
ku. [Ipu 5TOM Kakaas siuetika GopMUpyeTCsi Ha OCHOBA-
HUU 3apaHee OINpe/IeJIeHHBIX 3HaUeHUH MapaMeTpoB pa-
Juyca 1 KolndecTBa coceniel. B janHoM skcniepumenTe
MIPUMEHEHBI MMapaMeTphl paguyca co 3HaueHUueM 3 U
KOJIMYECTBOM cocenieil — 24.

2. Ompenenenue KoauuecTBa coceneil. B kax ol siueiike
3HAYCHHE [EHTPAIBHOTO ITHKCENA SBISETCS TOPOTO-
BBIM JUJISl OIIpE/E/ICHUsl 3HaueHui coceneil. g kax-
JIOTO COCE/IHETO MHKCEIa CO 3HAYCHUEM OOJBITUM UITH
PaBHBIM [IEHTPATFHOMY YCTaHABINBAETCA 1, B IPOTUB-
HOM ciydae — 0. Pesynmsrupyromas MaTpuna sBaseTcs
MOCTPOYHOH (hOPMOI 3aIKCH AJIsl BOCBMUOUTHOTO JIBO-
WYHOTO YHca.

3. TlpeoOpa3oBanue uncen B mukcesbl. [lomyueHHOE BOCh-
MHUOUTHOE JIBOUYHOEC YHCIIO IPEOOPa3yeTCsl B ICCATHY-
HOE ¥ YCTaHABIUBAETCSI HA MECTE LEHTPAJILHOTO MHK-
cena. B cinyuae ecnu Touka cocea HaXOAUTCSI MEXITY
MTUKCEIaMH, IPUMEHSICTCSl OMITHHEHHAS MHTSPIIOISIIHS,
r7ie 3HaYCHHUE TOYKH OI[CHUBACTCS 10 B3BEHICHHOMY
CpeqHeMy W3 3HAUYCeHHUH YeThIpeX OMIKaNIINX MUKCe-
JIOB.

4. BeruncieHne JOKaIbHOM THCTOTpaMMBL. [locie mpeod-
pa30BaHUs BCEX MUKCEIIOB BHYTPH SYCHKH BHIITOTHEHO
BBIUHCJICHUE JIOKAJIbHOW THCTOIPaMMBbl PACIPEACICHUS
YacTOT 3HaYEHUI NMUKCeNOB B siuelike. [ Hopmanuza-
LMY [TOJTyYeHHasl JIOKAJIbHAS TUCTOTPaMMa MpeJicTaBIie-
Ha B BHJIC BEKTOPA, KOTOPBI HEOOXOMMO Pa3/IeuTh Ha
JUIMHY JaHHOT'O BEKTOpa.

5. TlonyueHnue pe3ynbTUPYIOLIEr0 BekTOpa. Pe3ynpTu-
PYIOIMI BEKTOP MPU3HAKOB COCTOUT U3 KOHKATEHALIUU
BCEX JIOKAITBHBIX TUCTOTPaMM IO BCEM IIBETOBBIM KaHa-
JaM.

Janee x 0a30BBIM M W3BJICUCHHBIM MIPU3HAKAM TIPH-
MEHEHBI TeXHUKH HOPMAJIM3AINH W MacIITaOupOBAHMUS:
0 MaKCUMAaJIbHOMY abcomoTHOMY 3HadeHuo, MinMax,
CTEIIeHHOE MpeobpaszoBanue Yeo-Johnson, KBaHTHUIIBHBIC
npeoOpa3oBaHus U z-mpeodpa3oBanue. BriOop maHHBIX
TEXHHK CBS3aH C OJJUHAKOBON PaBHOMEPHOCTBIO JIJISI BCEX
9KCMIEPUMEHTOB M MO MOKa3aTelsIM ONTUMH3AIUN (CM.
noapoOHee B monpaseiie «O0ydeHrne 1 ONTUMH3AIINS MO-
JIeIei).

Moaean

Jnst perieHus OCTaBICHHOM 3aJa4l PAaCCMOTPUM CJIe-
Jylomue Kiaccu(UKaluOHHBIE MOJEIH: HOJTHOCBSI3HbIC
HEeWpOHHBIE CETH, TPaIUCHTHBIM OyCTHUHT HaJ| PEIIaloIH-
mu JepeBbsimu (peannzanus LightGBM), GaiiecoBckue
MOJIEJIH, KBaJJpAaTHYHBIH JUCKPUMHUHAHTHBIN aHAIN3, MO-
JIeITh JIOTHCTHYECKON PErpeccuy, MOJICNN Ha I'ayCCOBCKHUX
npoleccax, METOAbI OMIOPHBIX BEKTOPOB U OJNIMKAUIINX
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coceneit. [Ipu peanuzanyy HEHPOHHBIX CeTEH MEXK Ty CKpBI-
TBIMHU CIIOSIMU JT0OaBJICHbI OJ0KH batch-HopMmanu3anuu u
¢ynkiun aktuBau ReLU, kotopsie TpaHC(HOPMHUPYIOT
BXOJTHBIC JIaHHBIC B IIKAJTY C HYJICBBIM MaTeMaTHYECKUM
OXKMJaHUEM U eAMHUYHON auctiepcreil. B HeKoTopbIx JKc-
nepuMeHTax (mpumepHo 5 % OoT 00IIero yucia) UCHob-
30BaH METOJ IVIABHBIX KOMIIOHEHT. Bce Mozmenn mpume-
HEHBI B PABHBIX YCIOBHSIX JUIS ONIPEAEIICHHsS MOKa3aTeneit
METPHK, OTPAKAIOLINX BBISBICHUE MPU3HAKOB MATOJIOTUN
JUISl pa3lInYHbIX MareMaTuueckux Mouenel. [lomydeHHsbli
HAWITYYIIUi pe3yasTaT Mo 3HAYSHUSIM METPUK OTIpeesieT
NOKa3arelb Ka4ecTBa paboThl MOJIEIIEH.

OO0yueHue n onTUMH3ANUA MojaeJiel. BeimonHuMm
00beIMHEHNE TTOJyYeHHBIX MPU3HAKOB B IIPEJUKTOPHI MO
pa3InuHBIM KOMOMHAIMsAM. B riepByto ouepenb mposeaeM
OIICHKY 3(()EKTUBHOCTH KOHKATCHAIIMH MPU3HAKOB 110
LIBETOBBIM KaHaJIaM. PaccMOTpHM KOMOMHAIINH TI0 CTIOCO0y
TIOJTYYeHHMS IPU3HAKOB: TI0 H300pakeHNIO 0e3 N3MEHEHHH,
metonamu LBP u HOG. Hamomuanm, 9To Bce mpeobdpa-
30BaHHBIC JJaHHBIE pa3neieHsl B cootHomeHun 70/30 %
JUIsL TPEHUPOBKM U Basnujanuu moneineil. [Toneidopku
CT€HEPHPOBAHBI OTHOKPATHO, B TOIYYCHHOMN KOJUICKITHH
COXpaHEHBI HHJIEKCHI, KOTOPBIE CTPOTO MPEAOIPEIEIECHBI C
ILIENIBIO OLIEHKHU MOJIeJIeH 1ociie 00yueHHs 1 ONTUMU3AIUi
Ha O/INHAKOBBIX JTaHHBIX.

3areM AU K101 M3 MoJieJiel Bpy4YHYIo (IyTeM 00b-
SKTHBHOTO ITOKMCKA TPAHHMIL JUIsl THaia30Ha 3HAYCHUI) OIH-
CaHbl IPOCTPAHCTBA JUIs ONTUMU3ALUY TAPaMETPOB MOJIE-
neit. Bee kimaccu(UKaMOHHBIE MOJEIH ONITHMH3UPOBAHBI
C IPUMEHEHHEM 0aliieCOBCKUX alTOPUTMOB, OCHOBAHHBIX
Ha TayCCOBCKHUX IPOIECCax W ACPeBBAX permeHui [14].
JlaHHBII 1TOAX0A SABJISETCS OAHOM U3 UTEPALUA ONTUMHU-
3alMOHHOTO aNropuTMa. B kauecTsBe yHKINHU TOTEPH HC-
TI0JIH30BAHBI CPETHIE 3HAYCHHS 10 METPUKAM Ha KPOCC-Ba-
nmunanuu u merpuku Recall.

Bce moznenu o0y4eHbl B paBHBIX YCIOBUSAX C IPUMEHE-
HHUEM CTPaTH(HUIIMPOBAHHON KPOCC-BATUJIAIINHN JUISI OLICHKH
nokasarenei MmeTpuk. [locne nosryueHus pe3ynbraToB Mo-
Jien ObUTH 00yYeHbI Ha TPEHHPOBOYHOH U BAJIMIAIIOHHOM
BBIOOpKaX. APXHUTEKTypa JAHHOM METOIMKH TIpecTaBiIcHa
Ha PHUCYHKE.

B pabote BrimonueHo 6onee 15 000 sxciepuMeHTOB
U onTuMH3alui. Bee utepanuu no onTUMHU3ALMAM CO-
xpaneHs! B obmaanom MLOps cepBuce Weights&Biases,
MI03BOJISIOIEM I(P(PEKTUBHO OTCIECKHUBATH IKCIIEPUMEHTbI

U COXpaHITh METPUKH, JATACEThI, MOJICIIA M MIPOYUE ap-
Te(akThl C MOIJICPIKKON BEPCUOHUPOBAHMS B 00JIa9HOM
XpaHUIHUIIC.

Ha ocHoBe onTuMu3anuil TpOBEICH MOUCK JIYUIIHX
MoJIeNiel TT0 BCEM KOMOWHAITUSAM I[BETOBBIX KAHAJIOB U
croco0y MONyYCeHHS MMPEAUKTOPOB. BBIABICHBI TydITne
MOJIEITH TI0 THITY MCIIOJIE30BAaHHOTO KJIACCH(UKAITMOHHO-
ro anroputMa. [locie momydeHus Tydmnux MOAEIeH AIis
KXI0TO paspe3a chOopMUPOBAHBI aHCAMOIN MOJEeH,
OCHOBAHHBIC Ha B3BCHICHHOM T'OJIOCOBAaHUM I10 MTPABUITY
OONBIIMHCTBA.

Ouenka mojedeii. Kpome TpeHUpOBOYHON U Baiujia-
IIUOHHOU BBIOOPOK, chopMUpOBaHA TECTOBAsI BEIOOPKA M3
JIOTIOJTHUTENBHBIX 250 N300pakeHUH, MOJICTHPYIOIAs IPO-
[IECC OICHKH JKCIUTyaTaIl[Ml MOJCJCH Ha HOBBIX JTAaHHBIX.
TectoBast BRIOOpKA aHAIOTHYHBIM 00pa3oM CTPOTO Tpe-
JIOTIpeieIsiiach o uHaekcam. [1pu aToM oreHka Monenen
B 3a/1a4¢ KJIACCH(HUKAINU HA BCEX ATAlaX BBHITOJIHEHA ITO
OCHOBHBIM MeTpukaMm Accuracy, Recall, Precision u F1-
Score. Mozenu, B TOM 4KCIIE 1 aHCAMOJIH, TAK)KE OICHEHBI
Ha cTpaTu(UIIMPOBAHHON KPOCC-BAINAIINHA U TECTOBOM
Habope TaHHBIX.

PesyabTarsl

[Tonmy4eHbI TOKa3aTeI METPUK MOIEICH, CrpyIITHpO-
BaHHBIC IO PE3yJIbTaTaM IIBETOBBIX NMPOCTPAHCTB U METO-
JIaM M3BIICUYCHUS TPU3HAKOB. BEITOMTHEHO aHCaMOIHpoBa-
HHUE TI0 TISITH JTyYIIAM MOJEISIM Ha OCHOBAHWHU 3HAYCHUH
Kpocc-Balmuaanuu. AHcamOIIb IBYX METOJI0OB TTOKa3al Hau-
Ooree cTabuiIbHBIE TIOKA3aTeIM METPHK. Pe3ynbraThl nccie-
JIOBaHUs MpeICTaBiieHbl B Tabuue. B crondne «CV-Score»
BBIJICIICHBI [TOKA3aTe Il HanOoJIee YCTONYMBBIX MOJICIICH Ha
Kpocc-BauAauu. B OONBIIMHCTBE IKCIICPUMEHTOB I10 TI0-
KazaTellsiM Ha KpOocC-BalIMAAlUU HanOoJee CTa0MIbHBIMU
OKa3aJIMCh MOJICIH C IPUMEHCHHEM TOJIEKO MeTona LBP
1 KoMOWHAIH nBeToBEIX mpoctpanctB HSV u YCrCb.
Ot1MeTHM, 4TO aHCcaMOIK 13 KoMOMHAIMU MeTo10B LBP n
HOG Taxoke moka3any XOpoIIie pe3yabTaThl.

[Tonmy4yeHnHbIe pe3ynbTaThl (TabNNIA) HE ABISIOTCS OI-
TUMAaJNbHBIMH [JI BHEAPEHHUS, TTOCKOIBKY COCTABISAIOT
npubmmsurenbHo 70—75 %, 9T0, CO CTAaTUCTHUECKON TOUKU
3pEHUSI, SIBJISIETCS HE JTOCTOBEPHBIM TOKa3aTesieM. OIHAKO
H3BJICUCHHBIC NJAHHBIC MMO3BOJIAT YJIYUHIUTH IMOKAa3aTCIn
METPHUKHU MOJENICH MpU aHaJIKU3e MOCICI0BATCILHOCTEH,

MeTox THCTOrpaMM OpPUEHTUPOBAHHBIX TPAJIHEHTOB

» Borancinenne . Ilocrpoenne —» Hopmammsarmms
THCTOIPaMM |

I IPaMEeHTOB ‘
| v
M300p@KCHIS [0 omn oo ettt MacmraGuposanue  Kpocc-pamunarms
KOXXHBIX . —> pgo%pagxennﬁ TIPU3HAKOB " 06yqu1/Ie MOACJICH
TIOPAKCHUHN X
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CpaBHenue
MHKCETI0B

IEHTPAJIBHOI'O 3HAYCHUS
W3 JIBOWIHON CUCTEMBI
I CUHMCJICHUS B N€CATUYIHYIO
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Figure. Approach architecture
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Table. Model metrics grouped by color spaces and extraction technologies

IIBeTOBOE IPOCTPAHCTBO Merton Merpun
Accuracy Recall F1-Score CV-Score

BGR (RGB) — 0,6909 + 0,067 0,6909 £+ 0,067 0,6908 + 0,078 0,6922 + 0,049
YCrCb LBP 0,6909 + 0,035 0,6909 + 0,035 0,6904 + 0,048 0,7091 + 0,039
YCrCb HOG 0,6545 + 0,034 0,6545 + 0,034 0,6541 = 0,061 0,6377 0,02
HSV+YCrCb LBP 0,703 £ 0,039 0,703 + 0,039 0,703 £ 0,054 0,735+ 0,051
HSV+YCrCb HOG 0,6424 + 0,042 0,6424 + 0,042 0,6423 £ 0,075 0,6208 + 0,031
SV+YCrCb LBP 0,684 £ 0,038 0,684 + 0,038 0,686 + 0,055 0,713 + 0,042
SV+YCrCb HOG 0,667 = 0,039 0,667 + 0,039 0,667 + 0,066 0,633 + 0,031
Ensemble of LBP (HSV + YCrCb) LBP 0,6927 0,6927 0,6927 0,7516
Ensemble of LBP (HSV + YCrCb) and | LBP+ 0,7017 0,7017 0,7017 0,7419
HOG (YCrCb) HOG

TIOTYYCHHBIX C ITIOMOIIBIO MHOTOCIIEKTPAJIbHOTO ME€TOAA, U
ancamoOus state-of-the-art cBepTOUHBIX HEHPOHHBIX ceTei
[15].

3akJjoueHne

B pabote paccMoTpeH criocod UCHoIb30BaHMsI MOZEIIEH
JUIsl OMHAPHOM KJIacCH(HUKAIIMKI KOXKHBIX HOBOOOPa30BaHMI
C OTpaHUYCHHEM 0 PA3MEPHOCTH JAHHBIX JUIs 00yUYeHUSI.
BeinosHeH psij uccienoBaHuii 1o oLeHKe 3G PEKTHBHOCTH
METOJIOB M3BIICUEHNSI IPU3HAKOB U [IBETOBBIX IPOCTPAHCTB
JUTA TIOUCKA JOMOJHUTEIbHBIX JINHEMHBIX W HETMHEWHBIX
3aBHCUMOCTEH. DKCIIEPUMEHTHI MIPOBEACHBI HAa MaJloi
BoIOOpKe (MeHee 1000 m3o0pakeHui), rie 3HAYNTEIbHAS
YaCTbh JaHHBIX MMPUMEHEHA TOJBKO B IPOLECCE TECTUPO-
BaHMs MoJieJiell. B OOJIBbIIMHCTBE KCIIEPUMEHTOB JIYUIIHX
rokasareseil MeTpUK JOCTUT METOA JOKaJIbHBIX OMHap-
HBIX 11a0JIOHOB, OJTHAKO aHCAMOJIMPOBAHHE C METOJIOM
THCTOIPaMM OPUEHTHPOBAHHBIX BEKTOPOB CIIOCOOCTBOBAIIO
yAy4IIEHHUIO MToKa3aTeseH.

B naneHneimem niaaHupyercs:

— BHEJIPUTH PACIIUPEHHYIO CTPATErHI0 ayrMEeHTaluu

JIAHHBIX TIOCJIE TTOTyUYEHHS TTOCIIEI0BATEIbHOCTEH Cyon-

Jluteparypa

1. 3aifuenko K.B., I'ypesnu b.C. MHorocnekrpanbHas 00paboTka n3o-
OpakeHHI OMOJIOrNYeCKUX 0OBEKTOB C IIOMOIIIBIO aKyCTOONITHYECKHX
ycTpolicT // buoMmenununckas paguosnekTponuka. 2013. Ne 9.
C. 70-76.

2. Zaichenko K.V., Gurevich B.S. Application of acousto-optic tunable
filters in the devices of skin cancer diagnostics // Proceedings of SPIE.
2020. V. 11585. P. 115850K. https://doi.org/10.1117/12.2581750

3. Zaichenko K.V., Gurevich B.S. Spectral selection using acousto-optic
tunable filters for the skin lesions diagnostics / Proceedings of SPIE.
2021. V. 11922. P. 119221C. https://doi.org/10.1117/12.2615808

4. Zaichenko K.V., Gurevich B.S. Skin lesions diagnostics by means of
multispectral acousto-optic image processing with complexing by
x-ray image data // AIP Conference Proceedings. 2020. V. 2250.
P. 020033. https://doi.org/10.1063/5.0013186

5. Tschandl P., Rosendahl C., Kittler H. The HAM 10000 dataset, a large
collection of multi-source dermatoscopic images of common
pigmented skin lesions // Scientific Data. 2018. V. 5. P. 180161.
https://doi.org/10.1038/sdata.2018.161

300pa)KEHHH C TIOMOIIBIO METO/Ia MHOTOCIIEKTPAILHOM

00paboTKN U300paKEHUI KOKHBIX HOBOOOPA30BaAHHUI;

— NPUMEHUTh MOJEJIU HAa PEKYPPEHTHBIX HEUPOHHBIX
cersix U-Net u R2U-Net mist mperodpadotku uzobdpa-
JKEHUH;

— MPUMEHHUTH NOJyYCHHbIC MOJICIU B apXHUTEKTYpY, [0-
CTpOEHHYIO Ha aHcambOie state-of-the-art cBepTOUHBIX
HEeWpOHHBIX ceTell. [lmaHnpyeTcs npoBecTH KOHKaTe-
HaIMIO Pe3yJIETHPYIOLIEro BEKTOpa M0 MOACISM M3
9KCIIEPHMEHTA C MOJTHOCBS3HBIM CJI0EM BO BCEX MOJIe-
JISIX CBEPTOYHBIX HEHPOHHBIX ceTeit 3 ancamos. [Ipu
3TOM ClIe[lyeT IPUMEHATh HECKOJIBbKUX dense-cioes ¢
batch-Hopmanu3anueit 1 Gpynkuumei akruBanun ReLU
u dropout ¢ HU3KO¥W BEPOSTHOCTHIO ISl [J100ATBHOM
peryasipuzauuu odydeHusi. Bce 310 mo3Bonut yiyu-
IINTh METPHKH MTOCIIEITYIOLIEH MOJIEIH, KOTOpast CTAaHET
CIeyIoNIe 3a1adeil B peaau3alii JaHHBIX HCCIIeNO-
BaHUH.

PaspaboranHas MeToAMKa MPUMEHUMA KaK JUTsl aHATIM3a
OTHENBHBIX M300paXKCHNH KOKHBIX HOBOOOpPA30BaHHUIA,
TaK M JUIs aHaJIM3a UX I0CIIeI0BaTEeIbHOCTEH, TTOyYeH-
HBIX 110 METOTy MHOTOCTIEKTpabHON 00paboTku m300pa-
JKEHUH.
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AHHOTALUA

Ipeamer ucciaenoanus. IlapasnTHas aMIIMTyIHAS MOTYIISIHS ONTHYECKOTO CUTHAIA B ()a30BOM MOIYIISATOPE —
oIuH U3 (HAaKTOPOB, OIPAHUINBAIOIINX TOYHOCTh BBICOKOTYBCTBHTEIHHBIX BOJIOKOHHO-ONTHYECKHUX JAaTUHKOB.
BonokoHHO-OnTHYECKUN THPOCKON — JATYUK YIJIIOBOH CKOPOCTH, UyBCTBUTEIBHOCTH KOTOPOI'O COCTAaBIISIET MEHEE
0,001 °/4. I3MeHEeHNEe MHTEHCHBHOCTH ONTHYECKOTO M3JIYUYCHHUs IPHU MPOXOXKJICHHH dYepe3 (pa30BbIil MOLYISTOP
NPUBOJHUT K BOSHUKHOBEHHUIO JIOKHOTO CUTHaJIa paccoriacoBanus B mHTepdepomerpe CaHbsika, 4YTO BHOCUT OIIHOKY B
CHUTHAI yroBoi ckopocTu. CriocoObl MoAaBIeHUs apa3suTHON aMILTUTYIHOH MOYNSAIIMH OCHOBAHbBI HA YMEHBIIEHUT
OTpa)kK€HMI B MECTaX CTHIKOBKM ONTHYECKUX BOJOKOH, M3TOTOBIEHUH MOTIOMIAIONINX KAaHABOK Il OIOKHUPOBKU
OTTUYECKOTO M3IYUYEeHUS OT HIKHEH rpaHu (a30BOTO MOTYIATOPA U ANTOPUTMHUECKUX CIIOCOOOB KOMIECHCAIHH.
Meron. IIpencrasien HOBBII METOJ] yMEHBLICHUS BIUAHUSA 1apa3UTHOH aMIuTyaHoM Monymsuun LiNbO; dasoBoro
MOJYIISITOpa Ha CUTHAJ BOJIOKOHHO-OIITHIECKOT0 rHpocKona. OcoOeHHOCTh MeToja — HMPUMEHEHHE JIOMOJHUTEIbHON
MonyisuH auddepeHnaNbHBIM CHTHAJIOM ¢ PABHOMEPHBIM paclipe/ieIeHueM aMILIUTY/ B Jnamna3oHe pabodux
HanpspKkeHuH (a3oBoro Moxyisitopa. OCHOBHBIE pe3yJabTaThl. [Ipe/iokeHHbII METOI TI03BOJISIET YMEHBIIUTD BIMSIHHAE
napasuTHOM aMIUIMTYAHON MOAy/siinU (ha30BOTO MOIYIATOPa MHOTO(YHKI[MOHAIBHON HHTErpalbHO-ONTHYECKOM
CXEMBI Ha CHT'HAJl BOJIOKOHHO-ONTHYECKOTO THPOCKoma 0osee 4yeM B TpH pa3a. [list 3Toro npuMeHeHa JA0MOIHUTEbHAS
MOJYJISIHS TPEYTOIbHBIM cUTHAJIOM ¢ yacToToi /= 200,09 MI'q u momHocThI0 P = 36 n1bm. IIpakTHyeckas
3HAYUMOCTB. Pa3paboTaHHbIN METOJ MOXKET HCIIOIb30BaThCs IS TIOBBIICHUSI TOYHOCTHBIX XapaKTEPUCTHK BOJIOKOHHO-
ONTHUYECKUX THPOCKONOB. Kpome Toro, MeTo MOXKeT OBITh IPUMEHHUM U K JPYTHM BOJIOKOHHO-ONITHIECKHM JaTINKaM, B
KOTOPBIX HCIIOJIb30BaHBI (Da30BBIC MOYIISITOPEI HA OCHOBE KpUcTailIa HHoOara tuTus. PaboTa MoxeT ObITh HHTEpeCHa
CIIEIMAINCTAM B O00JIACTH BBICOKOTYBCTBHUTEIIBHBIX BOJIOKOHHO-OITHUECKHUX JIATYNKOB, BOJIOKOHHOI M MHTETpabHOI
OIITHUKH.
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Abstract

Residual amplitude modulation in LiNbO; phase modulator is one of the key factors that limit the accuracy of high-
sensitive fiber-optical sensors. A fiber-optical gyroscope is an angular velocity sensor whose sensitivity is better than
0.001 °/h. Optical light intensity changes after phase modulator is a reason for wrong phase difference that introduces
an error in the angular velocity signal. Most existing residual amplitude modulation suppression methods are based on
reduction of back reflections between an optical fiber and integrated optical waveguide, absorbing groove to suppress
or reduce reflection on the bottom face, and algorithmic compensation. In this paper, new approach to reduce residual
amplitude modulation in LiNbOj; for fiber optical gyroscope application is presented. Method feature is an application
of additional differential signal modulation with uniform amplitude distribution in the input signal voltage range of
the phase modulator. The proposed method allows to suppress residual amplitude modulation of the multifunctional
integrated optical circuit phase modulator more than 3 times using additional triangle signal modulation with the
frequency f'= 200.09 MHz and power P = 36 dBm. This method is suitable for improving fiber optical gyroscope
accuracy. Moreover, it could be applied for any fiber-optic sensors based on LiNbO; phase modulator. The paper will
be of interest to specialists in the field of highly sensitive fiber optical sensors, fiber, and integrated optics.
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residual amplitude modulation, phase modulator, fiber-optical gyroscope, lithium niobite, modulation
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BBenenune

BookoHHO-ONTHYECKUE JATYUKH MOTYUYHIU IIUPOKOE
pacIpocTpaHeHHe BO MHOTHX OOIacTsX HAyKH W TEXHUKH
1 JI0 CUX TIOp HE TEPSIIOT aKTyaJbHOCTh BBHY CBOUX He-
OCIIOPUMBIX ITpenMytecTs [ 1, 2]. BomokoHHO-onTHYeCKIit
rupockott (BOI') — BBICOKOUYBCTBUTENBHBIN JaTYHK, CIIO-
COOHBIN IETEKTHPOBATh 3HAUYCHNE YITIOBOI CKOPOCTH MCHEE
0,001 °/4, 9TO COOTBETCTBYET CTPATETHUYECKOMY KIIACCy
TOYHOCTU. DA30BBIN MOIYIATOP SIBISIETCS HEOTHEMIIEMOM
yacteio BOI' 1 HeoOXxoauMm [j1si cTadMIIM3anuu ero pabo-
Yeil TOYKH Ha JIMHEHHOM y4acTKe HHTEPHEPOMETPUUCCKOI
¢ynkuun [3-5]. VickaxkeHHs: ONITHYECKOTO CUTHANIA, BO3HH-
Katomue B (ha30BOM MOJYJISITOPE, CIIYKaT OJJHUM U3 OIIpe-
JEISIONINX (haKTOPOB, OTPAHUYUBAIOIINM TOYHOCTE BOT.
B GompmmHCTBE CcitydaeB (a3oBBIii MOIYIATOP HCIIOJb-
3yeTcsi B cOCTaBe MHOTO(YHKIIMOHAIBHOW MHTEIPAIbHOMN

ontryeckoir cxemsl (MUOC), xoTopasi Tak)Ke BBITTOIHS-
eT (YHKIIMH ONTHYECKOTO OTBETBHUTEJS M ITOJISIPU3ATOPA.
B Hay4HO-TEeXHIYECKOW TUTEPAType BBIIEISAIOT (ha30BbIC
WCKaKCHUS U aMIUTUTYAHbIE NCKa)KCHHSI, KOTOPBIC TAK¥Ke
Ha3BIBAIOT MTAPA3UTHON aMITUTYIHON Momyrsert (ITAM)
B (azoBoM Moayisitope [6, 7]. Pa3oBble UCKAKESHUS TIPO-
SABJIAKOTCA B USMCHCHHUU (I)aSI)I OINITUYCCKOI'0 CUrHaja mnpu
MPOXOXK/ICHUH ONTUYECKOTO M3JIy4deHHUs uepe3 (pa3oBblii
MOAYJISITOp 0€3 U3MEHEHHUs! YIPABISIIONIETO HAIPSHKEHNUSI.
B 1o xe Bpemst [IAM B (hazoBOM MOyIIsITOpE TPOSIBIISIETCS
B BUJIC N3MCHEHHSI HHTEHCHBHOCTH ONTHYECKOTO H3JIyde-
HUSI IPU TTPOXOXK/ICHUN Yepe3 HEro ONTHYECKOTO CUTHAA.
®azoBble uckaxeHuss U [IAM sBIsIOTCS NPUYUHON BO3-
HUKHOBEHUS CUTHAJIA OIIMOKN B BEICOKOTYBCTBUTEIBHBIX
BOJIOKOHHO-ONITHYECKHX JaTYNKaX. YMEHbIIEHHE (pa30BbIX
nckaxeHui ninu [TAM 1o3BossitoT yBEJIMYUTh TOUHOCTHBIE
xapaktepucTuku BOI, B 9aCTHOCTH CTaOMIBHOCTH Mac-
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YMeHbLUEHNE BINAHNSA aMInnTyOHbIX nckaxeHuin LINbO3 ¢pasosoro mogynaropa...

mTadHOro k03(h(UIKEHTa U CUTHAIA YIIIOBOI CKOPOCTH.
B Hacrosiieit padore paccmorpena [TAM onrnueckoro
curnana BOTI. TpagunmonHsie crioco0b! ogasieHus [TAM
OCHOBAHBI HA: YMEHBIIEHUN OTPAXKECHUI B MECTaxX CThI-
KOBKH ONTHYECKHX BOJIOKOH; U3TOTOBJICHHH IOIIOIIAI0-
X KaHaBOK /ISl OJIOKMPOBKH ONTHYECKOTO U3ITyUCHHUS! OT
HIDKHEH rpaHn (a30BOr0 MOIYISATOPA; alTOPUTMHUYECKUX
crnocobax komreHcanud [3, 4, 6, 8, 9]. IlpemtoxeHHbIH HO-
BBIN [TOIXOJ — aJIbTEPHATHBA TPAJULIHOHHBIM CIIOCO0aM 1
OCHOBAH Ha HCITIO0JIb30BaAHHUHU HOHOHHHTGHBHOﬁ MOAYJIAINN
i depeHnnanbHBIM CUTHAJIOM.

IlocTanoBKa 3agaun

[Ipraunasl Bo3HnKHOBeHHS [IAM B (hasoBoM Momyms-
TOpe: OOpaTHBIN MbE303IEKTPUICCKUN, GOTOpePPAKTUB-
HBIH U 3JEKTPOONTUYECKUNA dPPEKThI; MOTEPH HA CThI-
KOBKE; PIJIEEBCKOE pacCesHUE; OTPaXKEHUE ONTUYECKOrO
W3JIy4eHHsI OT IpaHel Kpucraia (pa3oBoro MoaysIsTopa;
HEpPAaBHOMEPHOE paclpesiesieHle dIeKTPUIECKOro Mo
B KpHUCTaJJIE, YTO SIBJISIETCS IPUYNHON HEpaBHOMEPHO-
ro moKa3aTels NPEJIOMICHHS] B ONTHYECKOM BOJHOBOJE
[8, 10—-12]. Orpaxenust ot rpaneil kpucrauia (a3oBo-
IO MOAYJATOPA, B MECTaX CTHIKOBKH C ONTHYECKUMHM BO-
JIOKHaMH CO3[al0T Mapa3uTHbIC HHTEPHEPOMETPHUICCKIE
CUTHAJIBI, KOTOPBIE BHOCSIT OIIMOKY B CHUTHAJ YIJIOBOM
ckopoctu BOI. Bnusiaue I[TAM Ha mose3HbIi CHTHAI He-
JIMHEIHO U 3aBUCUT OT (DOPMBI, YACTOTHI U PACHIPEICIICHNUS
HaNpsHKCHUH YIIPaBIAIONIEro curHana. Takxke, B CBA3H C
s dekraMu pernakcanuu BHYTPEHHETO JJIEKTPUUECKOTO
nosis MUOC, nOABMIKHOCTH 3apsKCHHBIX Je()EKTOB U
OH-rpynn B NpUNOBEPXHOCTHOM CJIO€ KpUCTAJLIa HUO-
Oara juTHs, nepe3apsiku 0apbepHBIX EMKOCTEH Ha Ipa-
HUIIE AJIeKTpoI-kpucTant Ha [IAM ontnyeckoro curxasna
MHUOC BnusieT He TOJIBKO TEKYILEE COCTOSHUE YIPaBIISIO-
IIEro CUrHasa, Ho U npefplyiiee cocrosiaue. [puvenenne
YIPABIISIOIIETO CUTHAIA C PABHOMEPHBIM PacIipe/ie/ieHHEM
HanpspKeHUH B paboveM Juana3oHe TMO3BOJISIET YCPETHNTD
BIHSTHUE TaHHBIX dPPexToB. Kpome ToTO, HCTIONB30BaHNE
nmuddepeHatbHOTO CUTHAMIA YMEHBIITACT BIMSHIE Iapas-
UTHBIX UHTEP(HEPOMETPUUECKUX CUTHAIIOB, BO3HUKAIOIIHX
B MecTax coeanHeHus BoaHoBooB MMOC ¢ onTudeckumMu
BOJIOKHAMH BOJIOKOHHO-oTNTHUecKoi Karymiku BOI 3a cuer
pasHoil (a30Boi 3aepKKHU ISl KAKAOTO M3 CUTHAJIOB.
[Tpumenenne npoTUBOGA3HBIX CUTHAIIOB JUISl KQXK/J0TO M3
JBYyX 1uied ¢azosoro moxyisitopa MUOC He BHOCHT pas-
HOCTh (ha3 B MHTEpPepoMeTprIecKril cUrHai. TeM cambIM
HCIIOJIb30BAHNE JOTIOIHUTEIILHOW MOIYIISAIIMN COBMECTHO C
OCHOBHOW MOIYJISIIIEH HE OKaXKeT BIMSHUS Ha MOJIC3HbBIA
curHan yrioBoii ckopoctu BOI. Takum obpaszom, B pabote
TTOCTaBIICHA 3a/1a4a yMeHbIeHus Bausaaust [IAM ¢as3oBoro
moxaynsatopa MUOC na curnan BOI ¢ mpumenenunem 1o-
TTOJTHUTEIBHON MU depeHINaTbHON MOTYIISIIINN C paBHO-
MEpPHBIM pacIpeeeHIeM HallpsuKeHUH.

Tunosas cxema nmoakarwdennss MUOC

Vcronp30BaHNe HHTETPATEHO-ONTHIECKIX CXeM TT03BO-
JIIeT YMEHBIIUTH KOIMIECTBO KOMIIOHEHTOB, ONTHYECKUX
U 3JIEKTPUYECKUX COCJAMHEHHUHN U MOTEpPU B ONTHYECKOMN
cxeme. [y mpumenenust B BOI™ u crabumusaruu padoucit

100 kOm

UMO:LB or

Puc. 1. TunoBast cxema HOJKIIOYSHUSI MHOTO(YHKIIHOHAIEHOI
UHTETPAILHO-ONTHYECKOH cXeMbl: Uy gor — HCTOUHHUK
curnana moaynsumu BOL; @, — n3Menenue dasbl
ONITUYECKOTO CUTHAJIA

Fig. 1. Typical connection scheme of multifunctional integrated
optical circuit: U,,q pog — modulation signal source of FOG
(fiber-optic gyroscope); 0,,,g — phase shift in optical signal

TOYKH Ha JIMHEITHOM y9acTKe MHTep(depoMeTpuIeCcKoi
¢yakiun B cxeme CaHbsiKka IPUMEHEHA THUIIOBAs cxema
noakmouenuss MUOC (puc. 1).

[Mpunnun padorsr BOI" n3BecreH u onucan BO MHO-
rux padorax [3, 4]. BerxogHoe n3nmydeHne ONTHYECKOTO
HCTOYHHUKA BBOJUTCSI B MHTEIPAIIbHO-ONTUYECKYIO CXEMY
U pasfiensercs Ha JBE paBHbIE YAaCTU MTOCPEICTBOM ILIa-
HApHOTrO Y-OTBETBUTEIS, Jalle€ Yepe3 KaHaIbHbIE BOIHO-
BOJIbI ONITHYECKOE M3IYUCHUE MTPOXOANT Yepes (a30BbIi
MOZYTIATOP (Pyy,,,) ¥ HOMAMAET B BOJIOKOHHO-ONTHIECKYTO
Karymky. K eHTpanbHOMY 31€KTPO/y TTOJKITI0YAEeTCs T10-
JIO’KUTENBHBIH MOJIFOC NCTOYHUKA YIPABIISIONIETO CUTHAIA
(Uyion_BOT)> OOKOBBIC DIICKTPOIBI COCAUHSIOTCS MEKIY
€000, 4TOOBI 00ECTIEUUTh OJJMHAKOBYIO HATPSHKEHHOCTb
AIEKTPUUYECKOTO OIS JUIsl KXKI0TO U3 JBYX T11ed (pazoBoro
Moxyisitopa. M3menenue curtana moayssinuu B BOI™ po-
HCXOJIUT C MEPHOJIOM T, KOTOPBII COOTBETCTBYET BPEMEHU
00X0/1a ONITHYECKUM CUTHAJIOM BOJIOKOHHO-OITHYECKOH
KaTymku. Mrorosas pasHocTh (a3, BHOcHMas (pa3oBbIM
moayiaropom MHUOC, BepHa TIpH TI000M T ¥ BBIpaXKaeTCs

hopmymoii:
A([)M = Z(PMoa(t) - 2(PMOﬂ(t - T)a (1)

rae A, — HTOroBas pasHOCTb (a3; @y, () u
Pyi05(f —T) — (basbl, KOTOpBIE I0OABIIAIOTCSA B ONTHYECKUH
CUTHAJI B MOMEHTHI BpeMeHH (¢) u (¢ — 1). [lapannensHo
MEXIy HEHTPAIBHBIMU U OOKOBBIMHU 3JIEKTPOIAMH yCTa-
HOBJICH BBICOKOOMHBII PE3UCTOP C COMPOTUBICHUEM OKOJIO
100 xOMm a7t pa3psiIKy Mapa3sUTHBIX EMKOCTEH 1 BEIPABHH-
BaHMS TTOTEHIINAJIOB JIEKTPOIOB.

Onucanue npeajiaraeMoro Merojaa

Kongurypanus MUOC no3BossieT U3MEHUTH CIIOCO0
TOJIKJTIOYECHHST HICTOYHHMKA CHUTHAJIA MOJTYIISIIAY K €T0 HJIEKT-
ponam. B Takom citydae ynpapisiOmnii CHTHAJI MOIYIISIIIAN
MOCTYIIAaeT HE HA LIEHTPAJIbHBII AJIEKTPOA, a Ha OOKOBBIE
anextpoasl MUOC, 4To JHIIs MEHSET MOIAPHOCTh BHO-
CHUMOM B ONITHYECKHUN CUTHAJ pa3HocTH (a3. [I[pumenenne
JIOTIOJIHUTENIBHOTO CUTHAJIA MOAYJISALIUN MOXKET OBbITh pea-
JIM30BaHO C UCIIOIb30BAHMEM IIPE0Opa30BaTeIIsl yHUIIOLAP-
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Fig. 2. Block diagram of common-mode and differential signals
forming: U, 4 rog — modulation signal source of FOG;
Uin-phase — in-phase modulation signal of FOG;
U,44 mod — additional modulation signal source;
Uy — differential additional modulation signal; k — gain of

additional modulation signal

HOro curuana B audQepeHnnaIbHbIi U CXeMBbI CIOKESHUS
Ka)KI0ro U3 NpOTUBO(A3HBIX CUTHAJIOB JOIOIHUTENbHOM
MOAYISLUY ¢ CUH(A3HBIMU CUTHATAMU AT KajKAOTO M3
OOKOBBIX AEKTPONOB. s popmMupoBaHus cuH(a3HOTO U
JuddepeHnnaIbHbIX CUTHAIOB COOpaHa MIeKTpHUYecKas
cxema, OJI0K-cxeMa KOTOpPOH MpezicTaBlIeHa Ha puc. 2.

B kadecTBe reHepaTopa JOMOJHUTEIBHOTO CUTHAA
monymsans (U oy ) NCTIONB30BaHa OTIAT0YHAS TITa-
ta ReFLEX Atilla ARRIA 10 ¢ BBICOKOYACTOTHBIM TH(}-
PO-aHAJIOTOBEIM IIpeoOpa3oBaTesieM NPSIMOT0 CHHTE3a
ADO9164 ¢ paspsinHocThio 16 OUT, YacTOTON TUCKpETH3a-
uu F, =5 I'BBI0/C, BEIXOAHOH MOIIHOCTBIO Py, = 7 1bMm,
MOJIOCOM reHepupoBanus curuanos £, = 2,5 I'T', kotopas

M03BOJIMIIA CPOPMUPOBATH CUTHAJIBI ITPOU3BOJILHOM (POPMBI
[13]. B cBsi3u ¢ MIMPOKKM MANa30HOM PabOuMX HaTpsDKe-
Huit MMOC ot munyc 10 1o 10 B BeinonHeHo yBennueHne
MOIIHOCTH JJOIIOJIHUTEILHOTO CUIHAIA MOJYJISILIMU € IIOMO-
IO YCHJINTEIBLHOTO KacKa/la YCHIMTENS C CyMMapHbBIM
ko3 durrenTom ycmnenus 30 b 1 Toukoi qennOenThHON
kommnpeccuu Pyp = 36 nbum. Jlna Gpopmuposanuns nug-
(hepeHIMATBHOTO CUTHAJIA TIPUMEHEH bamyH KoMIaHUH
Marki, nns npeoOGpa3oBaHUs HECUMMETPHYHOTO CHTHAJIA
B CUMMETPUYHBIN. BIIOK CIIOKEHHS CUTHAIOB OOBEIUHUIT
i depeHIMalIbHbINA CUTHA JIOTIOIHUTEIBHON MOJLYIISIIIAH
1 cundasupiit curnan mopynsauuu BOI™ (U, or)-
ChopMupOoBaHHbBIE CUTHAIIBI MOJLYJISIIIMY TIOCTYTIAIOT HA
anexktpoasl MUOC s nanpHeimei Moyiaiuy onTude-
ckoro curHana. [Toaxmouenne MUOC s npuMeHeHus
JIONOJTHUTEIBHON MOYIISIMN AU PEepeHIINAIbHBIM CUTHA-
JIOM TIpeJicTaBieHo Ha puc. 3. C yueToM JOMOITHUTEIHLHOTO
CUTHaJIa MOy UK Beipaxkenue (1) mpuobperaeT Bua:

A(pM = [2(pcm-ub.(t) + (pamb(b.(t) - (P,Ell/l(b(b.(t)] -

20 =D g D~ O (=D
TIE Peyppagy. (1) ¥ Pyyyegy (£ — T) — (hasbl, KOTOBIC JOOABISIOTCS
B ONTHYECKHUI CUTHAI CHH(pA3HOH COCTaBIAIONMIEH CUrHaIa
MOZYJISIIME B MOMEHTBI BPeMEHH (#) H (1 — 1); @y (1) U
Qugy.( — T) — (asbl, KOTOPBIC J0OABIAIOTCS B ONTHYC-
CKHUH curHai auddepeHnnanbHON COCTaBISIONISH CurHana
MOJYJISIITUM B MOMEHTBI BpeMeHH (7) u (¢ — T).

Dopmynsl (1) u (2) onuceiBatoT onepanuio auddepeH-
upoBaHusl. MiToroBast pazHocTs (paz onpeseneHa pasHu-
el MeXJly TeKyIIUM COCTOSTHHEM (a3bl U COCTOSTHUEM
(hazpl, 3a7epKaHHBIM HA BPEMsl pacCIpOCTPAHEHHUS B BO-
JIOKOHHO-ONTHYECKOW KaTylnke (T). B cimydae paBeHCcTBa
MPOTHBO(A3ZHBIX COCTABIAIOMUX NuDPepeHITNaTEHOTO
CHUTHAJIa TOTIOTHUTETBHON MOAYIISIIUH (GOPMYITY (2) MOKHO
YIPOCTHTE K BULY Ay, = 4,4, , TEM CAMBIM Pa3HOCTB (a3
B curHal yrioBoi ckopoctu BOI™ Gynetr BHOCHTH TONBKO
cuH(a3Has COCTABIISIONIAs] CUTHAIA MOYJISILIUAH.

Jist yepenHenust BiusiHus 9pGEeKToB, BOZHUKAIOMINX B
(hazoBom MozyisiTope MUOC, npeyiokKeHO UCTI0NIb30BaATh

(Pcm-nh.l _ (Pamb(_b.l
v A 4

“\____i‘_f’_c_‘iﬂdz-_* _______ 9 5_"_@11-_* ______

Puc. 3. Cxema NoKIIIOYSHIs MHOTO(YHKIIMOHAIBHOW HHTErPaIbHO-ONTHYECKON CXEMBbI JJIsl IPUMEHEHHMST JIOMOJIHUTEIBHON
MOyISIKH A GepeHInaTbHbIM CUTHATIOM

Fig. 3. Multifunctional integrated optical circuit connection scheme for additional differential high-frequency modulation
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YMeHbLUEHNE BINAHNSA aMInnTyOHbIX nckaxeHuin LINbO3 ¢pasosoro mogynaropa...

T |—— 0e3 MOAYJIALIH

1,002

—— ¢ Momynsuuei Tpeyronbabiv curaanom f = 200,09 MI'u, P =10 aBM(Uyu = 1 B)
——— C MOZYJISIIMEH TPEeyToJIbHBIM CUTHAJIOM f =200,09 MI'y, P =19 aBM(Upyy = 3 B)
—— C MOIYJISIIIMEH TPEYTONIbHBIM CUTHAJIOM f =200,09 MI', P =30 1bBM(U,m = 10 B)
—— ¢ MOAYJISIIMEH TPEeyrolIbHBIM CUTHAIOM f =200,09 MI', P =36 1BM(U,, = 20 B)

I/IHTSHCI/IBHOCTL, OTH. €11.
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Hamnpsxenue, B

Puc. 4. Onenka napa3suTHOH aMIUTUTYTHOH MOIYISIUH (Ha30BOTO MOIYISITOPAa MHOTO(YHKIIMOHAIBHOW HHTETPATBHO-OTIITHIECKON
cXeMBI 0e3 U ¢ IOTOTHUTEILHOW MO ISIIei

Fig. 4. Residual amplitude modulation evaluation of multifunctional integrated optical circuit with additional differential high-
frequency modulation and without it

CUTHAJI C PABHOMEPHBIM PACIPEACICHUEM HAIPSKCHUH.
TakuMy cUrHajgamu sBIISIIOTCS: PAaBHOMEPHBIN LIyM, Tpe-
YTOJIBHBIN 1 nmunooOpasHble curHaisl. [IpenMymecTsa
HCIIOJIb30BaHMs TPEYTOJIBHOTO WIH MTHI000Pa3HOTo CHr-
HAJIOB: OTHOCHUTEJbHAS [TPOCTOTA CO3/IaHHsI CUTHAJIOB I10
CPaBHEHHUIO C PABHOMEPHBIM IIYMOM, @ TAK)KE BO3MOXK-
HOCTb U3MEHEHHSI X YaCTOTHI.

[lepenaTounast XxapakTepucTHKa HHTEpPEepoMeTpa
Canbska o0saiaeT MakCUMyMaMid 1 MUHHUMYMaMH, KOTO-
pBIE OMPEENSIOTCs JUIMHOHN M, CIIEI0BAaTEIbHO, BPEMEHEM
00X0/1a OTITHYECKOTO CHTHAJIa BOJIOKOHHO-OIITHYECKOH
katymk# (1). YacToTra curHaIa MOIYISIMH IS CTaOWIH-
3anuu padouert Touku BOI' cooTBETCTBYeT MaKCUMyMy U
OTIPEZIETISIETCS BEIPAYKECHUEM:!

1
Iy 2t
rae f, — CoOCTBEHHAs 4acTOTa BOJIOKOHHO-ONTHYECKOH
KaTyIIKH.

YiBoeHHas 4acToTa 2f,, Kak U BCe YCTHBIC YaCTOTHI
(4f,, 6f, 1 T. 1) COOTBETCTBYIOT MHUHHMyMaM IEPEATOq-
HoOW (pyHKIMU uHTEepPepomeTpa Canbsika [14, 15]. Takum
00pa3om, IpUMEHEHNE MII000PA3HOTO HITH TPEYTOIEHOTO
CUT'HAJIa C YaCTOTOM, COOTBETCTBYIOLIEH YACTOTE OJHOTO
13 MHHAMYMOB TIepe1aTouHOH (pyHKINK HHTephepoMeTpa
CanbsKa, I03BOJIET YBEIHMUUTh OCIA0ICHNUE CUTHANA J10-
MOJIHUTEIILHOMU MOIYJIAIUHA B JOMMOJHCHUEC K IPUMCHCHUTIO
nuddepeHnnanbHOro CUrHasia.

Pe3y.]leTaTbI IKCIIePpUMEHTA

Ormenka [TAM ¢azoBoro momgynstopa MUOC ocyrect-
BieHa B coctaBe BOI' mo MeTomy, mogpoOHO ONMMCaHHOMY
B pabote [8]. Ha puc. 4 mokazaHbl 3aBUCUMOCTH HOPMHU-
pOBaHHOﬁ WHTCHCUBHOCTH ONTHYCCKOI'O U3JIYUYCHUSA Ha
BbIX0zIe (hazoBoro moxaynsatopa MUOC oT npuitoKeHHOTo
HAINpPSDKEHUS IPU PA3HBIX MOLTHOCTSIX JIOTIOJHUTEIBHOM
Monynsanuu (nuaronans [TAM). Yepennenue uist Kax10ro
N3MEpEHHMs COCTaBMIIO 3 MHUH. B KauecTBe 1OMOIHUTENBHO-
ro A PepeHINAIFHOTO CUTHAJIA C PABHOMEPHBIM pacripe-
JIeJICHUEM HalPsDKEHUH NCTIONB30BaH TPEYTOIBHBIN CUTHAT
qaCcTOTOM 2936'fp =200,09 MTI'ng (r[pnfp = 68,15 xI'm).

MomHOCTh curHana (P) JOTOTHUTETbHOW MOAYISIIUN
n3MepeHa ¢ MOMOMIBI0 CTeKTpoaHanu3aTtopa Siglent
SVA1015X. AMmimuTya pacCUUTBIBAETCS KaK MOJIOBHHA
pa3Maxa HaHpS[)I(eHI/IH JOITOJIHUTCJIBHOI'O CUIrHaJ1a MOZIyJ'IfI-
wid Uy = Upgayax/2 1011 uMnenianca Zy = 50 Om.

B X04€ aHaj1Mu3a HpeI[CTaBJ'IeHHI)IX JaHHBIX BBISBJIICHO,
yT0 pa3smax [IAM B nuama3oHe pabodYMX HAMPSIKEHUH OT
munyc 10 B 1o 10 B ymensmmiicst 6onee uem B Tpu pasa
C IPUMCHCHUEM JOMOTHUTECIBHOW Moaynsiuu nudde-
PEHIHUAIEHBEIM CHTHAJIOM C PaBHOMEPHBIM pacipe/ee-
HUEM HalpsKeHUH 1 MaKCUMaJIbHON MOUTHOCTBIO 36 nbMm
(Ugyn = 20 B). Takum o06pazom, 3p(HeKTUBHOCTD IPeEIo-
JKEHHOTO MeTofia 1o yMeHbieHnto [IAM cocraBuna 6onee
60 %.

3akaouenue

B pabote npezacraBiieH HOBBIH METOJ YMEHBIICHUS
BJIMSTHUS TAPA3UTHBIX aMIUTUTY/THBIX HCKaXEHHH (ha30BOTO
MOZYJIATOpPAa MHOTO(YHKIIMOHAIBHOW HHTETPaIbHO-OTITH-
YEeCKOH CXEMbI Ha CUTHAJI BOJIOKOHHO-ONITHYECKOTO THPO-
CKOTIa, OCHOBAHHBII Ha BBEACHHUH JIOTIOJTHUTEIBHON MOMTY-
sy auGepeHnaNbHBIM CUTHAIOM C PABHOMEPHBIM
pacmpenieneHreM HampsikeHUH. [loryueHHbIe pe3ynnbTaThl
CBHJICTEIIBCTBYIOT 00 3()()EKTUBHOCTH TPUMEHEHHSI JIAHHO-
o MCTOAA. HpeI[HO)KeHHLIﬁ METO/I MMO3BOJISACT YMCHBIINTDH
BJIMSTHHE NTAPA3UTHON aMILTUTYIHON MOIyIsiuK (pa3oBoro
MOJYJISITOpa Ha CUTHAJ YIJIOBOW CKOPOCTH OoJiee 4eM B
TpPY pa3a ¢ IPUMEHEHNEM TPEYTOJIBHOIO CUI'HAJIA YaCTOTOM
f=200,09 MI't u momHOCcTEIO P = 36 n1bM B kauecTBe
CUTHAJIAa JIOTIOIHUTENbHON Moaynsauunu. HeoOxonnmere
TpeOOBaHMS MCIIONB30BAHUS JAHHOTO METOJa: HAIW4YUeE
JOTIOTHUTETHHOM AIEKTPHUECKON CXEMBI IS Ipeodpa-
30BaHUS HECHUMMETPHYHOTO CUTHAJIA JOMOJHUTEIBHOMN
MOIYIAINH B OudQepeHnnansayo GopMy U CIOKEHUS C
CUTHAJIOM MOJYJISIIIUN BOJOKOHHO-ONTHYECKOTO THPOCKO-
ma. B Haaneﬁmnx HCCIICIOBAHUAX IIJIAaHUPYETCA OLUCHUTD
BJIIMSIHUE JTAHHOTO METOJla Ha CUTHAJ YIJIOBOW CKOPOCTH
BOJIOKOHHO-OIITHYECKOTO THPOCKOIa. MeTos MOKET OBITh
UCIIOJIb30BaH B JIPYTHX BOJOKOHHO-ONTHYECKUX JaTuhKax,
B KOTOPBIX UCIIONB3YIOTCS! (ha30BbIE MOYIISITOPEI HA OCHOBE
KpHcTaiia HuoOara JINTHsI.
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AHHOTAIUA

IIpenmer uccaenoBanusi. PaccMOTpeH METO/] MPOSKTHPOBAHUS U ONTHMHU3ALMH ONTHYECKONW CXeMbI (DOTOIPHEMHOTO
MOJLyJIs, COAEPIKALIEr0 OJHOMOIOBOE ONTHYECKOE BOJIOKHO M MOJIYIPOBOAHUKOBBIH p-i-n (POTONUON ¢ aKTUBHOM
obnacTpio InGaAs, 4yBCTBUTEIBHON K ONTHYECKOMY M3Iy4eHHUIo auanaszona 1,3—1,6 mxm. McenenoBana nmpobiema
TOTEPb ONTHIECKOH MOIIHOCTHU MPH COITIACOBAHIH PACTIONOKEHHBIX B ()OTOIPHEMHOM MOJIYIIE ONTHIECKOTO BOJIOKHA U
AKTUBHOH 007aCTH p-i-n (POTOMMOMA, UTO MPUBOANUT K YMEHBIIICHHUIO CIEKTPAIBHON (DOTOTYBCTBUTEIFHOCTH 1 BHEIITHEH
KBaHTOBOH 3¢ pexruBHOCTH MOxyisi. MeToa. OnTHMH3anusl ONTHIECKOH CXEMBI CTHIKOBKH ONTHYECKOTO BOJIOKHA M
p-i-n (HoTOIMOIA BHITIOIHEHA C HCIOIB30BaHUEM ITPOTrPAaMMHOTO KOMILIeKkca Zemax® ¢ mpuMeHeHHEeM BCTPOSHHOTO
anroputMma JleBen6epra—MapkBapara. BeIrnoinHeHb! YnCIeHHbBIE pacyeThl BIHSHHS POJOIEHBIX U IOIEPEIHBIX CABUTOB
OITHYECKOTO BOJOKHA HAa Ka4eCTBO ONTHYECKOW CTHIKOBKU B (DOTOIPHEMHOM MOJYINE U €ro ()OTOIYBCTBHUTEIBHOCTb.
OcHoBHbBIE pe3yabTaThl. [Ipe/yiokeHa 1 ONTUMH3MPOBAaHA ONTHYECKas cxema (POTONPUEeMHOro Moxylns Ha Oase
CTaHIapTHOTO METAIOCTEKITHHOTO Kopiryca. OnpeieIeHo ONTUMAIbHOE PACCTOSHUE MEXKIY I€MEHTaMH CHCTEMBI,
mpu kotopoM Ooree 93 % n3MydeHHs, BEIXOIAIIETO U3 ONTHYECKOTO BOJIOKHA, JOCTUTAeT aKTUBHOU obmactu p-i-n
¢doronnona. Haiinena mpenenbHast 9yBCTBUTENBHOCT THHEHHBIX MHKPOTPAHCISITOPOB, HEOOXOAUMBIX JUIs COOPKH
(oTonpHeMHBIX MOJyIeil 1 0OecrieueH s IOCTUPOBKH ONTHIECKUX IeMeHTOB. [lomydeHa 3 (heKTHBHOCTH COITTACOBAHUS
OIITHYECKOTO BOJIOKHA C aKTUBHOW 00acThio p-i-n poromuona 6omnee 90 %. [pakTnyeckast 3HAYNMOCTD. Pe3ynsraTst
paboTHl MOTYT OBITH MCHOJIB30BaHbI IPU MPOSKTHPOBAHHH (OTOIPUEMHBIX MOAYJIeH HH(PAKPACHOTO AHAla3oHa.
IpennoxeHHbIe PelIeHUs] HAlTy T IPUMEHEHHE IIPU CO31aHUU (OTONIPUEMHBIX MOIYIIEH IS HCIIOIb30BaHUS B APYTHX
CIEKTPaIbHBIX ANANa30HaX.

KnroueBble ciioBa
OIITHYECKAsl CTBIKOBKA, (OTOMPUEMHBIH MO/YJIb, ONTUMHU3AIINS, IPOrPAMMHBIN KOMILIEKC Zemax®

baaropapuocTu

MopzenpoBaHust ONITHYECKUX CUCTEM M PAaciyeTOB ()OTOUYBCTBUTEILHOCTH BBIIOJIHEHBI TPU (PUHAHCOBOW MOAIEPIKKE
IIporpammel co3nanus u pazsutus Llentpa komnereniuit HTU no nanpasienuto «@oToOHUKa» MPU TOCYapCTBEHHON
noaaepxkke PoHIa MoAIep:KKH MPoeKToB HannoHampHON TEXHOIOTHYECKOH HHUNNATHBE 1 MUHHCTepCTBAa HAyKH 1
BEICIIETo 0OpaszoBanms Poccuiickoit denepannu (orosop mpenocrasiaenus rpanra Ne 70-2021-00309 ot 18.12.2021;
norosop Ha BeimonHeHne OKTP Ne 763 ot 26.04.2022); B yacTn XapaKkTepH3alluy reTepoCTPyKTyp paboTa BEIIOIHEHA
nipu puHaHCOBOMH MoIepkke mporpaMmbl «IIpuoputer 2030%.
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Abstract

Optical system consisting of single-mode optical fiber and p-i-n photodiode semiconductor chip with InGaAs active
layer was investigated. Considered photodetector module has responsivity in 1.3—1.6 um. The problem of optical power
loss due to inaccurate matching between the optical fiber and the active medium of photodiode in photodetector modules
is investigated; resolving the power loss problem will lead to an increase in the spectral photosensitivity and external
quantum efficiency of the photodetector module. Optimization of optical fiber coupling with semiconductor chip was
implemented in Zemax® software with built-in Levenberg—Marquardt algorithm. Also, numerical calculations of the
influence of the transverse and longitudinal displacement on optical coupling efficiency in the photodetector module
were carried out. The optical system of photodetector module based on standard metal can package was built in Zemax®
software. Optimal distances between elements of the photodetector module were calculated, and maximum efficiency
0f 93.1 % optical coupling between single-mode fiber and photodiode aperture was achieved. The necessary sensitivity
of linear micro translators used during the assembly of photodetector modules was determined to ensure the alignment
of optical elements with coupling efficiency more than 90 %. The results of this work can be used in the design of
photodetector modules. The proposed solutions can be relatively easily modified to create photodetector modules of
other spectral ranges.

Keywords
optical coupling, photodetector module, optimization, Zemax® software
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BBenenne

[IpuGopHbIe CTPYKTYpPbI ONTOIEKTPOHHBIX YCTPONCTB
TpeOyeTcs 3aluIIaTh OT BO3ACHCTBHI BHELTHEH CPEIIbl, TAK
KaK OHa OKa3bIBAET 3HAUUTEIBHOE BIHSHUE HAa COCTOSHUE
TIOBEPXHOCTH CTPYKTYpPBI TPHOOpPa, N3-3a YETo B Ipoliecce
9KCIUTyaTaIlMy MOT'YT CHJIBHO U3MEHSTBCS XapaKTePUCTUKI
nipudopa. s odecriedeHus 3amThl IPUOOPHbIE CTPYKTY-
PBI pa3MeNIaAloOT B KOPITycaX, CPEAN KOTOPBIX CaMble pac-
mpocTpaHeHHbIe — Kopiryca tuma TO u «Butterfly» [1, 2].
[Ipu sTOM BO BpeMs pa3pabOTKH (pOTOPHEMHBIX MOTYIICH
BaXKHBIM BOTIPOCOM SIBIISIETCS 00ECIIEUeHNE ONTUYECKOM
cTeiKOBKH OB (ONTHYECKOT0 BOJIOKHA) C BXOJHBIM OKHOM
(oTonpremMHUKa: OT ee KadecTBa OyJeT 3aBUCETh HTOTOBAs
crieKTpasbHasi (POTOUYBCTBUTEILHOCTH MOAYJIS [3].

Yacrto mist o0ecrneueHus: ONTUYECKOrO COrIaCOBaHUS
OB peanu3yroT KOHCTPYKLHUIO OMTOIEKTPOHHOTO MOJTYJIS,
rae OB pacrioiioKeHO HAIPOTUB BXOIHOTO OKHA (hOTOIH-
ona. OgHako B TakOM cllydyae pacctosauue mexay OB u
p-i-n porogmomoM coctaBiseT mopsaka 0,2—0,4 MM, 9To
3HAUYUTEIHHO MEHBIIIE, YeM pa3Mephl CTAaHIAPTHOTO KOPITY-
ca tuna TO. B Takom cirydae s ONTHYECKON CTBIKOBKH
€O CBOOOIHBIM pacmpocTpaHeHueM BrIxoasmero n3 OB
M3ITydeHust TpeOyeTCsl MPUMEHSTh KPUCTAIIIOEPIKATEIb.

Eme onuH pacnpocTpaHEHHBIH METOJ ONTUYECKOTO
COTJIACOBAHMSI — HCIIOJIb30BAaHUE B KOHCTPYKITUU MOJY-
a5 pokycupyroiieit na3bl. B padote [4] mpemiiokeHo
pazmectuth Ha Topue OB monumepHyro cdepudeckyro
MUKPOJIMH3Y WU MPUMEHUTHh BOJIOKOHHYIO JIMH3Y, KOTO-
PYIO0 BO3MOXKHO MOJIYYUTh MPU MOMOILU TPaBICHUS WU
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nnasieHus koHa OB [5]. Takxke UCHOIB3YIOT CUCTEMBI
C MUKPOJIMH30H, KOTOPYIO MPUMEHSIOT KaK B KOHCTPYK-
WU OTACIBHOTO (POTOMPHEMHOTO MOIYJs [6], Tak U B
KOHCTPYKIIMU ONTHKO-3JICKTPOHHBIX MEXCOCTUHEHUI Ha
reyaTHou rare [7].

HanGonee maTreHTyeMBbIMH SBISIOTCS KOHCTPYKITUH
BOSA (Bidirectional Optical Sub-Assembly), koTopsie
cofeprkaT MPUEMHUK U MepeaaTank n3nydenuns [8—10].

B KOHCTpYyKLHMSAX MPUEMHUKOB H3ITyUYEHUS] ¢ MUKPO-
nua3amH [ 11-13] mpeamoxens! ycTpoiicTBa, KOTOpbIe 00e-
CIEUMBAIOT pa3zbeMHoe coennHeHue ¢ OB, Toraa kak B
HacTosilIel paboTe MCIoJIb30BaH (POTONPUEMHBIH MOIYJIb C
OIITHYECKUM BOJIOKHOM, Ha KOHIIE KOTOPOTO CMOHTHPOBaH
pa3bemHublid kKonHekTop THna FC/APC.

B onrToanekTpoHHBIX yCTpoHCTBax Ul pacyera ONTH-
YeCKOro coracoBaHus npumensiercst meroq Monre-Kapio,
C MIOMOIIIBIO KOTOPOTO MTPOU3BOJISIT PACUETHI JUIS JTa3€PHBIX
[14, 15] u hoTrompuemHbIx Momyei [7, 16, 17].

[IpocToTa peannzannu YUCIESHHOTO MOJEINPOBAHUS
MIO3BOJISIET OLIEHUTH BIMSHUE KaueCTBA ONTHYECKUX 3JIe-
MEHTOB HJI TOYHOCTH MX YCTAHOBKH Ha ONTHYECKOE CO-
TTIACOBAHNE B CHCTEME.

B Hacrosiiei pabote paccMOTpeHa KOHCTPYKITHst (hOTO-
HNPUEMHOT0 MOJYJIsl O€3 MCIONB30BaHMsI KPUCTAILIOACPIKa-
TeJIsl, KOTOPBIA MOXKET YCIOKHHUTh CXEMY DIICKTPUYECKOTO
COIVIACOBAaHMUS MMIIEJJAHCOB U ITpolecc coopku. OTmeTnm,
YTO MPU NMPUMEHEHUN OJMHOYHON ChepruuecKoil MUKPO-
JIMH3BI B KOHCTPYKIIUH MOIYJISI BO3SMOYKHO BBITIOJHUTH MOH-
TaX p-i-n HOTOANO/A B CTAHAAPTHBINA METAIIOCTEKIISTHHBIH
xopryc Tura TO co 3HAUYUTENBHO OOJBIINUM JOITYCKOM.
Bo3M0OXHO TPOM3BECTH TEPMETH3ALNIO KOPITyca A0 OTle-
panny ONTUYECKOH CTBIKOBKH, YTO YIPOIIAET TEXHOIOTH-
YeCKUI MappyT (POTOMPHUEMHOTO MOIYJISL.

Onucanue 3JIeMEHTOB ONITHYECKOI CUCTEMBbI
¢oTonpuemHoro moayJist

[Ipu onucaHU¥M YUCICHHONH MOJEIH B HEIOCIEA0Ba-
TEJIBLHOM PEXHME MPOTPAaMMHOTO KoMILiekca Zemax®
3aJ1aHbl CJISYIOINE OCHOBHbBIC OOBEKThI: HCTOYHUK M3y~
YEeHMS ¢ ONTUYECKON MoIIHOCTRIO 10 MBT, mimHO# BOHBI

1550 uMm, nuameTpom mMozoBoro msitHa 10,4 MKM U 9Huciio-
Bo# ameprypoii 0,141, Jlnsa onucanust pOTOTYBCTBUTENb-
HOH oOnactu p-i-n HOTOANOAA MCIOIB30BAaH KBaAPaTHBIH
JICTEKTOP M3IY4EHHUS CO CIICTYIONMMH XapaKTepUCTHKa-
Mu: pazmepom 40 X 40 MKM U KOJIMYECTBOM IHUKCEJIOB
500 x 500.

Jist cozmanus Kad4ecTBEHHOM MoJenu p-i-n (hoToanona
TIPOBENICHO MCCIIEOBAHIE €T0 TeTePOCTPYKTYPHI (CM. Tab-
JUITY), BEIPAICHHON ¢ moMoInbio yctaHoBKH RIBER49
METOIOM MOHeKyHHpHO-Hy‘IKOBOﬁ SIIUTAKCHUHU Ha ITOJJIOXKKE
InP. MccnenoBanHast (POTOTFOMHHECICHIIHUS TETEPOCTPYK-
TypslI (puc. 1, @) moaTBepAna CBOE BHICOKOE CTPYKTYPHOE
COBEPIICHCTBO U MO3BOJISIET CYIUTh 00 M3MEPEHHBIX Jlaliee
CIEKTPaX OTPAKEHUsI KaK HCTUHHBIX CIIEKTPaxX OTPaKEHHS
TeTePOCTPYKTYPHI p-i-n HOTONUO/A.

Jlist nccneoBaHusl CIIeKTpa OTPaskEHUsSI OT TeTepo-
CTPYKTYpHI B IIPOTPaMMHOM KOMILTeKce Zemax® 3amaHbl
JICTICPCHOHHBIC KPUBBIC MaTEPHAIIOB B CIICKTPAITEHOM JTHA-
nasone 1-1,6 Mxm crenyroumx marepuanos: Ing s3Gag 47As
[18, 19], Ing 5,Alj 43As [19, 20], InP [21], Si3Ny4 [22] u rpa-
JUEHTHOI'O CJIOsA In0’53Gao’47AS-In0,52A10’48AS (TaGHHHa).
[Tokazarenb NPeIOMIICHHUS TPAJAUEHTHOTO CII0S PACCYUTAH
Kak cpeaHee apupMeTHIECKOe 3HAUYSHHEe IS IBYX yKa-
3aHHBIX MaTepuanos. Cioii Si;N4 Tonmmnoi 0,2 Mxm [23]
UCIIOJIb30BaH JUIsl YMEHBIIEHHS 00paTHOTO OTPaXEHHs Ha
TpaHuIle pa3jelia reTepocTpyKTypa-Bo3ayx. Ha puc. 1, b
Npe/ICTaBIIECHbI PACYETHBIC U SKCIIEPUMEHTAIBHBIE CIICKTPBI
OTPaXKEHUS JUISl TETEPOCTPYKTYPHI, U3 KOTOPBIX BHJIHO,
YTO OTPaKCHHE 0KA3aJ0Ch MCHBIIIE, & €T0 UCIIOJIb30BAHIE
YMEHBIIIAET OIIUOKY YHCICHHOW MOJICIH CIIEKTPa OTpaxe-
HUS p-i-n Goroauona B cpenHeM Ha 3,51 % B crieKTpalib-
HOM auanasone 1,3—1,6 MKM.

B xauecTBe KpuTEpHUs ONTHYECKOW MPOYHOCTH YACTO
paccMarpuBaeTcs CieIyolias KOMOMHAIIUS MEXaHUIECKIX
1 TCIUIOBBIX XapPAKTECPUCTHUK, OT KOTOPBIX 3aBUCUT HAIrpEeB
p-i-n GoTonnoaa pU €ro OOJYYCHUH ONTHUCCKUM H3ITY-
4yeHueM [24]:

1 G.652: Characteristics of a single-mode optical fibre and
cable [Dnekrponnsiii pecypc]. 2016. URL: https://www.itu.int/
rec/T-REC-G.652-201611-1/en (mara oopamienus: 20.09.2021).

Tabnuya. VicciaenoBaHHas TeTepOCTPYKTypa p-i-n hotoauona

Table. Examined p-i-n photodiode heterostructure

Hasznauenue Marepuan Tonmmnaa Tun Kounenrparmst, cM -3, u marepuain | [Tokasarenb IperoMIEHHUs CIIOs
crost crost CJI0Sl, HM | TIOyTIPOBOTHUKA JIETUPYIOIICH TPUMECH Ha anuHe BoJHbI 1550 HM

Ipoceernsromniuit SizNy 200 — — 3,166
KoHTaKTHBIi Ing 53Gag 47As 100 p 1-1019, C 3,532
I'pannenTHbIH Ing 5oAlj 43As- 25 P 1-1019, C 3,366

Ing 53Gag 47As
BapbepHbiii Ing 5pAly 4gAs 100 p 31018, C 3,201
Hornomaromuii | Ing 53Gag 47As 1000 i — 3,532
OkHO Ing 5pAly 4gAs 100 n 5-1018, Si 3,201
I'paareHTHBIR Ing 53Gay 47As- 25 n 5-1018, Si 3,366

Ing soAlp4gAs
KoHTaKTHbIi Ing 53Gag 47As 500 n 51018, Si 3,532
TTomnoxka InP — — — 3,154
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a

e CTICKTP (OTOITIOMHHECIICHIIUI
InGaAs (1,4646 5B)
p-neruposanue (1,3067 3B)
InAlAs (1,5159 3B)

—— I'papuenTHslii cnoit (1,6984 3B)
ATIPOKCUMHUPYIOIIAs KPUBast

WHTEeHCHBHOCTH (DOTOIFOMHUHECIICHIINH, OTH. €]I.

1,2 1,6
Dueprus, 5B

OtpaxeHne

b
0.604 pacueTHas
»" 1 = —pacucrnas + 0,2 mxy SizNy
0.50] M3MepeHHast

— —m3MepenHas + 0,2 Mkm SizNy

—0,0447
=0,0214

1200 1400 1600
JlmmHa BOJTHBI, HM

1000

Puc. 1. VI3mepeHHBIH crieKTp (HOTOTIOMHHECIEHINH (@); pACCUNTAHHBIE U SKCIIEPUMEHTANBHBIN CIIEKTPbI oTpaxkeHus (b)

Fig. 1. Measured photoluminescence spectrum (a); p-i-n heterostructure reflection spectra (b)

Gyl
oKE’

(1

rie 6, — HPelel yIpyrocTu; A, — TEeIUIONPOBOXHOCT;
0 — KO3 PHUIHEHT JIMHEHHOTO pacimupeHus; K — kodg-
(UIIEHT MOTIIONIEHHST, £ — MOIYIb YIIPYTOCTH.

IIpu pacuere KpuTepus ONTHYECKONU MPOUYHOCTHU
nng InGaAs BCoNb30BaHbI CIAENYION[HE 3HAYCHUSA:
o, = 5,3-108 kr/m2 [25]; A, = 5 BT/(K'm), 0. =5,66-10-° 1/K,
E = 8,510 kr/mM2 B3aTHI M3 0a3a JaHHBIX UHCTHTYTA WM.
A. ®. Uodpdel; K=7,717-105 m~! [26]. DnemenTapHblii
paccMaTpuUBacMbIil Y9aCTOK aKTHBHOW OOJACTH SIBIIS-
eTcsl KBaJI[paTOM cO CTOpOHOM 40 HM, U3 Yero Kputuue-
CKOC 3HAUCHHUE ONTHYECKON mpodHoctH (1) cocTaBiseT
4,46-1013 Br/m2.

MarepranoM MUKPOJIHH3HI B Zemax® 3a/1aH IaBiie-
HBII KBapIl, KOTOPBIN MPH TOMIIHE oOpasna 10 Mm mpo-
myckaeT 93 % m3nyueHus Ha anuHe BONHBI 1550 HM, a
BEJIMYMHA TTOKA3aTels IPETOMIICHHUS TP 3TOM COCTABIISET
1,442, BpibpanHblil paguyc chepuueckoil MUKPOIMH3EI,
paBHbIN 670 MKM, TOJKEH MO3BOJIUTh CKOHCTPYUPOBATH
KOMIIaKTHYIO CHUCTEMY, HO MIPH STOM COXPaHUTh OTHOCH-
TEIbHYIO JIETKOCTh I0CTUPOBKH.

OrmeruM, uto B Zemax® Oblna gobOaBiacHa MOACIE
CTaHJAapTHOIO METANIOCTEKISIHHOTO Kopryca TO-46, BbI-
MTOJTHCHHAS B CUCTEME aBTOMATH3UPOBAHHOTO MPOCKTHU-
poBanus 110 cnenukanuu’. Yacts Kopryca, Co3ianHas

I NSM Archive — Physical properties of Gallium Indium
Arsenide (GalnAs) [Dnexrponusiii pecypc]. URL: http://www.
ioffe.ru/SVA/NSM/Semicond/GalnAs/ (nata oOpamieHus:
05.10.2021).

2 Fused Silica: Fused Silica windows and lenses | Alkor
Technologies [Dnexrponnstii pecypc]. URL: http://www.alkor.
net/FusedSilica_windows_and_lenses.html (naTa oOpaieHus:
28.09.2021).

3 TO-46 4 pin packadge || AMT8210 datasheet [DnekTpoHHbI
pecypc]. URL: https://www.datasheetarchive.com/pdf/download.
php?id=72536020a38b07c83a3f61673a84a3d0bb5b6 1 &type=P&

13 KeBJapa, 3aJaHa KaK MOJHOCTHIO MOTJIOUIAIOIAs, IPH
9TOM BXOJIHOE OKHO — cardup, mokasareib MpeaoMICHUs
KoToporo paseH 1,7462 [27]. Ha moBepXHOCTH BXOJHOTO
OKHa KOpITyca ¥ MUKPOJIMH3bI 3a/1aH IPOCBETIISIFOLIMIN CII0M
MgF, Tommuzoi 0,2 MKM.

Pe3y.]1]>TaTl>I YUCJICHHOT0 MOACJIUPOBAHUSA
ONITHYECKOI'0 CoriracoBaHusl

BBITIOTHUM pacueT HayaJ bHOTO 3HAUCHUS (POKYCHOTO
paccTosiHUS TUH3BI 110 (HOpMYIIe TS UICATBHOMN TOJICTON
JIUH3BL:

1 n—1)d
L (=1)

, )
anRz

i=(n—1) 1_
A R R

e f— (OoKaIbHOE PACCTOSIHUE; /1 — MOKa3aTellb MPEJIOM-
JICHUA JIUH3BL; R U R, — pajanyChl KpUBU3HBI TOBEPXHO-
crei; d — TOJIIMHA JIMH3EL.

Jlnst paccmarpuBaeMoil cepruiecKoil MUKPOIUH3BI
3Ha4YeHUE (DOKYCHOTO paccTosHUS 1o Gopmyrie (2) paBHO
1,09 mMm. 3apanum nannoe 3Hadenue mexnay OB u ak-
TUBHOH o0nacTeio (oroanona. [IpoBesem ontummzauio
(hOKYCHOTO PACCTOSHUSI MEXK/Ty JIEMEHTAMH CHCTEMBI JUIS
MaKCHMH3AIIN OCBEIEHHOCTH (DOTOMPHEMHOH TUIOMIAIKH.
IIpu 3Tom B Pemakrope dynkimmn kagectsa (Merit Function
Editor) ucnonb3oBan eauHCTBeHHBIN onepan ] NSDD u
BCTPOCHHBIN B MPOTPaMMHBIN KoMIIeKke Zemax® anro-
put™m ontumu3anuu JlesenOepra—Mapksapara [28].

Ha puc. 2 nokasaHsl ontuyeckas cucrema (hoTornprem-
HOTO MOJYJISI TIOCJIE ONITUMM3ALUK ¥ UTOTOBasi OCBEIICH-
HOCThb aKTUBHOW oOnactu ¢oroanona. PGPEeKTUBHOCTD
COIIacOBaHUsS B TaKoU cucTeMe coctaBmia 93,1 %.

[Tpn momory uneansHO JTMH3BI BO3MOXKHO C(OKYyCH-
pOBaTh Bce MPUXO/IAIIEe UITyUSHUE B TOUKY, YETO CIIEAYET
n30erathb Ipy ONTHYECKOM COINIACOBAHUH: TaK KaK MOXKET

term=4%2520PIN%2520T046%2520package (nara obpareHus:
15.03.2022).
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Detector 12, NSCG Surface 1: X X

Size 0.020 W X 0.020 H Millimeters, Pixels 500 W X 500 H, Total Hits = 1000000
Peak Irradiance : 3.3550E+004 Watts/cm"2

Total Power 1 9.3127E+000 Milliwatts

Puc. 2. Onrrndeckast cucrema pOTOMPUEMHOTO MOIYJISE CO C(hepHIeCKOil MUKPOIIMH30i (@); pe3yIbTUDPYIOIIEe PACIIPEICIICHIE
ocBemieHHocTd horoaunona (b)

Fig. 2. Optical system of the photodetector module with a spherical microlens («); resulting photodiode illumination distribution (b)

OBITH TMPEBHIIIEHO KPUTUIECKOE 3HAYCHHUE ONTHYCCKOU
MIPOYHOCTH, YTO TPUBEICT K BBIXOAY p-i-n (poTommoma u3
cTpost. Taxoke Ipr MaJIoM JHaMeTpe PaclpeaeIeHuUs ONTH-
YECKOTO M3TYICHHUS OCBEIICHHOCTh aKTUBHOTO CII0s OyAeT
BEIIIIE, ¥ TOTIa BOSMOXKHA CUTYaIlHs HACBHIIIICHUS (POTOTOKA
[29], uTO B WTOTE O3HAYAET YMEHBIIICHHE CIIEKTPAIBHON
YyBCTBUTEIBHOCTH (POTONPUEMHOTO MOJLYJIISI.

B npensioykeHHOM KOHCTPYKIUH (POTOIPHEMHOTO MOJTY-
JIS1 TAK)KE BO3MOXKHO YNPABIATH JUAMETPOM OCBELIEHHOTO
yuacTtka, obecriednBasi TpeOyeMblii ypOBEHb ONTHYECKOTO
cornacoBaHusi. OTMETHM, YTO KOH(PUTYPAIHIO CUCTEMBI
C OJTMHOYHOW C(epUIECKO MHKPOIMH30H BO3MOXHO Ha-
3BaTh YHUBEPCAJIBLHOW /ISl OCYIIECTBICHUS ONTHYECKOM
cteikoBkH OB 1 p-i-n poronmona B hoTornmpreMHBIX MOMY-
JSIX, KOTOPBIE PEaTi30BaHBI B CTAHIAPTHBIX METAJUIOCTE-
kisHEBIX TO Koprmycax.

[To BBITTOTHEHHOMY pacyeTy, KOTOPHIi OBLT aHATIOTHYEH
pacderam B paborax [30, 31], MmoHOXpOMaTHUecKas (HOTO-
YYBCTBUTEIBHOCTH T€TEPOCTPYKTYPHI (Tabm. 1) coctaBmia
1,126 A/Bt Ha miune Boaubl 1550 HM. Torma, yuuTsiBas
paccyuTaHHY0 3P(HEKTHBHOCTh ONTHYECKOTO COIJIaco-
BaHWUs, 3HaYeHHE (POTOUYBCTBUTEIBHOCTHU JUJISl paccMa-
TPHUBAEMOW KOHCTPYKIUH (POTOTIPHEMHOTO MOJYJISI paBHA
1,047 A/BT, 4TO IpEeBOCXOUT IPECTABICHHbIEC HA PhIHKE
aHaJIOTH.

—40 MKM

—60 MKM

Pacuer BiaMsIHUSA CABUIOB ONITHYECKOI0 BOJIOKHA
HA KAYeCTBO ONTHYECKOI CTHIKOBKH

HpOBe)]eM AHaJIN3 BJIMSAHUSA MTPOJAOJIBHOI'O U IMOTICPEYHO-
ro capuroB OB Ha 3()()eKTHBHOCTH ONTUYECKON CTHIKOBKH
B KOH(HUTYpauy (GOTONPUEMHOTO MOIYJIS CO c(hepHUECKOM
MUKpOJIMH30H. B paznene «Pe3ynbrarsl 4ncieHHOro Mojie-
JIMPOBAHMS ONTHYECKOTO COIIACOBAHUS» OBIIO OTMHCAHO,
YTO TPH ONTHYECKOM COTJIACOBAHUU CIIEAYET M30eraTh
(OKYCHPOBKH ONTHYECKOTO M3TyYeHHUsS B TOUKY (puc. 3).
B cBsI3u ¢ 9THM U1 OCYLIECTBICHHS KaYeCTBEHHOM ONTH-
yeckoit cTeikoBKH OB ¢ dpoToanomom TpedyeTcs pacrorno-
JKHUTB MTOCIIEIHUI HA TAKOM PACCTOSIHUHM, T JOCTUTACTCS
HaMOOJIBIIHIA pa3Mep MOJOBOIO IATHA, HO 3(PPEKTUBHOCTh
CTBIKOBKH ITPU 3TOM OTIIMYACTCA HC3HAYUTCIHBHO OT MaK-
CUMAaJIbHOM.

Ha puc. 4 noxa3aHsl pe3ynbTaThl pacyeToB AJs MPo-
JIOJIBHBIX U TonepevHbix casuros OB ot ucxoaHoro mo-
JIO’KEHU ST, IOJTyYEHHOTO B XO/I€ ONTHMU3AIUH ONITHYECKOH
cucTeMbl (POTONPUEMHOTO MOYJISL.

Buano, uto u3-3a Hanmmuns (POKyCHUPYIOIETro 3JIeMeHTa
ONTHYECKasi CHCTEMa ropas3io 4yBCTBHTENIbHEE K JICIICH-
TPUPOBKE, YeM K CMELICHHUIO B IIPOIOILHOM HaIIPABICHUH K
ontuyeckoit ocu. Mcxons n3 Noay4eHHBIX JaHHBIX BO3MOXK-
HO CYAUTH O TpeOyeMOi TOUHOCTH MHKPOMETPOBBIX TPaHC-

el |-]e

—20 MKM

0 MKM 20 MKkM

Puc. 3. PactipesiesieHne 0CBEIIEHHOCTH (HPOTONPUEMHOTO OKHa p-i-i POTOAMO/A IPH TTPOAOIBHBIX C/IBUIaX ONTHYECKOTO BOJIOKHA
OT TIOJIOXKEHHS, OTIPEAEIEHHOTO B XO/I€ ONTUMH3AINN

Fig. 3. lllumination distribution on the crystal photoreceiving window at longitudinal shifts of the optical fiber decentering
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Puc. 4. DphekTHBHOCTH ONTHYECKOTO COMTACOBAHMS ISl TIPOJOIBHBIX (¢) M MONepeyHbIX (b) cMeleHHH. 3eeHast 30Ha — YYacTKH,
B KOTOPBIX THAMETP MOAOBOI'O IIAATHA MTPEBLIIIACT 20 MKM; KpacHast 30Ha — YYaCTKH, [I€ NMPEBBILICH ITOPOr queBOﬁ IPOYHOCTH;
YepHast TOPU30HTAIbHAS TMHUST — ()(PEKTHBHOCTD COMTACOBAHHS MPH ICLEHTPHPOBKE OMTHIECKOTO BOIOKHA
Fig. 4. The efficiency of optical matching for longitudinal displacements where the green zone on the graph marks the areas in

which the spot diameter exceeds 20 pm with the matching efficiency exceeding 90 %; and the red zone marks the area in which the
radiation strength threshold was exceeded (a); efficiency of optical matching at optical fiber decentering (b)

JIATOPOB JUIsl KOHEYHOH FOCTUPOBKYU ONTUYECKOU CUCTEMBI.
Tak, TOUHOCTH TPAHCIATOPOB PaBHON 1 MKM OKa3ajoch
JIOCTAaTOYHO, YTOOBI OCYIIECTBUTH ONTHYECKYIO CTHIKOBKY
OB u ¢potoamona ¢ tnameTpoM aneptypsl 40 MKM.

3akarouenne

B pabore paccmoTpeHa yHHBEpcalbHasi KOHCTPYK-
s (pOTOMPUEMHOTO MOAYIS, PEAIN30BaHHAs HA OCHOBE
CTaHJAapTHOI'0 METAJIIIOCTEKIIIHHOTO KOpIlyca, KoTopas
MO3BOJISIET OCYIIECTBUTh ONTHYECKYIO CTBIKOBKY ONTHYE-
CKOTO BOJIOKHA C p-i-n (DOTOANOZOM B HE3aBHCUMOCTH OT
JaMeTpa amnepTypsl ero akTUBHOM oOnactu. Hacrosimas
KOHCTPYKILHS MO3BOJISIET OTKA3aThCsl OT MCIOIb30BaHUS
KPHCTAIIIOEPKATEIs U 3HAYUTEIBHO CHU3UTH TPEOOBaHUS
K TOUHOCTH TOCAJIKHU p-i-n POTOAMONA TIPH €r0 MOHTAXKE B
CTaHJAAPTHBIA METAJIIOCTEKIISIHHBIN KOPITYC.
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93,1 % mpu rayccoBOM pacrpeieIeHUH OCBEIIEHHOCTH O
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[Ipu momMoImM YHCIEHHOTO MOJYIMPOBAHUS HCCIIe-
JIOBAHO BIMSIHUE MPOAOIBHBIX W MOMEPEUHBIX CABUTOB
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IIpoBeneHHbIC BBIYMCICHHS TTO3BOMISIOT ONPENCIUTh Tpe-
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Abstract

An extensive growth of serial remote sensing images paves the way for abundant data intended for the sequential spatial
pattern determination in several fields like monitoring of agriculture, development of urban areas, and the vegetative
area. However, conventional spatial sequential pattern mining is not applied efficiently or directly in the aspect of serial
remote sensing images. Therefore, a residue feature analysis with empirical mode decomposition is proposed so as to
enhance the spatial sequential pattern mining efficacy from the raster serial remote sensing images. At first, input images
are being extracted by means of minima and maxima pattern by computing the mean of envelops and the intrinsic mode
function components. If the intrinsic mode function condition is satisfied, then it is being subtracted from the original
image; finally, the image is decomposed into many intrinsic mode functions and residue. The experimental outcomes
attained indicate that the proposed strategy is proficient of mining spatial sequential pattern from the images of serial
remote sensing. Though the support values of the patterns might not be attained accurately, the presented scheme
guarantees that the whole patters are being extracted at lower consumption of time.

Keywords

serial remote sensing images, intrinsic mode function (IMF), image decomposition, residue feature analysis, empirical
mode decomposition (EMD)
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AHHOTAIUA

3HAYNTENBHBII POCT MOCIE0BATEIBHO MOTYYaeMbIX H300paKEHUH MPHU JUCTAHIIMOHHOM 30HAMPOBAHHUU BEIET K
YBEIMYCHHUIO KOJMYECTBA JaHHBIX. Takue JaHHbIE UCIOIB3YIOTCA B TAKMX OOMACTIX KaK: MOHUTOPHUHI CEIbCKOTO
XO03S5IICTBA, pa3BUTHE TOPOJCKUX PAiOHOB M HAOMIOACHHE 32 PACTUTEIBHBIMU 30HAMU. OTMETHM, 4TO OOBIYHOE
MOCTIEZIOBATENILHOE M3BICUCHUE IPOCTPAHCTBEHHBIX CTPYKTYP 3P (HEKTHBHO HE MPUMEHSETCSE 0COOEHHO MO OTHOIICHHIO
K ITOCIIETOBATEIBHO MOTYYaeMbIM H300paKCHUSIM B PE3yIbTaTe AUCTAHIIHOHHOTO 30HAMpOBaHus. [Ipemioxken anamms
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Residue feature analysis with empirical mode decomposition for mining spatial sequential patterns...

OCTaTOYHBIX MPU3HAKOB IIPU PA3JIOKSHUH M300PasKeHUH MO SIMIMPUYECKIM MOJIaM JUIsl TOBBIIIEHHs 2P (heKTHBHOCTH
U3BJICYEHUS MIPOCTPAHCTBEHHBIX MOCIEAOBATEIbHBIX CTPYKTYP U3 PACTPOBBIX M300pa’keHUN AMCTAaHLMOHHOTO
30HANpPOBaHUs. BxomHbIE H300paXeHNsT U3BIEUEHBI C TIOMOIIBI0O MUHUMAIBHBIX M MAKCUMAIbHBIX PACTPOBBIX CTPYKTYP
ITyTeM BBIYUCICHUS CPEAHETO 3HAUCHUSI OTHOAIONINX U KOMIIOHEHTOB (DYHKIIUH PA3JIOKEHUsS] HA BHYTPEHHHE MOJBI
JUISL CHIEKTpaIbHOTO aHanm3a [mnsbepra. Ipu BeIMONTHEHNH YCIoBHs (QDYHKIIMH Pa3lI0KEHHS HA BHYTPEHHNE MOJIBL,
MIPOM3BOAUTCS ONEpanys BEIYUTAHUS (QYHKIMN U3 UCXOAHOTO M300paxeHus. [lanee m3o0pakeHne pasmaraercs Ha
MHOXKECTBO (DYHKIUI BHYTPEHHHX MOJ M Ha OCTATOK. [loTydeHHbIe SKCIIepIMEHTaNIbHEIE PE3yIIbTaThl MOKa3alH, YTo
MIPEIOKEHHAsT CTPATerusi cnocoOHa HEeNpephIBHO U3BJIEKATh MPOCTPAHCTBEHHBIE CTPYKTYPHI U3 MTOCIIE0BATEIEHO
HOJTy4aeMbIX H300paXKeHN i TMCTAHIIMOHHOTO 30HIMPOBAHNUS. XOTS OIIOPHBIE 3HAYEHHST CTPYKTYP MOTYT OBIT MOJyYEHBI
HETOYHO, IPEeICTaBJICHHAs CXeMa FAPaHTUPYET, UTO CTPYKTYPHI B LI€JIOM U3BJICKAIOTCS C MEHBIIMMU 3aTPAaTaMH BPEMEHH.

KiioueBnle c10Ba
HOCJIe0BaTeNbHBIE H300paKEHHUS! AUCTAHIIMOHHOTO 30HAUPOBaHUsI, QDYHKIIHS pa3iioxkeHus Ha BHyTpeHHue Moasl (IMF),
PpasnoxkeHne n300paKeHUsI, aHAJIM3 OCTATOUHBIX MPU3HAKOB, PA3JIOKEHHE 110 sMIupudeckuM Mozaam (EMD)

Ccepbuika ais nutupoBanusi: Aumpkenus [puru P., Anannxapamk . AHaIM3 0CTaTOYHBIX IPU3HAKOB C ICKOMIIO3ULIUEH
110 HMIIMPHYECKUM MOJIAM JUIs U3BJICUCHHs MPOCTPAHCTBEHHBIX IOCIIEI0BATEIbHBIX MA0JOHOB U3 CEPUUHBIX
n300paKeHUH IUCTAHIIMOHHOTO 30HANpPOBaHus // Hay4HO-TeXHHYECKUH BECTHUK MH()OPMAIIMOHHBIX TEXHOJIOTHIA,

MexaHuku u onTuku. 2022. T. 22, Ne 5. C. 881-888 (na anrt. s13.). doi: 10.17586/2226-1494-2022-22-5-881-888

Introduction

A growth of technology in earth observation leads to
development of spatial data accumulation continuously.
Amongst this kind of data, due to its temporal and spatial
features Serial Remote Sensing Images (SRSI) offer
potential for tracking changes in environment, urban
expansion, development of agriculture and so on. Several
studies have been made that focus on the knowledge
mining from the SRSI [1]. The growth of SRSI offers huge
amount of data for recognizing spatial sequential patterns
in several arenas [2—4]. The Sequential Spatial Pattern
Mining (SSPM) is regarded as the utmost significant
means of the information which was being concealed at
the SRSI and, in turn, attracts huge range of interest over
researchers. The scheme of Sequential Pattern Mining
(SPM) is regarded to be the technical SSPM base that
mostly intends in extracting the recurrent patterns from
the database operation. It is varied from their precursor
SSPM that tries in discovering the spatio-temporal
recurrent categorizations from the geospatial databases
[5, 6]. The structure complexity, geospatial data desired
features like spatial auto-correlation and spatial relation
amongst objects, and huge volumes, in turn, prevent the
SPM algorithms from being applied effectually for the
sequential spatial pattern mining. Moreover, these structure
complexity, desired features, and high volumes prevent the
use of SPM approach in mining effective spatial sequence
pattern [7—-10].

Many approaches have been presented in existing
techniques. However, there were many limitations such
as inefficiency in decomposing input image. So as to
overcome this drawback, the proposed approach is
presented by employing Empirical Mode Decomposition
(EMD) method for the effective decomposition of input
image.

Related work

An approach of pixel clustering was presented in [11]
to enhance the SSPM from the raster SRSI. At first, the
image is compressed with the use of Run-Length Coding
(RLC) scheme. After that, the pixels were being clustered

with the use of RLC based function of spatial overlay.
Eventually, a strategy of pruning is employed for prefix
span extending approach so as to skip unwanted database
while skimming and mining from the groups of pixel.
In this work, authors have analyzed the issues in spatial
mining from SRSI and proposed prefix Span algorithms
for improving the efficiency of sequential spatial mining
from SRSI. The work claims that it proved the improved
efficiency in spatial mining and it can be applied in various
fields.

However, the accuracy of pattern recognition is low
when compared to other related work.

In the paper [12], the authors presented a Quantized
ternary pattern dependent grouping of pixel with the Single
Value Decomposition and the RLC for pattern mining.
These utilized processes were later experimented using
dataset cropland data. A presented approach was effective
in terms of mining time and sequence pattern generation.
However, the work increases the computational time that
leads to performance degradation in the mining process.

The author in this paper [13] presented spatial-spectral
ConvLSTM 3-D version for preserving the inherent
hyperspectral data structure to enhance the performance of
classification. The conducted experiments in three common
employed Histopathological Image Classification (HIS)
datasets, illustrate that the presented models have some
competitive benefits and might help in offering good
classification performance compared to other traditional
systems. However, it is not evident that the proposed work
alone provides a better classification. The proposed work
should be combined with other modern models to yield a
better result.

A novel Frequent Pattern Mining was suggested in [14]
which was called Mining Frequent Patterns (MFP) and
had two central characteristics that were new. The attained
outcome describes that the MFP approach is effective in
recognizing the patterns in the optimized time. Even though
the work reduces the time in processing the pattern during
classification, the feature selection approach utilized in the
work is not efficient in terms of accuracy.

The Remote Sensing Image (RSI) classification
is regarded as a normal employment of RSI [15]. For
enhancing the performance of RSI classifier, groupings
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of the multiplier classifiers were utilized to categorize
images in Landsat-8 OLI (Landsat-8 Operational Land
Imager). Few combinations of classifier techniques and
algorithms are evaluated. This approach uses a voting-
based classification technique utilizing ensemble learning
to improve the accuracy of classification. Even though this
method achieves higher accuracy, the work caused stability
issues due to the use of multiple classifiers.

A survey was carried out in [16] regarding the mining
sequential pattern and its applications. The aim was to
offer an introduction and also the SPM with the recent
research and advances opportunities survey. The approach
was divided into four major portions: initially, SPM was
defined by reviewing their application after that. The
terminologies and the major aspects were introduced.
However, the major strategies and approaches were
projected for solving SPM.

A well-defined final research process in the form of
images retrieval based on quantization, called hypergraph
and hacking process, was introduced in [17]. In [18], the
author employed encoders that are bi-generative, along
with the multi-modal stochastic Recurrent Neural Network
intended for effective image recovery, and binary auto-
encoders that are hierarchical.

An algorithm of sparse Support Vector Machine (SVM)
classifier was presented in the paper[19]. The segmented
images were then categorized as a small number of patches.
After the process of extraction, segmentation of images was
made and was then categorized to small patches.

The Modified Extrema Pattern is used to provide grey-
scale invariant transformation of pixel intensity values [20].
An improved Single Shot Detector model was established
for detecting an object over remote sensing photos or
images [21]. A contourlet transform was employed in for
identifying the directions according to the strategy as this
helps to effectively present images as multiple directional
bands that havemore accurate directional information than
the spatial derivatives [22].

From the literatures studied, we observed that all the
approaches tried to satisfy the efficient pattern mining from
rater images. Most of the work discussed in this section
is related to the calculation of individual pixel which
is unnecessary and will result in additional overhead in
computational process. In our work, we proposed an idea
of grouping the pixels that are having similar patterns. Then
we perform calculating the grouped pixel which reduces the
computational time.

Proposed work

The entire workflow of the presented technique is
illustrated briefly in this part. The workflow depiction is
provided in Fig. 1.

Maxima and minima should be computed first for the
data decomposing into Intrinsic Mode Functions (IMFs). To
find the maxima and minima, you have to locate the points
where slope changes occurred. After finding these points,
one spline curve for each is placed for maxima and minima.
These curves define the upper and lower envelopes. Having
these, mean of the envelope is computed. The calculation
for the mean envelope is given in the following formula

| Input Image |
]

v
| Extract minima
and maxima value

A 4

Compute the mean
of the envelopes

{

Compute IMF
components

Empirical Mode Decomposition \
\

Satisfies
the conditions
of IMF?

z
o

Subtract IMF from
original image

/

A 4

Image is Perf
decomposed into e;‘orrlnar_lce
IMFs and residue nalysis

Fig. 1. Workflow of presented scheme

me= ey, + elower/z’

where e,,,, €j,,,, are the upper and lower envelope
respectively.

Then the mean envelope m, is subtracted from the
signal d(f) to generate the first envelope

Il = d(t) - me:

where 7, is the first IMF, d(¢) is the signal and m, is the
mean envelope. The outcome of the above equation is
the first component of the data. This process is repeated
and finally sum of IMFs and residue signal is generated.
The steps for the process are given in EMD for image
decomposition.

Input image retrieval, processing and decomposition

The work flow diagram is shown above. Initially, input
images are taken and a difference is being estimated among
the adjacent and the center pixel of every pattern over
the estimation of number of columns and rows. Then the
extraction of minima and maxima values is made from
the image. The conversion of binary patterns is made with
regard to the center pixel based on the upper and lower
envelops. Then we compute the mean of this envelop.
At the center pixel, an extrema patterns are formed by
means of IMF which is then followed by the Hilbert
transformation process of that specified pattern. This IMF
needs to be satisfied so that the properties of the input
image should be preserved. Thus, a decomposition process
is carried out to decompose the image as IMFs and residue.
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Empirical Mode Decomposition for image
decomposition

We proposed an enhanced Prefix span model called
EMD prefix span. The proposed model is regarded
as the image decomposition depending on the image
local characteristics that fascinates the multi-resolution
advantages of the wavelet transform and thus overwhelms
the problem of selecting the basis of wavelet thereby
determining the scale of decomposition in the wavelet
transform. Hence, it is highly appropriate for the non-
stationary non-linear image analysis and is thus adaptive
EMD. The EMD considers that any complex image is
comprised of IMFs that are simple ones, and each IMF is
independent mutually. This EMD could be decomposed as
different scales, or time series data trends, into their step-
by-step component with an image sequence series having
similar characteristics of scale produced. By this, the non-
linear non-stationary data is being transformed as a smooth
linear data. On comparing the original sequence of data,
after decomposition the sequence have greater regularity
which helps in recognizing hidden relationship and might
enhance the prediction accuracy. The EMD steps for the
given time series are shown below.

Step 1: the upper envelope e,,(7) and the lower envelop
€,werlt) are determined from the local minimum and local
maximum of time series data x(¢), and, in turn, computes
the mean envelope m (7).

eup(t) + elower(t)

Step 2: subtract m () from the x(¢) for getting /,(¢) as
the lower image x(¢); step 1 is repeated on taking screening
k times till /,(¢) = x(#) — m,(¢) meets the conditions of
IMF; after that ¢(¢) is regraded as the initial IMF time
series component since it comprises of the shorter periodic
component of the original sequence.

c1(t) = x(@) — my ().

my(f) =

Step 3: once the first IMF component is separated from
time series x(¢), the other components 7(¢) of x(7) is attained
as shown:

r1(#) = x(1) = ¢1(D).

Step 4: consider r(7) as the new time series, and the
steps 1 and 3 are repeated for attaining the qualified IMF
component series c;(¢) and the residual r,(¢). After that,
the original time series x(7) is expressed by means of the
following IMF component and the residual component as
shown:

Table 1. Dataset detail representation.

(0= 3 ei(t) + 1,0,
n=1

Of these steps from 1 to 4, the original time series is
decomposed as sub-sequences of varied frequencies termed
IMF and residual r. After that, the prediction trend of all
sequence is being made and the outcomes of subsequence
prediction are being superimposed for attaining the original
sequence prediction outcome.

Step 5: the noise-added image s,(7) is decomposed as n
IMFs and the residues by means of

si(1) = é (1) + ri(0).

Here, c;(7) and ri(?) signifies i-th IMF and the residues
of j-th realization correspondingly.
Step 6: the ensemble mean is computed as shown:

1 M
el = Ezicg/(t)s
g

1 M
r(f) = H-erf(t)'
f=

Here, c,(¢) signifies the EMD’s IMF and r(¢) illustrates
the EMD residues.

Performance Analysis

The assessment of projected approach performance is
made and the outcomes attained are shown in this section.
The Cropland data layer dataset is utilized so as to estimate
the overall performance of proposed algorithm. From the
following link!, the dataset is obtained.

The images that consist of continental areas of the US,
termed lowa state. It contains about 150 K sq.kms, where
each pixel of the image comprises about sq.m. The several
cultivated yields at areas are recognized by map color. This
datasets were segregated as 4 categories such as D1, D2,
D3, and D4 based on the period of time in image required.

Fig. 2, a shows the representation of input image. The
input image attained from the dataset is projected below
in Fig. 2, a. The input image is taken from cropland layer
dataset. It represents the area lowa state of US. The colors
on the map represent the different crops cultivated in that
region.

I https://nassgeodata.gmu.edu/CropScape/ (accessed:
11.11.2021).

Duration from 2010 to 2016 year

ID of the dataset Region Volume of data, MB Pixel count
D1 Butler country smaller portion 1.7 21 x 132
D2 Butler country Regions 20 1323 x 3534
D3 ASD 1910 Region 141 5971 x 3534
D4 IOWA state Region 594 17795 x 11671
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b

Multilinear Matrix Decomposition — D1

a

Input Image

200 600 1000
Fig. 2. Images of 1200 x 1200 pixels: input () and disassembled (decomposition of a multilinear matrix — D1) (b)

The consumption of time analysis on the test D1, D2,

Fig. 2, b signifies the decomposed image. The attained
D3, and D4 datasets is represented in Fig 3.

decomposed image is represented. The decomposition is
carried out by means of EMD.

a b
Evaluation of time consumption on the test datasets: D1 Evaluation of time consumption on the test datasets: D2
4 —@—PrefixSpan —@— PrefixSpan
| —A—EMD-PrefixSpan| | 110 4 —A— EMD-PrefixSpan 1
Ui 03 7]
E £ 90t
w w0
= =
£ g
Z 02t =
70 ¢
0.1 50
0.1 0.3 0.5 0.7 0.1
H, % H, %
c d
Evaluation of time consumption on the test datasets: D3 Evaluation of time consumption on the test datasets: D4
S —@—PrefixSpan —@—PrefixSpan
327 —A—EBMD-PrefixSpan| 1104 —A—EMD-PrefixSpan| -
wa w)
£ 28 £ 90
2 2
£ E
= =
24+ 70 L
2 . 50
0.1 0.3 0.5 0.7 0.1 0.3 0.5 0.7
H,% H, %
Fig. 3. Analysis of time consumption by a set of test data: D1 (a); D2 (b); D3 (c); D4 (d)
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Fig. 4. Comparative estimation test datasets mining time: D1 (a); D2 (b); D3 (¢); D4 (d)

H represents the user defined threshold value which
is the number of occurrences of a frequent sequence.
The mining time is decreased when the threshold value
increases. The analysis was carried and an outcome is
thus related to the traditional approaches for proving the
proposed system efficiency of presented technique. The
estimation of mining time on D1, D2, D3, and D4 test
dataset is projected in Fig. 4. The estimation is carried
and an outcome attained is then related to traditional
approaches for proving the efficiency of presented method
with other existing methodology. The outcomes show that
the projected system is effectual in overwhelming the
traditional issues in SRSI images.

Fig. 5 shows the comparative analysis of support
produced by prefix span model and the EMD-Prefix span
model. Support values indicate the sequence of minimum
number of patterns that appears frequently in the mining
process. The support values are counted by the number of
times the dataset been mined to get the accurate results.
X-axis units are simple sequential numbers. From the above
comparative analysis, support generated by the EMD-Prefix
range is minimal when compared to the Prefix range model.

The assessment of support values of the SPM approach with
traditional approaches is made and the outcome attained is
shown in Fig. 5. Therefore, through the entire performance

Comparision of the support of sequential patterns method

_'Sup[‘)ort of patterns produced By Prefix ‘span'

1 I Support of patterns produced by EMD-Prefix span
58 <
&

)
& | i

4 L B

0 | !

1 3 5 7 9 11 13 15
Patterns

Fig. 5. Comparative analysis of SPM method support values
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examination, it was obvious that the projected scheme is
improved by the offering decreased rate of mining time and
reducing the consumption time for the test datasets.

Conclusion

An effective approach of residue feature analysis
with empirical mode decomposition was presented for
enhancing the competence of SSPM from raster SRSI.
Initially, images were extracted through minima and
maxima patterns by computing the mean of envelops
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AHHOTAIUA

Ipeamer ucciaepoBanus. CHCTEMbI KOHTPOJIS aBTOMATU3UPOBAHHBIX JTMHUH TPEOYIOT BBICOKON TOYHOCTU U CKOPOCTH
00paboTku noyyaemMoi nHpopManuu. B nocneanue rojsl ObICTPO Pa3BUBAIOTCS TEXHOJIOTUH IU(PPOBOTO JBOIHHKA,
1n(ppOBOK MOJENN CUCTEMBI, TIOBTOPSAIOLICH MapaMeTphbl peaabHoro oobekra. LlndpoBoit IBOWHUK HCHONb3yeTCs B
3a7auax yAaJIeHHOTO KOHTPOJISI COCTOSIHUS PealbHBIX CHCTEM, HCIIBITAHUN Peakiuil BO3AEHCTBHS BHEITHUX (haKTOPOB,
0e3 mpAMOTo BIMSHHS HA peanbHyro cucrteMy. LludpoBoii TBOWHHUK MpUMEHSETCs BO MHOTHX cdepax, TaKuX Kak
3[paBOOXPaHEHHE, IIPOMBIIUIEHHOCTE, 00pa3oBaHKe, TOposicKas HHPPACTPYKTypa U MHOTUX Ipyrux. HecmoTpst Ha
TIOITYJISIPHOCTD MCCIIEOBAaHUH JaHHON TEMaTHKH, HE BBIIEIEHO eIUHOTO MoAX0Aa K (GOPMUPOBAHUIO IUPPOBOTO
JBOWHMKA. 3a4aCTyl0 B COBPEMEHHBIX paboTaxX OCBEIIACTCs 3aada CHHTE3a JABOMHHUKA C M3BECTHBIMH IapaMeTpaMu
paccmarpuBaeMoii cHCTeMBL. B 1aHHO# paboTe npesioxeH MeTos popMUpoBaHUs IIM(PPOBOTO ABOHHUKA MHOTO3BEHHOTO
MEXaHH3Ma ¢ HEM3BECTHBIMU MapaMeTpaMHU JBH)KEHHs pacCMaTPHUBAEMON CHCTEMBI, OCHOBAHHBINH Ha aJanTHBHOMN
OLIEHKE MapaMeTPOB TPAEKTOPHU JBMIKEHHUS MHOTO3BEHHBIX MEXAHHU3MOB, KOTOPbIH CIOCOOEH O0OJETYUTh 3a1auy
YAAIEHHOTO KOHTPOJISI COCTOSHMS TIPOM3BOACTBA U PACIIMPUTH MPUMEHUMOCTh TEXHOIOTHH IIU(POBOTO IBOHHNKA HA
HOBBIH Kimace 3agad. Meroa. B pabore mpeacraBieHo onmmcaHie CHHTE3a afalTHBHOTO PETYISTOpPa, OCHOBAHHOTO Ha
BHYTPEHHEH MOJEIH, MPUBEICHO TEOPEeTHIECKOe 000CHOBAHNE NPEACTABICHHOTO aITOPUTMa, a TAKKE OMHCAHO €ro
NIPUMEHEeHNE B 3aj1aue CICKSHUS 32 TPASKTOPHEil ABM)KCHNST MHOTO3BEHHOTO MexaHn3Ma. OCHOBHBIE pPe3yJIbTaThl.
BsInonHena sxcriepuMeHTanbHas anpooarys popMupoBaHus L(pPoBOro ABOiHKUKA podoTta-manuiynstopa Kuka youBot
B peaslbHOM BPEMEHH C UCHOJIb30BaHUEM a/IalTHBHOTO OLEHIINKA, OCHOBAHHOIO Ha BHYTPEHHEH MOJen. AaNnTHBHAS
OLIEHKA NapaMeTPOB JABMKEHUSI TPOBEIEHA AJIs IBYX 3BEHbEB MAHMITYIISITOPA C LIENbIO MOATBEPKACHHS BO3ZMOKHOCTH
(opmupoBaHus MGPOBOTo IBOMHMKA MHOTO3BEHHOTO MEXaHM3Ma B YCIOBUSX HEM3BECTHBIX MapameTpoB. [lapameTpsl
JBIDKEHHS 3B€HBEB POOOTa-MAHHUITYIIATOPA 33AaBAIICh BPYUHYIO IIOCPEACTBOM XaOTHIECKUX TeHEPaTOpOB U He OblIn
H3BECTHBI QIAITHBHOMY PEryIaTopy. Takoif moaxon k pOpMHPOBAHHIO TPAEKTOPHUHN JBIKEHHS 3BEHHEB MAaHUITYIATOPA
HCIIOJIB30BAH JUISl OI[EHKH TOYHOCTH PaOOTH alrOPUTMA IMyTEM BEIYHCIICHHS OIIMOKH CIEKEHUS aJlalTHBHOTO
anroputma. OmmoOKa CIeXeHHs ONpeieiIeHa Kak pa3HOCTh MEX/y 3TAJTOHHBIM BO3JECHCTBHEM, 00€CIIeUHBAIOIINM
JIBIDKCHUSI MAHUITYJISITOPA, U BBIXOJHBIM CHTHAJIOM aJalTHBHOTO OLICHIIHMKA, KOTOPBIH MCITOIB30BaH JUIs OIHMCAHHMS
TPAEKTOPHU HA MOJENN pOoOOTa-MaHUITYJIATOpA B TPEXMEPHOM IpOCTpaHcTBe. [IpoBeIeHbI NCTIBITAHUS, LENIBIO
KOTOPBIX CTajla OLEHKA OIMHOKU CIIEKEHHs OMHChIBAEMOTo aaroputMa. I1oIoKUTeIbHBIMU pe3ynbTaTaMy MPUHATO
CUHTATh CXOAUMOCTh OomMOKHU ciesxkeHus B oomactu [—0,005, 0,005] pax. Ilo pe3ynbTaraM HCIBITAHUH MOCTPOEHBI
rpaduKy OI[EHKH, KOTOPbIE MOKAa3aJIH MOJIOKHUTEIbHBIIN pe3ynbrar. CyImecTBYIOT KoJTeOaH!sI ONIMOKY CIEKEHNS BOKPYT
HYIISI, 9TO 0OYCIIOBIICHO ITyMaMH W3MEPEHHH U 3a[ep’KKaMU IIPH CUMYIISIAN pPeKHMa paboThl peaabHOTO BPEMEHU B
BBIOpAaHHOH cpefie MoziempoBanys. [1o nToram NCIIBITAaHNH IPUBEACHE! TaJbHEHIIIIE [IIaTH 10 YBEIMIECHUIO TOYHOCTH 1
TIPOU3BOJIUTEIHHOCTH OITMCHIBAEMOTO MOX0/a K ()OPMUPOBAHUIO IU(POBOTO NBOMHKKA. [IpakTHYecKast 3HAYUMOCTb.
PesynbraThl MpeACTaBICHHON pabOThI MOTYT OBITh MCIIOIB30BAHBI NIPU JATbHEHIINX MCCICJOBAHUAX TEXHOIOT UL
1M(POBOTo ABOMHMKA, B YCIOBHAX HEU3BECTHBIX ITapaMeTpoB cucTeMbl. [IpencraBneHHbIi MeToa pOPMUPOBAHHUS MOXKET
HPUMEHSATBCS B 3a1a4aX TEJCYPABICHUS MAHUITYJIITOPAMH, B CHCTEMaX KOHTPOJISI TEXHUYECKOTO COCTOSIHHS POOOTOB Ha
TIPOU3BOACTBEHHOMN JIMHUH, a TAKsKe B OOIIHX 3a7a4ax CIEKEHUS 3a TPACKTOpHel IBUKEHHSI MHOTO3BEHHBIX MEXaHU3MOB.

KuroueBble ciioBa
undpoBoil IBOHHMK, alalTUBHAS OLIEHKA, MHOTO3BEHHbBIC MEXaHNU3MBI, HEIMHEWHAs TPACKTOPHUS IBIOKCHHS
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Abstract

Monitoring systems of automated production lines requires high accuracy and processing speed of acquired data.
Nowadays digital twin technologies are rapidly developing as part of Industry 4.0. Digital twin is a virtual representation
of a physical system that mimics the behaviour of a real object, and is used in real-time control, monitoring and
disturbance prediction, without influence on a real object. Digital twin is being used in many fields of application such
as: healthcare, manufacturing, education, city development, etc. Nonetheless, despite the rising popularity of digital
twin researches, there is no basic approach to digital twin synthesis. Mostly, in state of the art articles, systems with
known parameters are considered. In this paper, approach to development of digital twin, based on internal model for
multi-link mechanisms with unknown motion parameters, is presented. Described approach intended to ease the task
of production line monitoring and extend digital twin technology application field. In this article adaptive controller
design, based on internal model, is presented, theoretical explanations of design process are provided, and application
of the control algorithm in the task of multi-link mechanism motion trajectory parameters estimation is described. In
this work the experimental synthesis of digital twin for Kuka youBot manipulator based on presented approach in real
time is described. Adaptive motion parameters estimation was made for two links of the manipulator for the sake of
confirmation of presented approach usage in the task of digital twin for systems with unknown parameters. Motion
trajectory parameters of the robot links were defined manually with the use of chaotic generators to estimate the
accuracy of the adaptive control system. This approach was used in order to calculate the error of reference tracking by
comparing the control signal for digital twin with the reference exogenous input for manipulator links. As the results
of the experiment, the graphs of the error reference tracking for both links are presented. As the goal of the experiment,
the convergence of reference tracking error to the field [-0.005, 0.005] radian was set, and as can be seen from graphs
this goal was achieved. There is a small disturbance of the error convergence on the graphs within the desired field
which was caused by noised measurements and delays of the chosen modelling environment real-time simulations. In
the conclusion of this paper, further work to reduce the influence of mentioned causes is described. The results of this
paper can be used in further digital twin technology researches. Presented approach can be implemented in robots remote
control tasks, production lines technical condition monitoring and in general motion trajectory parameters estimation
tasks for multi-link mechanisms.

Keywords

digital twin, adaptive estimation, multi-joint mechanisms, nonlinear motion trajectory
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BBenenune

B pamkax texnonoruil «Muayctpus 4.0» BBeaeHO
noustue «Lludposoii nBoitauk» (Digital twin) [1]. Oto
cucTeMa, TIOBTOPSIONIAs TapaMeTpPhl PeaJbHOT0 00bEKTa
1 TI03BOJIAIONIAs] BECTH YAJICHHOE HAaOIIOJIeHNE 33 COCTO-
STHAEM OTCIIC)KMBAEMOT0 00bEKTa B pealbHOM BPEMEHH.
Ccepsl mpuMeHEHNST TEXHOIOTHH NHU(POBOTO ABOHHUKA,
KaK MoKa3aHo B [1], pa3nuyHBl M OXBATHIBAIOT IIUPOKUH
CIIEKTp 3a/1a4: 37]paBOOXPAHEHHE, IPOMBIIIICHHOCTD, 00-
pasoBaHue, ropojickast HHYPacTPyKTypa U MHOTHE JIpyTHE.
[MonpoGHOE onKcaHue NepereKTUB UCTIOIB30BAHUS LIU(PO-
BOTO JIBOWHMKA B Pa3JIMYHBIX c(hepax MpesCTaBICHO MHO-

ruMu aBTopamu [2—4]. B pabote [5] npuBeneH niryOoknit
aQHAJIN3 COBPEMEHHOTO COCTOSHUS TeMAaTHKH IH(PPOBOTO
JIBOMHMKA B TPOMBIIUICHHOCTH. ABTOpaMH CJIeNIaH BBIBOJ
0 TOM, UTO JIaHHAs! TEMAaTHKA — IEPCIIEKTUBHOE U TIOIY-
JSIPHOE HANPABJIEHNE PAa3pabOTKH, YTO TIOATBEPIKICHO yBe-
JIUYIEeHNEM KOJIndecTBa paboT 1 mateHToB B Mupe. OaHAaKo,
HECMOTPS Ha MOBBIIICHHBIN HHTEPEC, HE CYIIECTBYET e1-
HOTO MOJX0/a K ()OPMUPOBAHHIO U(PPOBOro JBOWHUKA,
YTO MOATBEPKAACT aKTyaJbHOCTb UCCIICIOBAaHUI JaHHOU
TEMaTHKH Ha CETOAHSIIHUK JieHb. B [6] Gpopmanu3oBaHbl
TpeOoBaHus K cucTeMaM 00pabOTKH JIaHHBIX, TPUTOAHBIX
JUISl UCTIONIb30BaHMs B IU(POBOM JBOIHHUKE, @ TAK)KE BbI-
JIeTICHBI €T0 OCHOBHBIE (DyHKITMOHAIBbHBIC YacTH. B padore

890

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 5


mailto:avmeshkov@itmo.ru
https://orcid.org/0000-0001-9981-8299
mailto:gromov@itmo.ru
https://orcid.org/0000-0002-2416-3766

A.B. Mewkos, B.C. 'pomos

[7] mokazaHO TeKyIee COCTOSTHUE pa3paboTKU HUPPOBOTO
JBoiHuKa ropoja. OiHa U3 OCHOBHBIX CIOKHOCTEH JTAHHOM
pa3paboTku — 00paboTKa OONBIIOr0 MacCHUBa JAHHBIX, B
TOM YHCJIE ¥ JJAHHBIX O TIOJIOKEHUH M TPACKTOPUH JBHKE-
Husg o0bekToB. B [8] mpuBeneHo omucanune pa3paboTKu
CHUCTEMBI 0€30MMaCHOCTH MPOMEBIIINIEHHOTO po0oTa, pHu
WCTIONTF30BAHUH TEXHOIOTHH MAITMHHOTO 00y9IeHHS 1 (-
poBoro aBoitHEKa. CenaHo MPEAoNIoKEeHNE, YTO CUCTe-
Me 0e30MacHOCTH M3BECTHA TPACKTOPHSI ABMKCHHUS po0O-
Ta-MaHUIMYJSATOPA B MOJKOHTPOJIbHOM 30He. JlaHHas uuest
CIpaBeInBa It pa3pabOTKU cucTeM 0e30MacHOCTH Ha
MIPOM3BOCTBE, OTHAKO, B TO YK€ BPEMSI OHO OTPAHNYHUBACT
BapUaHThI IPUMEHEHUS C(HOPMUPOBAHHOTO JABOMHHUKA.

B HacTosieit padote mpeioxkeHo pereHue s Ghop-
MHUPOBaHHUS LHU(PPOBOTO ABOWHKKA IIPH YCIOBUHM HEN3BECT-
HOW TPAeKTOPUH ABMKCHUSI MHOTO3BEHHOTO MEXaHH3Ma.
Takoe pernreHre 03BOIUT PACIIUPUTE chepy TPUMEHEHUS
1 poOBOrO JBOWHUKA pOOOTa-MaHUMYIIATOPA, HAIPUMED,
Ha CHCTEMBI OTCIICKUBAHHUS KOHTPOISI TEXHUIECKOTO CO-
CTOSTHUS TPOU3BOACTBEHHBIX JTWHUH U OIIEHKH U3HOCA
KOMITOHEHTOB po0OTa B CIydae OTKIOHEHHUS OT 3aJaHHON
TPAEKTOPUH JBIKCHHS.

st popmupoBanust uppOBOro JBOHHKUKA B YCIOBHIX
HEHM3BECTHOW TPACKTOPUU ABHMIKEHUSI pOOOTA-MaHHITYJIsI-
TOpa HEOOXOAMMO PEIIUTH 3a/1auy CIEKEHHUS 32 OOBEKTOM.
B nocneHue ropl perieHus 3aa4n OTCIEKUBaHUS 00b-
€KTOB 4acTO OCHOBAHBI HA CTPYKTypax HEHPOHHBIX ceTeil
M3-3a MIMPOKOH PacHpoCTpaHEHHOCTH U 00IIel npuem-
JIeMOH MTPON3BOIUTEIHHOCTH B KOHKPETHBIX TTPHIIOKCHH-
sX. OTMETHM, 9TO TEXHOJIOTHUS OTCICKUBAHUS JBIKCHUS
pacmpocTpaHsieTcs Ha HOBBIE 00JIaCTH MPUMEHECHUS, K
KOTOPBIM MPEIBABIISIOTCS TaKUe TPEOOBAHMSA, KaK CBA3aH-
HOCTH CHTHAJIOB CHCTEMBI YIIPABICHUS U JOKA3aTCIHCTBO
crabunsHOCTH [9]. HO B psizie cimyyaeB CUCTEMBI, OCHOBAH-
HBIE€ Ha MCIIOJIb30BAaHIH HEHPOHHBIX CETEH, BHITIOIHEHUE
NEePEYHCICHHBIX TPEOOBAaHHUI HE MOTYT IapaHTHPOBATH.
YT00BI YIOBIETBOPUTH 3TH TPEOOBAHMS, HATPHUMED MOYKHO
HCIIONIB30BaTh MOAXO0/IbI HEJIMHEHHOTO yIPaBIEHHsI BBIXO-
JIOM, OCHOBaHHbIE Ha BHYTPEHHEH MoJeNu.

[IpobGnema perynupoBaHus BbIXOJa HETMHEHHBIX CH-
CTEM HM3y4YeHa B HECKOJIBKHX paboTax, ee MmoapoOHOe cIipa-
BOYHOE OIMMCcaHue MOykHO HaiTh B [10]. YenemHoe peryim-
pOBaHME BBIXO/Ia IOCTUTHYTO JUTSI KJIacca OHOKaHATBHBIX
CHCTEM, KOTOpPBIE COBMEIIAIOTCS C BHYTPEHHEN MOJIENBIO
crieranbHou (opmbl B padote [11]. DTOT momxon pacmpo-
CTPaHEH Ha KJIACC MHOTOKAHAJbHBIX CHCTEM, HMEIOIINX
OJIMHAKOBOE KOJINYECTBO BXOAOB M BHIX00B [12]. B [13]
MIPE/CTaBICHBI Pe3YJIbTaThl IPOCKTUPOBAHUS aJalITHBHOTO
peryssTopa 1o BbIXOAY JUIsl IMHEHHBIX cucTeM. JlokaszaHo,
YTO PE3yNbTaThl BEPHBI B CIy4ae HAJIMYUS AOTIOJHUTEIb-
HBIX U3MEPEHUH, KPOME HETIOCPEACTBEHHO U3MEPEHUI pe-
TYJIUpPYEMOTO BBIXOZA U yHpasiisieMoro Bxoza. B [14] moimy-
YCHHBIC PE3yJBTaThl TOKa3aHbI IPIMEHUTEIHHO K CITydaro
HEITMHEHHBIX chucTeM, ap(HUHHBIX IO YIIPaBIIEMOMY BXOLY.
B kadecTBe pacmmpeHns MPUKIATHOTO MCCICIOBAHUS B
HacTosAmIe paboTe MpeTokeHO MPOSKTUPOBAHNE PEry-
JSTOpa, OCHOBaHHOE Ha pabote [14], w1t HOBOTO Citydas
HEJIMHEWHBIX TPACKTOPHUI C HOBOW BHYTPEHHEH MOJEIIBIO.
[IpencraBneH npuMep NPUMEHEHHS OTCICKUBAHUS JBIKE-
HUS U OLIEHKHU I1apaMeTPOB TPACKTOPHH.

ITocTanoBka 3agaun

PaccmoTpuM cHHTE3 alallTUBHOM CHCTEMBI YIIPABICHUS
Ha IIpUMepe 3a/1a9H CIeKCHUS 32 00bEKTOM C HeJTMHEHHOM
TpaekTtopuei nBrokeHus. [Ipeamnonoxum, 9To 0ObEKT Ha-
XOJHUTCA ITOJ }leﬁCTBI/IeM OIrpaHUYCHHOTI0 BHEHIHETO 3a1a-
IOLLIEr0 BO3/IEHUCTBUS BUJA!

dx(f)/dt = fx, w) + g(x, w)u(?),
e(t) = h(x, w),
dw/dt = S(w, p),

e Xx(f) € R* — BeKTOp cOCTOsIHUM; u(f) € R™ — curHaji
crexenus; e(f) € R™ — ommoOKa ciexenust; (X, w), g(x, w),
h(x, W) — BekTopHble QpyHKIMHU X(¢) U W(¢), w(f) € R —
9TaJIOHHBII BEKTOP COCTOSIHUH, BbI3BAHHBIN 3aJaI0LIUM
BO3/ICHCTBUEM; P € R — BEKTOp HEM3BECTHBIX MTAPaMETPOB
3a/1aI0IIero BO3JIEHCTBHS; S(W, p) — BEKTOpHAs (DYHKIHS
w(f) up.

J1ist 3a/1a49M CIIeKEHMS 32 00BEKTOM HEM3BECTHOM Tpa-
EKTOPHUH TIPEITONIOKNM, YTO BHEIIHEE HeTMHEHHOe 3a/1a-
JOIllEE BO3IENCTBUE MOXKET OBITH OMMUCAHO HEIMHEWHON
XaoTHIEeCKOH Mozenbio [15]:

d
([8; = 83 Awx)]wy), (1)

dt

1
sz/dt = e_(Wl — [91 — e:;f(Wz)]Wz), (2)
2

dWl/dt = 92[—63}((W2)]W2 +

rae wy, W, — IepeMeHHble cocTosHus; 0, 0,, 03 — He-
M3BECTHBIC MapameTpsl; f(w,) — u3BecTHas QYHKIIHS.
JlaHHas1 MOJIC)Tb HEITMHEHHOTO CHTHAJIA B 3aBUCHMOCTH OT
NapaMeTpoB M HaYalbHBIX YCIOBHI MOKPHIBACT OOJBIIONHN
00BEM Pa3ITMYHBIX TPACKTOPHH.

Lenb cuHTE3a aanTHBHOIO AITOPUTMa — OTCIIEKH-
BaHHUE 3a/JaI0IIET0 BO3ACHCTBY ITyTeM IIPUMEHEHUS aJro-
pUTMa yrpaBiaeHus u = u(W, p), KOTOPbIii COOTBETCTBYET
YCIIOBHIO OTPAHMYCHHOCTH BCEX CHTHAJIOB M CXOMHMOCTH
omuoku lime(f) = 0.

t—00

IIpepnaraemoe pemenue

JL1st nocTHKEHNS TOCTABIEHHOM LIEJIU UCIIONB3YEM all-
TOPUTM YIIPaBJICHNS, OCHOBAaHHBIN HAa BHYTPEHHEH MOJICTIH,
npelcTaBiIeHHo B padote [14], Buaa:

dn/dt=Fn + G[%y(kn) + e(t)], 3)
u(t) =%v(kn) + e(d), @)

TJIe 1| — BEKTOP COCTOSIHMS BHYTPEHHEH MOJEIH; Y —
KOMIIEHCHPYIOI[as YacTh CUTHANA yIPABICHUS; k — TIO/I-
O6upaemsbrii ko3 duruent; F — maTpuma cocTosHmil B
conyrerBytomei gopme; G = (00 ... 0 1)7 — marpuna
ynpasienust. F 1y 101KHbI OBITh CIICIMATBEHO CHHTE3UPO-
BaHbI JUIsl pACCMAaTpUBaEMOU HEJIMHEHHON CUCTEMBI.

Crenaem J1Ba AOMYIIEHUSI.

Jomymenune 1. CymecTByeT Takoif HOMUHAJIBHBIHN 3a-
KOH YIIpaBJIeHUs Uy = (X, W), IIPY KOTOPOM OILIMOKA yIpaB-
JICHUS €(f) CXOIUTCS K HYJIIO.
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Jonymenue 2. CyiiecTByeT BU BHEITHETO BO3MYIIIE-
HUSL, IPEJICTABICHHBIN B BUJIE:
do/dt = Fo + Gy(o),
Y(G) = qu
IJle 6 — BEKTOP COCTOSTHUH.

Jlis cuHTe3a 3aKoHa YIIPaBICHUS MIPH YCIOBUH CyIIle-
CTBOBAHMSI BHEIITHETO BO3JICHCTBUSI:

6 = o(W)
NIEPEMEHHBIE BEKTOPA G ONPEEIIIOTCS KaK
G| =Wy,
1
O) = dGl/dt = sz/dt = e_(Wz - [91 - 93ﬂW2)]W2).
2
Takum 0Opazom, Moziesb BHELIHEro Bo3Mymienust (1) u
(2) MOXeT OBIT TIpe/ICTaBIICHA:

Wy = 0y,
wy = [0, = 05 f(c))]o; + 6,0,

Bekropa 6 ¥ W B3aMMOBBIPa)KaCMBbIC, YTO CBHICTCIIb-
CTBYET O CYIIIECTBOBAHHH CHCTEMbI 0COOOT0 BH/Ia, KAK 10~
kazaHo B [14]. CornacHo gonyiieHusM 1 u 2, cyniecTByeT
MOJICITh BUJIA!

doydt\ (0 0 \[o;\ (0
= +
doyfdi ) ~\-0, -0,)\a,) 11 /7@
y(6) =06, + 6,03 — 05 f(c)o.
OHHaKO PEryIATOP TAKOr'0o BUJa HE pEaIn3yCeM, TaK KakK
OH OCHOBLIBA€TCA Ha HE OPEACISICMOM BEKTOPC W.

Wcnonbsys (3) u (4) 3aKOH ynpaBiIeHUs] MOXKET OBITh
TIepeTHCaH:

dn,/dt 0 0\(n 0\r1
( dny/dt ) - (—91 —92)(n2) + ( 1 )[;v(lm) + e(t)],
v(kn) = 0,0, + 0,1, — 05 flkn, )km,
u(t) = %Y(lm) +e().

HOJIy‘lI/IM 3aKOH YIPAaBJICHUS B YCTAHOBHUBIIEMCS pC-
KUMCE:

dny/dt =y,
dny/dt =03 flikm)km;.

OnHaKo 710 TeX MOp, TTOKA 3aKOH YIIPABJICHNS BKIFOYAET
B cebs pynrkmmio y(kn), KoTopas onmmupaeTcs Ha HEH3BECT-
Hble k03 unuents 0}, 0,, 05, oH Takxke PusnUecKu He
peanuzyem.

Periennem 3Toii mpoOieMbl CITy)KUT 3aMeHa (QyHKIIUU
Ha €€ OLICHKY

YOk = Bk, + 0k, — 05 AUk,
i y(k) = OB (A,

1€ OLICHOYHBII BEKTOP

0 =1[0,, 05, 03], BUa)” = [k, kny, —fCkn e, 1.

BekTop oneHku onpenensieTcs myTeM BbIOOpa 3aKoHa
aJanTaluy, KOTOPBIH B TaHHOM CIIydae UMEET BUJ:

d07/dt = —kqe(t)B(kn),

rae ko — noabupaemblii K03 GUIHEHT.

3KC]’IepI/lMeHTaJH)H06 HCCJICIOBAaHUE

OcHOBHas 11eJTb MPOBEACHUS YKCIIEPUMEHTAITbHON
anpoodaI — HEOOXOIUMOCTB OIIEHKH BO3MOYKHOCTH (pop-
MHUPOBaHUS INU(PPOBOTO IBOWHUKA B PEATbHOM BPEMEHH
MOCPEICTBOM aJAITUBHOTO aJITOPUTMA OIIEHKH TPACKTOPUH
HEJIMHEHHOTO ABM)KEHUs. [|JIs1 TOYHOrO M MPaBHIIBHOTO
dhopMupoBanus MUPPOBOro ABOHHUKA HEOOXOIHUMA TOY-
HOCTb PabOTHI aJITOPUTMA B PEaJIbHOM BPEMEHH.

Ha puc. 1 npesicraBieH MakeT SKCIIEPUMEHTAIBHOTO
crenaa. Cren copepxut podor-manumnyisitop KUKA
youBot, BeICTynaromuii B Biie OTCIEKUBAEMOTO 00b-
ekTa, U oOpabarsiBatoniero nentpa — cpeast MATLAB
Simulink. I{udposoii nBoitHNK chOPMUPOBAH 3a CUET I10-
cTpoeHus B cpene Simulink Monmenn po6oTa, 0CHOBaHHOI
Ha ero (pu3MYecKux XapaKTepPUCTHKaX, U JAHHBIX O TI0-
JIO)KEHUH 3BEHBEB, MOJTYYAEMBIX B PEaTbHOM BPEMEHH C
JaTYNKOB POOOTA-MaHUITYIATOPA. TpaeKTopus JBHKEHUS
udpoBoro ABoitHNKA (HOPMUPOBAIACH 3a CUCT PabOTHI
aJIaNITUBHOTO PETYJISITOPa, OCHOBAHHOTO Ha BHYTPEHHEH
MOJICIIH.

B xone sxcniepuMenTa paccMOTPEH MpUMep, B KOTOPOM
JIaHHBIE O TIOJIOKCHUH 3BEHHEB MAHUITYIISITOPA B PEaIbHOM
BPEMEHHU M3BECTHBI, a 3ajaoliee Bo3aelcTeue, GopmMu-
pyrolee TPaeKTOPHUIO JIBHYKEHHSI 3B€HHEB, HEU3BECTHO.
[TocTaBnena 3amaya — OLEHUTH MapaMeTPhl 3aJaromei
TPAeKTOPHHU 1 c(hOPMUPOBATE YIPABIAIONINI CUTHAIT IH(-
POBOTO ABOMHMKA JJISI IBYX 3BEHBEB pPOOOTA-MAHUITYIISI-
TOpA.

Curnain yrmpaBieHHs poOOTOM-MaHHUITYISTOPOM B pe-
aJIbHOM BPEMEHH TOJIyYEeH C TOMOIIBI0 XaOTHYECKUX Te-

Puc. 1. MakeT SKClIepUMEHTAJILHOTO CTeH/1a:
1 — 00pabaTkIBAKOIINIT IIEHTP B BUJIC CPEIBI MOJICITUPOBAHUS
MATLAB Simulink, conepsxaruii inppoBoro 1BoiHUKa
cucrembl; 2 — pobor-manunyinarop KUKA youBot

Fig. 1. Experimental setup: / — simulation system in MATLAB
Simulink which includes digital twin; 2 — robotic manipulator
KUKA youBot
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Puc. 2. 3anaromee Bo3zeiicTBrE: Ui IEPBOTO (@) U TpeThero (H) 3BEeHBEB MAHUITYIIATOPA

Fig. 2. External disturbance: for first (a) and third (b) manipulator links

HEpPaTOPOB HEJIMHEHHON TPAEKTOPUM AJIsl IBYX 3BEHBLEB
MaHunynaropa Buaa (1) u (2) ¢ yMHOKEHHUEM pe3yIbTH-
pyto1iero BekTopa Ha koddduituert k. J{ist mepBoro 3BeHa
rapaMeTpbl TeHepaTopa 3aJaHbl BpyuHyto: 0; =0, =05 =1;
k =—1 nnsa Tpersero 3BeHa 0, = 1; 0, =03 =2; k=0,1.
Pesynprupyrolas TpaeKToOpHs 3aJal0IIero CUrHaia npe-
CTaBJICHA Ha PUC. 2, @ JJIsl IEPBOTO 3BE€HA U HA puC. 2, b —
JUIs TpeThero. PydHoi crioco® GpopMupoBaHus TPaeKTOPUU
3a/1al01IEeT0 BO3JCHCTBUS MMO3BOJIIMII OLEHUTH TOYHOCTD
paboThI aJANTUBHOTO AJITOPUTMA OLIEHKH ITyTEeM CPaBHEHHS
BBIXOJIHOTO CHTHAJIa PEryJIATOpa M 33/AI0MIero BO3/eH-
CTBHSI.

OTMeTHM, 4TO CyIIECTBYIOIIEE OrPAaHMUCHNE Ha TIPH-
MEHSEMOE KOJIMIECTBO 3BEHBEB, ISl TPACKTOPUN KOTOPBIX
MOYKeT OBITh MPOM3BEACHA ATANTHBHAS OICHKA, 00yCIOB-
JICHO OTpaHUYEHUsIMHU TEXHUUECKOH 0a3bl. B HacTosmei
paboTe JyIst I0Ka3aTesbCcTBa BO3MOYKHOCTH (hOPMHUPOBAHUS
QpoBOro IBOHHMKA MHOTO3BEHHOTO MEXaHH3Ma IPOBe-
JICHa OL€HKA JIBYX 3BCHBCB B pCaJIbHOM BPEMECHHU.

B pesysnbrare rnoiy4eHo OTKIOHEHHE JIAaHHBIX, ITOJTy4a-
€MBIX C JJaTYMKa TTOJIOKEHNUS TOBOPOTA 3BEHA, OT BXOIHOTO
YIIPABIISIIOIIETO CUTHAJIA, YTO BBI3BAHO 3aJICP)KKOM OTIIPaB-
k1 curHana 1o nporokoixy TCP/IP, a takxke puzndecknx
COIIPOTHBIICHUH NPHU JBIKCHUN 3BEHHEB MAHUITYJISITOPA.

e(f), pan

AJanTUBHBIN PETYIATOP, OCHOBAHHBIA Ha UCTIONB30BaHUN
BHYTPEHHEW MOJENH, IpeIHa3HAuEH JUIsl pELIeHUs] ITOU
npoOnemsl. [lomydast TaHHBIE O peaJbHOM TOJIOKCHUH,
CHCTEeMa BBITMOJIHUJIA OICHKY MapaMeTpPOB TPACKTOPUHU
JIBIOKEHHSI ¥ c(OPMUPOBaa YIPABISIOUIMNA CUTHA, T10-
JaBacMbIil Ha MU(POBOro aBoiHMKa. OUIMOKa CIICKECHUS
BBIYHUCIICHA MMYTEM CPAaBHEHUS ATAJOHHOTO 3aJal0IIero
BO3JICHCTBHS U BBIXOIHOTO CUTHAJIA aallTUBHOTO PEryJisi-
Topa. Ha puc. 3 npuBeneHsl rpaduKu OIIMOKK CIIEKEHUS
e(?) o mepBOMY M TpeThbeMy 3BeHbsIM. bbla perreHa 3a-
nada moractk B oomacts [—0,005, 0,005] pax mo ommbke
cinexerns. Konebanus B 001acTH HyJIsl BRI3BAHBI IITyMaMHU
HU3MEpPEHUSI.

U3 puc. 3 BUAHO MepeperynnpoBaHie BEIXOTHOTO CHT-
HaJla peryisaTopa, 9To CBI3aHO C OCOOCHHOCTSIMH PabOThHI
cucTeM peanbHOTO BpemeHu B cpene MATLAB, a taxxke
nrymamu u3mepeHuil. O1Hako, yUnUThIBas MOCTABICHHYIO
1[eJIb, MOXHO CJENaTh BBIBOJ, YTO dKCIEPUMEHTAIbHASL
anpoOarusi Takoro Meroaa (GpopmupoBaHus UGPOBOTO
JIBOIHMKa npolia yeneurHo. [{udposoii 1BoiHKK ycrer-
HO TOBTOPWJI JIBHXKEHHS POOOTa-MaHUMyIsiTopa, hopma
CUTHAJIA CJIe)KEHUS COoBIasa ¢ OPMOI 3aaroIero Bo3-
JICHCTBUS, U OMIMOKA CIICKEHUS MTOTajia B YCTAHOBICHHYIO
00I1acTh.

e5(f), pan

Puc. 3. I'paduku ommOKK CIeKEHHs] TPASKTOPHHU JIBIIKSHHS: IEPBOTo (a) ¥ TpeThero (b) 3BeHbEB pOOOTA-MaHUITYJIATOPA.
[TyHKTUpHBIMU JTMHUSAMH MOKa3aHa 3aJaHHast 001IacTh

Fig. 3. Movement tracking error graphs: for first (¢) and third (b) manipulator links. Tracking goal shown on graphs between dotted
lines
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dopmMmunpoBaHmne TpaekTopun LMdPoBOro ABOMHNKA MHOrO3BEHHOIro MexaHnama...

3akJjoueHne

B xope mpoBeIeHUS SKCIIEPUMEHTAIBHON anpo0auu
QJIaNITUBHOTO aJTOPUTMA OL[CHKH HEJTMHEHHOMN TPaeKTOpUI
JIBUOKCHHSI yCTAHOBJIEHA BO3MOYKHOCTh HCIIOJIb30BAHUS
QITOpPUTMA ISl YCIEUTHOT0 (hOPMHUPOBAHUS TPACKTOPUH
nupoBoro ABOWHWKA. B KadecTBe manmpHeimei padboThl
B JIaHHOH 00JIACTH MOXKHO BBIACIHUTH CICAYIOIINE [Iaru:
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AHHOTALUA

Ipeamer ucciaenosanus. B pamxax Hayanoro mpoekra «lccneqoBanne CeKTpaTbHO-TIOMHHECIIEHTHBIX CBOMCTB
kBaHTOBBIX Todek CsPb(BrCl); Bo dbropdocdarbix crexiax» CHHTE3UPOBAHbI U MCCIEI0BAHBI KBAHTOBBIE TOUKH
CsPbXj (X = Br, Cl). Meroauka ucciegopanus. MccneoBaHue CleKTPOB MOMIONICHHS BBIITIOIHEHO € MOMOLIBIO
nByiTydeBoro criekrpoporomerpa Perkin Elmer lambda 650. /{7t mosmy4eHns CIEKTPOB JIFOMUHECIIEHIINH HCIOJIB30BaH
cunekrpodiryopumetp Perkin Elmer LS50B. M3yuensl TemmneparypHble 3aBHCUMOCTH CHEKTPOB JTIOMUHECIICHIIUH
MOCPE/ICTBOM OPUIMHAJIBHON YCTAHOBKH, BKIIIOUAOIICH CIIEKTPOGIyOPUMETpP, MHOTOMOJOBOE ONTHYECKOE BOJIOKHO,
KpHOCTAaT M TeMIEpPaTypHyIO NMpHCTaBKy. Bo30y:xaaronuii cBeT oT nammbl criekTpodnyopumerpa HoKycHpoBaics
Ha BXOJHOW KaHaJl ONTHYECKOTO BoMoKHA. ITociae BeIX0oMa M3 KaHalla M3IIyueHHe cOOMpanoch JUH30H, B (oKyce
KOTOpOH HaxoAwmics o0pasell, 3aKperuIeHHbIH B TepMocTare. JllomuHecneHus odpasna codupasack B 00paTHOM
HalpaBJICHUN C BBIBOAOM HA IMIPHEMHHUK CHEKTPOQIyOpHMETpa, KOTOPBIH COeTUHEH ¢ KOMIBIOTepoM. TepmocTat, B
CBOIO 0Yepe/ib, ObLI MOKITIOUEH K KPHOTeHHOI nprcTraBke « Variable Temperature Cell», mo3Bossttomeii perymupoBarb
TeMmreparypy B npezaenax ot 74 no 472 K. OcHoBHbIe pe3yabTarhl. [lokazaHo, 4TO NpU yBEIUYEHUH BPEMEHU
TepMOOOPaOOTKH 0OPA3LIOB MPOUCXOIUT POCT KBAHTOBBIX TOYEK, YTO MPUBONT K YMEHBIICHHIO ITMPUHBI 3aIPEIIIEHHON
30HBI BCJIEJICTBHE KBAHTOBO-pasmepHoro s¢dexra. [Tpu 3amene B CsPbBr; 6poma Ha XJ10p ObUIH MOJIy4eHbI CMEIIaHHbIS
nHa"okpuctaniasl CsPb(BrCl);, urto nmpuBeno k cABUTY MOJIOC MOMIOMIEHHUS U JTIOMUHECHEHIINH B KOPOTKOBOJIHOBYIO
obmacte. Takum oO6pazoM, BeIOupas pasnuunslie auranasl 111 CsPbX; (X = Br, Cl), n3Mensas ux COOTHOLIEHNE U
YCIOBHS TePMOOOPAOOTKH, MOKHO TIEPECTPOUTH JUINHY BOJHBI JIIOMHHECHEHIINN B MINPOKOH 0ONacTH BUANMOTO
nuaraszoHa. MccnenoBanue 3aBHCHMOCTH IIMPHHBI 3aMTPEIICHHON 30HBI OT TEMIIEPATyphl HAIISITHO MOKAa3aJIo0 BIMSHHIE
(a3oBbIx mepexonoB. OnpeeneHa MocaeJ0BaTeIbHOCTD (ha30BBIX MIEPEX0O0B IS Pa3IMIHBIX XUMHIECKUX COCTABOB,
a UIMEHHO, ObIT OOHApY)KEeH BKJIAJ] BBEICHHS XJIOpA B U3MEHEHHUE TeMIIepaTypHON 3aBUCHMOCTH IIUPHHBI 3alpPEIIeHHON
30HBI B quana3one ot 180 g0 400 K. IIpearnonoxeHo, 4T0 OCHOBHBIMU MPUYMHAMH TYIICHHS JIIOMUHECIICHIIUU BhIILIE
300 K sBusttorest pazosbie nepexo/pl. IIpakTuyeckasi 3HaYUMOCTh. B pesynbrare 10ka3aHo, uto ¢propdocharnoe
CTEKJIO — XMMUYECKH yCTOHYMBas Cpe/ia JUIS 3all[UThl KBAHTOBBIX TOUEK OT BHEITHNX Bo3zeiicTBuil. B pabore momydena
BO3MOXKHOCTh CO3/IaHHs CTAOMIBHBIX JIIOMUHO(OPOB, HOBBIX JIA3EPHBIX CPEJl U TIOMHHECIMPYIOMNX MOKPBITHH Kak
0eoro cBeTa, Tak ¥ BO BCEM BUANMOM JHAIa30He.
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Abstract

Within the framework of the scientific project “Investigation of spectral-luminescent properties of CsPb(BrCl); quantum
dots in fluorophosphate glasses” CsPbX; (X = Br, Cl) quantum dots were synthesized and investigated. The absorption
spectra were studied using a Perkin Elmer lambda 650 double beam spectrophotometer. A Perkin Elmer LS50B
spectrofluorimeter was used to obtain luminescence spectra. The temperature dependences were studied by means of an
original setup, including a spectrofluorimeter, a multimode optical fiber, a cryostat and a temperature stand. The exciting
light from the spectrofluorimeter lamp was focused on the input channel of the optical fiber. After leaving the channel,
the radiation was collected by a lens in the focus of which was a sample fixed in a thermostat. The luminescence of
the sample was collected in the opposite direction with the output to the receiver of the spectrofluorimeter, which is
connected to the computer. The thermostat, in turn, was connected to a cryogenic set-top box with variable temperature,
which allows adjusting the temperature in the range from 74 to 472 K. It is shown that an increase in the heat treatment
time leads to an increase in quantum dots and, accordingly, to a decrease in the band gap due to the quantum confinement
effect. When replacing bromine in CsPbBr; with chlorine, mixed CsPb(BrCl); nanocrystals were obtained which leads
to a shift of the absorption and luminescence bands to the short-wavelength region. Thus, by choosing different ligands
for CsPbX; (X = Br, Cl), changing their ratio and heat treatment conditions, it is possible to adjust the wavelength of
luminescence in a wide area of the visible range. The study of the dependence of the band gap width on temperature
clearly showed the presence of phase transformations of the crystal structure. The sequence of phase transitions for
various chemical compositions was determined, namely, the contribution of chlorine to the change in dependence in
the range from 180 to 400 K. It is assumed that the main causes of luminescence quenching above 300 K are phase
transitions. As a result, it is proved that fluorophosphate glass is a chemically stable medium for protecting quantum
dots from external influences. The possibility of creating stable phosphors, new laser media and luminescent coatings
of both white light and in the entire visible range has been obtained.

Keywords
quantum dots, mixed nanocrystals, fluorophosphate glass, anion-exchange, quantum-dimensional eftect, forbidden gap
temperature shift, phase changes in crystals
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BBenenune

OcobenHocTbio kBaHTOBBIX Touek (KT) siBisieTcst kBaH-
TOBO-Pa3MEPHBII APPEKT, KOTOPBIN MTO3BOJIIECT H3MCHATh
CIEKTPaJIbHO-TFOMUHECIICHTHBIC XapaKTCPUCTUKN HAaHOMa-
TEPUATIOB IMOCPEACTBOM BapHallUU Pa3MepPOB aKTHBATOPA.
Jpyroii MeTo M3MEHECHHUS CIIeKTPATEHO-TTFOMUHECIICHTHBIX
XapaKTePUCTHK — aHUOHHOE 3aMeIIeHHE, IIIPOKO TIPUME-
Hsaemoe s kommongHbix KT. Takum obpaszom, Bapeupys
ycaoBus cuHTe3a U coctaB KT, MOXKHO M3MEHATH ONTH-
YeCKHE XapaKTePUCTHUKU MaTepuaia, a IMEHHO, CABUTaTh
UIMPUHY 3alPCIICHHON 30HbI U JFOMUHECICHIIUIO OT Yiib-
TpaduoneToBoii 10 nHMpaKpacHoi obaactu crekrpa [1].

Onnako kojuIouaHble HaHOKpUCTaLIbl CsPbX5 obmna-
JTAIOT HU3KOHM CTOWKOCTBIO K BHEIIHEMY BO3JICHCTBHIO, B
CBSI3U C YEM IPOUCXOJIHT MaJCHUE KBAHTOBOTO BBIXOJA
Jake B IpoIiecce uccienoBanuii [2]. Pemmts a1y mpooOite-
My MOXHO mryTeM (opmupoBanust KT B cTekie, KoTopoe
MOJKET CITy’KUTP 3allIUTON OT BHEIIHEH cpersl [3—5]. B Ta-
KOM cllydae CIEKTPalbHO-TIOMUHECIICHTHEIE CBOMCTBA
KT npaktuuecku He NpeTepneBaroT AErpajaliid B X0/
sKkcITyaTanyd [6]. OmgHa 13 HanBaKHEHIINX 0COOCHHOCTEH
KT CsPbX; — ycToiiunBOCTb K Ae(eKTaM, 4To ABIACTCS
OCHOBHbBIM (haKTOPOM, OTIPEACIISIOIINM HHTEHCUBHYIO JTHO-
MUHecHeHIuIo [7].

B kauectBe marepuanoB onTuku u ¢poronukn KT
CsPbX5 HaxonAT cBO€ IPUMEHEHUE B Jla3epax [8], momspu-
3atopax [9], ceeromuonax [10], comHeunpix manemnsx [11],
dhortonmpuemumKkax [12], a Takke B MEIUIINHE B Ka4eCTBE
OTNTHYECKHUX MeTOK [13].

W3BecTHO, 4TO (DOTOMOMHHECIICHITHS OPOMUIHBIX Ha-
HOKPHUCTAJJIOB HAaXOJUTCS B 3€J€HOM 001acTH CIEeKTpa.
Baenenune xynopa k 6poMy MPUBOIUT K AHHOHHOMY 3aMe-
IICHUIO CO CABUTOM M3JIy4YEHHUS B CHHIOIO 00JIaCTh CIIEKTpA.

Llenb Hacrosiel paboThl — HCCIIeOBAHUE CIIEKTPaIIb-
Ho-moMuHecHeHTHbIX XapakrepucTuk KT CsPbX; (X = Br,
Cl) ¢ pa3nuuHO#N MX KOHLEHTpALUeH TpH pa3HON TemIle-

parype.

MarepuaJjbl M1 MeTOAbI

Cunre3 oopasnoB. O0pasisl hropdocharHoro crekia
40P,05-35Ba0O-5NaF-10A1F5-10Ga,05 (M011.%), akTuBHU-
posanHsle Cs,0, PbF,, BaBr, n NaCl, n3rorosneHs! MeTo-
JIOM OXJaXK/1eHus 13 pacruiaBa. CHHTE3 cTekia IpOBe/IeH
B 3aKPBITOM CTEKJIOYIJIEPOTHOM THIJIE TIPU TEMIIepaType
1273 K. Okon0 50 r IUXTHI PaCILUIABIECHBI B TUIJIE B TE€YE-
uue 30 MHH, 3aTeM pacriiaB CTEKiIa ObIIT OTIIUT Ha CTEKJIO-
YIIIEpOIHYIO TUTaCTHHY. B pe3ynprare ObIT moy4ueH odpa-
3eIl CTeKJIa TONIMHOW OKOJIO 2 MM M AHaMETPOM 7—8 CM.
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NcecneposaHue criekTpasibHO-/IIOMUHECLEHTHbBIX CBONCTB KBaHTOBbIX ToHek CsPb(BrCl)s...

OTxur o0pasioB BEITIOJIHEH MpU Temmepatype Ha 50 K
HIDKE TeMIeparypsl crexinosanus 7, Hanokpucranibl
CsPbX; 6b11H chopMHUPOBaHEL B IIPOLIECCE TEPMOOOPAOOT-
ku (TO) mpu 7= 687 K.

XapaxrepucTuku crekia. [l usmepenus 7, HCIob-
30BaH AuddepeHnnanbHbI CKaHUPYIOMNN KaTOPUMETP
STA 449F1 Jupiter Nietzsche. Temneparypa 7, cocrasma
663 K.

H3mepurenbHoe o6opyroBanme. VccienoBanue criek-
TPOB TOIVIOIIEHHSI TIPOBEJCHO C MOMOIIBIO JIBYJIyUEBOTO
cnektpodoromerpa Perkin Elmer lambda 650 npu xom-
HaTHOM TeMmepaType B auamnazone ot 800 no 200 HM ¢
miarom 0,2 HM. OOpasibl IPEABAPUTEIBHO TOTOTOBICHBI
K U3MEPEHHSIM ITOCPEACTBOM NUIN(OBKH U MOJIUPOBKH C
obenx cropoH. TonmmHa 00pa3noB cocraBuia | MM.

CrieKTpbl JTIOMUHECICHIINH MTOJIyYCHBI C TTOMOIIBIO
criekrpoduryopumerpa Perkin Elmer LS50B npu xomuar-
HoIi Temriepatype ¢ marom 0,5 HM. [lyiHa BOTHBI BO30YK-
nmaroriero ceeta — 405 HM.

TemneparypHble 3aBUCHMOCTH M3y4€HbI IIPH TTOMOIIN
OpPUTHHAJIBHON YCTaHOBKH, BKIIOUAIOIIEH CHEKTPoQIyo-
PUMETp, MHOTOMOJIOBOE ONITHYECKOE BOJIOKHO, KPHOCTAT U
TeMIepaTypHYIO IPUCTaBKy. B30y kiatonuii CBeT oT Jiam-
Il crieKTpodryopumeTpa (hOKycHpoBacsi Ha BXOJAHOHU Ka-
HaJl ONITHYECKOro BojIokHa. [locie BbIXo/1a 13 KaHasa u3iy-
YeHUe COOMPAIIOCH JIMH30M, B (POKyCe KOTOPOI HaXOIUIICS
o0Opaszel, 3aKperuIeHHbIH B TepMocTare. JIIOMUHECICHIHS
obpasna codupanack B 00paTHOM HarpaBlICHUN C BBIBO-
JIOM Ha IIPUEMHHK CHEKTpoIyopuMeTpa, KOTOpPbIH coe-
JMHEH ¢ KOMITBIOTepOM. TepMocTaT MOJKIIOYEH K KPHO-
TeHHOH MTPUCTaBKe ¢ TIEPEMEHHON TeMmeparypoii « Variable
Temperature Cell», mo3BoJSrOIIEH peryanpoBaTh TeMIepa-
Typy B npenenax ot 74 no 472 K. V3mepenus npu temie-
parype Boie komHaTHOH (303—423 K) mpousBeaeHs! ¢ mo-
MOIUIbIO HAIPEBa, PEryJIMpyeMoro npucraBkoil. smepenus
IIpU TeMIieparypax Huxe komHaTHOH oT 93 1o 303 K mpo-
BOJIMJIMCH TIPU MCTIOJIB30BAHNUH KHKOTO a30Ta. J{ist Takux

o TO

—— 30 muH

e
[ee]

OnTryeckas MIOTHOCT, OTH. €.
=
IS

=
[

480 500 520
Jlnvna BOJHBI, HM

HU3MEpEHUI He0OX0IUM BaKyyM, KOTOPBIH OBbLT MOIYYCH
C HCIIOJIb30BAHHEM BAaKyYMHOTO HACOCA, IMOHIKAIOIICTO
nmasiieHue 10 20 mOap ¢ morpemHocThio 20 %.

PesysbTarsl 1 00cyKaeHue

IMortomenue u ToMuHecueHnusi. Dropodocdartoe
crekno, aktuBuposanHoe KT CsPbBr;, nononsauTensHo
obpaborano npu Temneparype 688 K B teuenue 30, 60
1 90 mMuH. CeKTphl MOMIOIEHUS U TIOMUHECLIEHLIUN, B
3aBrcuMocTu oT BpemeHu TO, npuseneHs! Ha puc. 1.

W3 puc. 1, a BuaHo, uto ¢ yBenuuenueMm spemenu TO
CHEKTPHI CIBUTAIOTCS B JUIMHHOBOJIHOBYIO O0JIACTH, UTO
cBUeTeNbCTBYET 0 pocte pazmepoB KT. U3-3a cunbHOrO
TIOTVIONIEHNUS aKTHBATOpa HAOIOIACTCS TOIBKO Kpail 30HBI
nornomeHust (E,) 6e3 XapakTepHOr0 SKCUTOHHOTO IHKa,
YTO CBSI3aHO C BBICOKOM KOHLIEHTpALMEeH HAHOKPUCTAIIOB.
Hast moHokpuctaia CsPbBrs E, = 525 Hu.

C yBeneuenueM pazmepa KT criekTpsl TIOMUHECHICHIITH
(puc. 1, b) npereprieBatOT aHAJIOTHYHBIH CIBUT B JUIMHHO-
BOJIHOBYIO 001acth ¢ 499 um o 514 um. [Noxymmpuna
MUKOB cocTaBiseT okoso 20 HM. CTOKCOB CIBUI PaBEH
10-15 M. Takum obpazom, mooca MOIVIONICHUs TIepe-
KPBIBAETCSI C MOJIOCON JTIOMUHECLICHIIUH, YTO TIPHUBOJHUT K
peabcopOImy H3Ty4IeHHs U HCKaKeHHUIO TT0JI0C.

Jlist cTekon, copepKamnux XJIop U OpoM, BBITTOJIHE-
Ha TO mpu aHAJIOTHYHBIX YCIOBUSAX. PeHTreHO-(a30BbIi
aHaJIW3 MOKa3ajl HaJIW4YMe HAaHOKPUCTAJJIa cOCTaBa
CsPb(Cl, sBr) 5). 3aBUCHMOCTH CIIEKTPOB MOMIOLICHUS 1
JIOMHUHECIEHITUHU OT BpeMmenu TO mpuBeseHb! Ha puc. 2.

B pesynbrate moxasaHo, 4TO CHEKTPhI HOIVIOMICHUS U
JIOMHUHECIEHIIUN CABUTAIOTCS B JTIMHHOBOJIHOBYIO 00-
nacTh ¢ yBenudeHueM BpemeHu TO. Kpaif rpanuis! mo-
riomieHus casuraercs ¢ 450 1o 495 uM. MakcumMyMBI 1o-
JIOC M3IIyYEHUSI IEPEKPhIBAIOT 00sacTb oT 454 no 498 HM.
[MonymupuHa moaoc TIOMUHECHEHIIMHN COCTABISET MPHU-
mepHO 20 HM.

b
499 506 509 514

=
[e e}

JIroMHHECLIEHIUS, OTH. €.
=
~

O’(2160 500 540

JlnrHa BoJHBI, HM

Puc. 1. 3aBUCUMOCTH CIIEKTPOB TTOIIONIEHNS (@) 1 itoMuHecuenun (b) kBanToBbIX Touek CsPbBr; ot Bpemenu repmoobdpaborku (TO).

Eg — Kpail 30HbI HOIVIOIEHUSI MOHOKpHUCTAJLIA

Fig. 1. Dependence of absorption () and luminescence (b) spectra of CsPbBr; quantum dots vs. the heat treatment time.

Eg is the bulk crystals band gap
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Puc. 2. 3aBucuMocTy CEKTpOB norouieHus (a) u momuHecteHuny (b) kBantosbix Touek CsPb(Cl; sBry 5) oT Bpemenu
TEPMOOOPaAOOTKH

Fig. 2. Dependence of absorption (@) and luminescence (b) spectra of CsPb(Cl; sBr; s5) quantum dots vs. the heat treatment time

B monoce momuuectentmu 10 TO Habmromaercs mie-
4o Ha 470 HM, UTO TOBOPUT O TOM, YTO B CTEKJIE MOTYT
tdopmupoBarscst KT ¢ pasHBIM COOTHOIIEHHEM XJIOpa U
O6poma.

B cniektpe momuHectennnu crexia mocie 90 mua TO
TIOSIBIISIFOTCS TPH MUKA Ha JUTMHAX BOIH 477, 498 u 528 HwM,
4TO TOBOPUT O (ha3oBoii cerperaiuu B marepuane. [Tuk ¢
MaKCUMyMOM 477 HM MMeeT Malyl0 MHTEHCHUBHOCTb, TaK
KaK HaxoJIuTcs B 00JIaCTH CHIIBHOTO Toniomenus. [Tuku
498 uMm u 528 HM cBuAeTeNnbCTBYIOT 0 pocte KT ¢ pazmuu-
HBIMU COOTHOIICHHUSMH XJIOP/OpOM.

Bo3HMKHOBEHHE HECKOIBKUX ITMKOB JIFOMUHECIICHIINT
B pesynbrare TO cBS3aHO C TEM, UTO B POLIECCE OXJIaKIe-
HUSI CTEKIIA pa3iIMIHbIe 00IaCTH pacIuiaBa OXJIAXKIAl0TCS C
Pa3HO CKOPOCTBIO, B PE3YJIBTATE YETO POCT KaXKAOW TOUKU
MIPOTEKAET C PA3ITMYHON CKOPOCTBIO.

a
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TeMnepaTtypHble 3aBHCHMOCTH JTIOMHHECICHIINH.
JlaHHbIe U3MEpEHUs IPOBEAEHBI C UCMOAb30BAHUEM KU~
KOTO a30Ta B AuanaszoHe temneparyp ot 90 mo 423 K.
3aBHCUMOCTbH IINPUHBI 3alIPELICHHON 30HBI OT TeMIlepa-
Typsl Ut oOpasua CsPbBry npusenena Ha puc. 3, a.

Pasmep KT B mannOM oOpasiie coctaBun 6 HM [14].
B mmamazone temmeparyp ot 100 mo 180 K mpouncxoaut
JIMHENHOE yBEJIMUYEHHUE IMPUHBI 3alPELIEHHON 30Hbl Ha-
HokpuctamioB [15]. ITpu 180 K HaGmromaercst oTKI0OHE-
HHME OT JIMHEHHOW 3aBUCHMOCTHU, YTO, BEPOSTHEE BCETO,
CBA3aHO C IIOTEPEH LEHTPA CUMMETPUM KPUCTAJUIMYECKOU
pemerku. Taxxke, HauuHas ¢ 300 K u 400 K mpoucxoaut
n3MeHeHne Kod(p(uIreHTa HakJIoHa MPSIMOM, OIMCHIBAIO-
1ieit TeMrepaTypHbIid Ko3(hGHUIUEHT ciBUra 30HbL. JlaHHOE
SIBTIEHUE CBSA3aHO C TEM, UTO IpH TeMmneparype okono 300 K
HaHokpucTaw CsPbBr; nperepnesaer cTpyKTypHbIH 11e-

- 310K
10,04
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! JIaHHBIE
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Puc. 3. 3aBUCUMOCTH IINPUHBI 3aMIPELICHHON 30HBI OT TEMIIEPaTyphl AJIsI KBAHTOBBIX TOUEK (@) M MHTErPAJIbHONH MHTEHCUBHOCTH OT
oOpartHoi TemnepaTypsl cTekna (b) ms HaHokpucramna CsPbBry

Fig. 3. Dependences of the band gap on temperature for quantum dots (@) and the integral intensity vs. the reciprocal glass
temperature (b) for a CsPbBr; nanocrystal
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Puc. 4. 3aBUCUMOCTH LINPHHBI 3aIPELICHHON 30HbI OT TEMIIEPATYPBI (¢) U HHTErPaIbHON HHTEHCUBHOCTH 00paTHOI TeMIepaTypsl
crexia (b) ¢ Hanokpucramiamu CsPbCl, ,5Br 75

Fig. 4. Dependences of the band gap vs. temperature (a) and the integral intensity of the reciprocal temperature of glass (b) with
CsPbCl, »5Br 75 nanocrystals

pexoxn. ITpu 400 K xpucrannuueckas pemerka nepexo-
JIUT B BEICOKOTEMITEPATypPHYIO HEJIFOMHHECIIEHTHYIO (asy.
TemmneparypHoe OKHO Juts (Pa30BBIX MOAN(HKAINI COCTAB-
nstet Bcero 100 K [16, 17].

MexaHn3M U3MEHEHUs1 30HHOU CTPYKTYpPBI ONpeaess-
€Tcsl 3IEKTPOH-(OHOHHBIM B3aUMOJECHCTBUEM U TEPMHUUE-
CKUM paclIupeHrueM HaHOKpHUCTaIIIa, puaeM 06a addekra
JIATOT CABHT C PA3HBIM 3HAKOM.

Ha puc. 3, b npencrapiena 3aBUCUMOCTb HHTETPATTLHON
HMHTEHCUBHOCTHU OT 0OpaTHON TeMIepaTyphl.

Jisa KT xapakrepHo najieHle HHTEHCUBHOCTH U3ITy4e-
HUSI C POCTOM TEMIIEPATYPBbI, YTO MOJTHOCTHIO KOPPEIUPYET
C pHc. 3, @ ¥ TOBOPUT 00 aKTHUBALINH ITPOLIECCOB TYIICHUSI.
Ha pa3nn4HbIX ydacTkax KpHUBOW HaOIOmaeTcs U3MeHe-
HUE KOd(pUIHEeHTa HAKJIOHA TPSIMON MHTEPIOJISIIIUNI, YTO
Takke 00BsCHIETCS (Pa30BBIMH MEPEX0aMH KPUCTAIIIH-
YECKOW CTPYKTYpPHI. AHAJIOTHYHO C pHUC. 3, @ HAa 3aBHCHU-
MoctH (puc. 3, b) mpu 7 = 180 K nabmromaercs meperuo,
CBSI3aHHBIU C MTOTEPEH LIEHTpa UHBEPCUH, T. €. TOHUKEHHU-
€M CUMMETPHUH JJIEMEHTAPHON SYEHKU KPUCTAJUINYECKOU
pemetku. M3menenue HakiaoHa npu 310 K coorBercTByeT
MEPEXOy U3 HU3KOTEMIICPATyPHOU MOHOKIIMHHOMN (a3bl B
BBICOKOTEMIIEPATYPHYI0 MOHOKJIMHHYIO, BCIEACTBUE YETO
MIPOMCXOANT CHIIBHOE I1a/IeHNEe HMHTEHCUBHOCTH (hOTOIIIO-
MUHECIICHIIUU.

Wnas 3aBHCHMOCTD HaOIIOAeTCsl B CMEIIAHHOM HaHO-
kpucraiie CsPbCl, »5Br 75 (puc. 4, a). Conepxanue xio-
pa B marHbeIX KT npeobnamaer Hag 6pomom. MHOpMarms
110 TaHHOW CTPYKTYpE OrpaHWYEHA JHUIIb Y3KUM KPYTOoM
HAy4HBIX palboT, ¥ TTOTOMY CJIOKHO OOBSICHUTH BCE MeXa-
HU3MBI (POPMUPOBAHMS TAHHOK 3aBUCUMOCTH. B nuamazone
ot 80 mo 180 K Habmromaercs moxoxee yBeIUdeHHE IUPHU-
HBI 3ampenieHHoi 30161, HO npu 180-300 K mpouncxoaut

ee cyxenue. [Ipu 1oCTHKEHUN KOMHATHOM TeMIIepaTypsbl
ocCyIecTBIIsIeTCs (ha30BbIA TIEPEeXoJl, U 3aBHCUMOCTh Me-
HSIET CBOM 3HAK, C YBEJIMYCHUEM TEMIIEPATyphl BUIHO YBe-
nudenne £,. 3arem npu 325 K HaHOKPUCTAILT IEPEXOIHT B
BBICOKOTEMITEPATYPHYIO (ha3y, UTO MOTHOCTHIO COTIACYETCS
C TaHHBIMH Hay4HbIX paOoT. JlaHHast 3aBUCUMOCTD CXO/IHA
C QaHAJIOTMYHOM 3aBUCUMOCTBIO J1st XmopuaHbix KT [18].

Ha puc. 4, b npencrapnena 3aBUCUMOCTb HHTETPATLHON
unTeHcuBHOCTH omuHecueHmn KT CsPbCl, »5Br 75 ot
TEeMIIepaTyphl.

Hust KT CsPbBrj u CsPbCl, »5Br ;5 Habmionaeres y-
IIEHHE JJFOMUHECIIEHIIMU C POCTOM TEMITeparypsbl. 3a yCKo-
peHHUe TYIICHHUS TIOMUHECIICHIIMN OTBETCTBEHHBI (Da30BbIC
TIePEXOIbI.

3akJ/oueHne

BbIsiBII€HBI BBICOKAsI HHTEHCUBHOCTD JIIOMUHECLICHIIUH
KBAHTOBBIX Touek CsPbX; ¢ BO3MOXKHOCTBIO HX NIEPECTPON-
KM 32 CYET U3MEHEHHS pa3Mepa M COCTaBa HaHOKPUCTAILIOB.

INoka3ano, uto BHenpenue CsPbX; B Marpuity crexia
MPUBOJUT K BBICOKOH YCTOHYMBOCTH HAaHOKPHUCTAIUIOB K
TeMIIepaType, COXpaHss UX MPEBOCXOIHBIC JTIOMHHECIIEHT-
HBIC CBOWCTBA HA MPOTSHKEHUH AJIUTEILHOTO BPEMEHH.

B xozme TemmeparypHBIX H3MEpeHUi 00HapYKEHO, UTO
(ha3oBBIE IEPEXOABI BHOCAT 3HAUUTENBHBIN BKIIA]] B TyIlIE-
HHUE JTIOMUHECHEHINN HapsAy ¢ TyIIAIUMHU JedeKTaMu
MTOBEPXHOCTH.

Takum 00pa3oM, N3MEHEHUE Pa3MEPOB U COOTHOLICHUSI
xJ10p/0poM B KBaHTOBBIX Toukax CsPbX; Bo ¢ropodoc-
(haTHOM CTEKJIe TI03BOJISIET U3MEHSATH ONTHYECKHE Xapak-
TEPUCTUKHU JIIOMHUHECIIEHTHOIO MaTepualia B MIHPOKOM
CIIEKTPAJIBHOM JIHaIla3oHe.
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AHHOTAIUA

IIpenmer uccienoBanusi. [IpencraBieHo ucciae0BaHUe B 00JaCTH pa3pabOTKK ¥ CO3MaHMs MOACPHU3UPOBAHHBIX
MYJBTHCIICKTPAIbHBIX CUCTEM IIBETOACICHHS MHOTOCJIOWHOIO THIA, 00JaJal0NIUX MOBBIIICHHBIM I[BETOBBIM
paspenieHueM. PaccMOTpeHbI BHIbI CTPYKTYp pa3pabOTaHHBIX IIA0JIOHOB MATPUYHBIX (OTONPHEMHHUKOB HAa OCHOBE
MHOTOCJIOHHOTO KPEMHHUsI ¢ pabOYUMH CIIOSIMU JIJIsI IPUMEHEHHsI B CUHEM, 3€JIC€HOM, KPaCHOM M HH(paKpacHOM
nuamnaszoHax crekrpa. Meroa. [IpeanoskeHa METOANKA pacYeTOB CIOEB KPEMHHS B BHJIE ONTHYECKUX IIJICHOK C
3aJaHHBIMH XapakTepucTukamMu. CJI0M KPEeMHHS BBITIONHSIOT (PYHKIIUH KaK IyBCTBUTEIBHOTO SJIEMEHTAa, TaK U (uibTpa
OTIPEICTICHHON JUTMHBI BOJIHBI ISl BBIICTICHUS] CHHIETO, 3eJICHOTO, KPACHOTO M MH(PPAKPACHOTO THANa30HOB CHEKTpA.
BrimonHeH pacdeT k03(GUIMEHTOB OTPasKCHUS U TPOITYCKAaHUS JJIsi BRIOPAHHBIX JUTHH BOJH MPH PA3IHYHBIX YITIax
najeHust Ha cencop. Paccuuran yron bproctepa aist 9TUX JUTMH BOJIH. YUTEHO BO3MOKHOE HAJIMYUE IMOBEPXHOCTU
CEeHCOopa MUKPOJIMH3BL. [IpencraBnenbl pacueTsl Ul SUeeK ¢ YeTHIPEXCIOWHON U ABYXCIONHONW CTPYKTypaMu MpHU
pa3IHYHBIX KOMOMHALHSX clioeB. OCHOBHBIE Pe3yiabTaThbl. [101yueHbl 3aBUCUMOCTH KOI(Q(UIIMEHTOB OTpaXKEHUs U
MIPOITYCKaHUS JJIsI ABYXCIOHHBIX U YETBIPEXCIOWHBIX CTPYKTYP MOTYTIPOBOJHUKOBBIX CEHCOPOB IS p- U S-TIOJSIPH3ALHY,
TaKKe JJIsl HeMOJIIPU30BAHHOTO cBeTa. [loka3zaHo, YT0O MUHUMAIBHBIM KOI((GHUIUECHTOM OTPaKECHHS M MAKCUMAIIbHBIM
K03 (HUIHEHTOM MPOIyCcKaHUs 00IafaeT COYeTaHHE CI0EB KPACHOTO M MH(PAKPACHOTO AMANa30HOB CIIEKTPA.
IIpakTHyeckasi 3HAYNMOCTB. [loTydeHHBIE Pe3yabTaThl MOTYT OBITH HCIIOJIB30BAHBI TIPH Pa3pab0TKe MHOTOCIOHMHBIX
MYJIBTUCTICKTPAIIBHBIX CHCTEM C PETHCTpael HHPpaKpacHOTO U3IydeHHs. B pe3ymbprare BOSMOKHO IPUMEHEHHUE AP
KpPacHOTO W MH(PPAKPACHOTO CIIEKTPOB B KAYECTBE OCHOBBI IA0JIOHA MATPUYHOTO (OTONPUEMHHUKA, & CJIOW CHHETO U
3€JICHOTO CMIEKTPOB KaK BCIIOMOTATEIbHBIC IS TOCTPOCHMUS TIOJTHOI[BETHOTO H300PaKCHUSI.

Karouesbie ciioBa
(doTonpueMHIK, HHPPAKPACHBIH, CEHCOP, TOHKHE IUICHKH, MHOTOCJIONHBIN, KPEMHHUH, TOTEHIMAIbHAS sIMA, OTPAKSHHUE,
HpOIyCKaHHe

baaropapuocTu
HccnenoBaHue BBIIOIHEHO 3a cueT rpanTa Poccuiickoro Hayunoro ¢ouma Ne 21-79-00012, https://rscf.ru/
project/21-79-00012/

Cceplaka aas uutupoBanus: XKo6anosa B.JI., IlapBymiocoB 10.b. HMccnenoBanne onTudecKuX sIBICHUU
B MYJBTHCIEKTPAJIbHOM MaTPUYHOM (GOTONpPHEMHHKE Ha OCHOBE KpeMHHS // HayuHO-TEXHHUYECKHUI
BECTHHK MH(OPMAIMOHHBIX TEXHOJIOTHH, MexaHuku u onrtuku. 2022. T. 22, Ne 5. C. 903-911. doi:
10.17586/2226-1494-2022-22-5-903-911

© JK6anosa B.JI., ITapBymiocos 10.5., 2022

Hay4HO-TeXHUYeCKMi1 BECTHUK MHDOPMALIMOHHbLIX TEXHONOMMIA, MEXaHUKK 1 onTukun, 2022, Tom 22, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 5 903


http://ntv.ifmo.ru/
http://ntv.ifmo.ru/en/
mailto:Vera-zhbanova@yandex.ru
https://orcid.org/0000-0001-7597-0675
mailto:parvulusov@miigaik.ru
https://orcid.org/0000-0002-7219-652X
https://rscf.ru/project/21-79-00012/
https://rscf.ru/project/21-79-00012/
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Absract

A study is presented in the field of development and creation of modernized multi-layer color separation multispectral
systems with increased color resolution. The types of structures of the developed patterns of matrix photodetectors based
on multilayer silicon with working layers for use in the blue, green, red and infrared spectral ranges are considered.
A method for calculating silicon layers in the form of optical films with specified characteristics is proposed. The
silicon layers act as both a sensing element and a specific wavelength filter to highlight the blue, green, red and infrared
ranges of the spectrum. The reflection and transmission coefficients were calculated for the selected wavelengths at
various angles of incidence on the sensor. The Brewster angle for these wavelengths is also calculated. The possible
presence of a microlens sensor surface is taken into account. Calculations are presented for cells with four-layer and
two-layer structures for various combinations of layers. The dependences of the reflection and transmission coefficients
for two-layer and four-layer structures of semiconductor sensors for p- and s-polarization, also for unpolarized light,
are obtained. It is shown that the combination of layers in the red and infrared ranges of the spectra has the minimum
reflection coefficient and the maximum transmission coefficient. The results obtained can be used in the development
of multilayer multispectral systems with registration of infrared radiation. As a result, it is possible to use a pair of red
and infrared spectra as the basis of a matrix photodetector pattern, and layers of blue and green spectra as auxiliary ones
for building a full-color image.
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BBenenue

Baxneiimas cocTaBisiomas COBpPEMEHHBIX PETHCTPHU-
PYIOIINX CHCTEM — PETHCTPUPYIOLIEe YCTPOHCTBO B BUIE
MaTtpugHOTO (hoTompuemunka [1—4]. IlocrosHHO BO3pac-
Tarone TpeboBaHMU K Ka4eCTBY W WH()POPMATUBHOCTH
CHUMKOB MOTYT OBITh 00€CHEUEHBI, IPEXKJIE BCETO 3a CUET
TIOBBIMICHUS IIPOCTPAHCTBCHHOI'O U [IBETOBOT'O pa3pemeH1/If/'I
MaTpUYHBIX (OTONPUEMHHUKOB [3].

I[.Tl}l MOJIYy4YCHU I KaYE€CTBEHHOI'0 CHUMKAa COBPEMCHHbBIC
¢dupmbI pazpadarTbBaioT (OTONPUEMHUKH Ha OCHOBE pa3-
JIMYHBIX CUCTEM IBeTozeneHus. Ocoboe BHUMaHKE yaes-
eTcsl IPUeMHHUKaM ¢ peructpanueil nappakpacuoro (MK)
cnekrpa [4-8]. Hanpumep, komnanus Sony mpeacTaBuia
mabnon garynka uzobpaxenus RGB-IR! (Red — kpac-
HeIid, Green — 3eneHbId, Blue — cunmit) ¢ pyHKmen pa-
60T5I B mH(ppakpacHOM auamnazone (IR — uHppakpacHsIii).
OtMmeTnm, 9TO JaHHbIE MA0IOHBI UIMEIOT HU3KOE I[BETOBOE
paspelieHne, Tak Kak IIOCTPOEHbI HA OCHOBE CTaH/IapPTHOTO
mabnona baiiepa wiu sBIISIIOTCS €ro MoIU(UKaIei.

Bounbiioit nHTEpec B 00nacTH MaTpuuHbIX (GoTonpu-
€MHUKOB IMPECACTABIIAIOT MaT€pUuajibl Ha OCHOBE KPEMHUA
[9—12]. Haubonee uHTEpEeCHBIC pa3pabOTKH B 3TOH 001aCTH
— MHOTOCJIOHHBIE CEHCOPBI Ha OCHOBE KPEMHHUS, TJIE B Ka-
MKJIOM CEHCOpE PErUCTPUPYETCSI OCHOBHOM LIBET B BUMMOK

! [Dnexrponnslii pecypc]. Pexum mocryna: https://www.ovt.
com/purecel-pixel-tech/rgb-ir-technology/faqs (nara obparuenusi:
14.04.2022).

oOnacTu criekTpa (3eyeHblid, CHHUH, KpacHbIi) [13—16].
Texuonorust TFA? (Thin Film on Application-Specific
Integrated Circuit (ASIC)) npeacrasinsier co0oit nHTErpa-
IIUIO CJIOSI IETEKTOpa U3 aMOp(HOI0 THAPOTeHU3UPOBAH-
Horo kpemuus (a-Si:H) na xpuctamn ASIC [13]. TFA ne
MOJTyYHJIa IMUPOKOTO TIPUMEHEHHS H3-3a BBICOKOI CTONMO-
ctu nponsBozicTBa. Kommanus Foveon npemnoxmnna qaTank
Tpexcioiinoro tuna X3 [14-16], Canon3 — naTucioiHbIi
CEHCOp, B KOTOPBIH, KPOME TPEX CIIOEB B BUJUMOM CIIEKTpE,
BBEICHHI Takke ynsrpaduonetoBsrid n K. IIpu BBenennn
JIOTIOJIHUTEJNILHBIX CJIOEB MOSBIISIETCS] OOJIBIIE IITYMOB, CBSI-
3aHHBIX CO CJIOKHOCTBIO OOBSI3KH, BKJIIOUAIOIIEH PEruCTpbl,
Oydepsl, U T. 1. I KaXKI0TO CIIOSL.

Jlnist penenust JaHHOM POOIEeMBI B HACTOSIIIEeH padoTe
IpeUIoXKeHa CHCTEMa Ha OCHOBE JIBYXCJIOIHOW MaTpHIIbI C
¢ynxuumeit perucrpamun MK nnanazona [17, 18]. HoBuzna
pa3paboOTKH 3aKII0YaeTcsl B 00ObEAMHEHUH TEXHOJIOTHA
MHOTOCJIOWHOTO CEHCOPa M MPOCTPAHCTBEHHOTO IIBETO-
JeJICHUs, TI0 aHaJoTHUH ¢ madnoHamu baitepa. B urtore
pa3paboTaHHbII Ma0I0H OyIET COCTOATH U3 TPEX BUIOB
s4eeK, HO, B omnune ot mabimona RGB-IR, Oymet Bo3Mox-

2 [DnekrponHsiii pecypc]. Pexxnm noctyma: https:/www.epfl.
ch/labs/pvlab/research/thin_film_electronics/ (nara oOpameHust:
14.04.2022).

3 [Dnektpounslii pecypc]. Pexum gocryma: https:/www.
dailycameranews.com/2014/06/canon-5-layer-foveon-like-sensor/
(mara obpamenus: 14.04.2022).
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B.J1. XX6aHoBa, tO.B. MNapeyniocos

HOCTb BBecTH cioi peructpanuu MK uznydenus. 3acuer
YMEHBIICHHS CJI0EB, B OTIIMYKE OT TexHonoruii Foveon X3
n Canon, OyzeT yMeHbIIEHa 00BsI3Ka MHUKCeEIa, U, COOT-
BETCTBEHHO, YMEHBIIICHBI IyMbI MaTpUIbl. B pe3yibrare
pa3HeceHMs CIIOEB BUAMMOTO JIMalla30Ha MOIy4YeHbl TPU
BHJIa CEHCOpa cO ciemyromumu komonHamusamu: B u IR,
G u IR, R u IR. OTH ceHCOpBI MOTYT OBITH pa3HECEHBI
B IpocTpaHCcTBe Mo mabmony baiiepa RGBG, nubo mo
mo0oit apyroit ero monuduxanuu [17]. Ilomobuas pas-
paboTKa MO3BOIUT PETUCTPUPOBATh KaK BUANMOE, TaK U
UK wnznyuenue. CrnenyeT MOHUMATh, YTO B CPABHEHHUH C
Foveon X3 npocTpaHcTBeHHOE pa3peieHne i BUIIMOTO
W3JTyYeHHs] YMEHBIIHUTCS, OTHAKO YMEHBINIATCS U IIyMBI B
camoii MaTpulie (U3-3a IPUMEHEHUs TOIBKO JBYX CIIOEB),
YTO MOJIOKUTEIBHO OTPA3UTCSI HA JIOCTOBEPHOCTH BBIXOJI-
HOW MH(pOpMAIHH.

J11s1 BBISIBIICHUS CUITBHBIX M CIIA0BIX CTOPOH pa3pador-
KM, TIPOBE/IEM HCCIJICIOBAHKIE ONITHUECKUX SIBICHUHN B IIa-
O1oHaX. BEITOTHNM pacdeTsl i CpaBHEHUS KOAP(UITIEHTOB
OTpaKEHHS M MIPOITYCKAHMS JUIS YETHIPEXCIONHOTO CEHCopa
(BGR + IR) u pa3paboTaHHBIX ABYXCIIOMHBIX CEHCOPOB C
OJIMHAKOBBIMHM TTapameTpaMu ciioes. B padore [19] mpuse-
JICHO JTOKa3aTeIhCTBO MOJOKUTEIFHOTO BIUSHUS pa3Hece-
HUS CJIOEB JJIS1 BUIUMOTO CIIEKTPA U3ITy4EHUsI.

Ienb paboOThl — UCCIICTOBAHUE ONTUYCCKUX SBICHUI
B MYJBTUCIIEKTPAJILHOM MaTpUYHOM (POTONPUEMHHUKE Ha
ocHoBe kpeMHus. [TocraBneHs! cienyromnye 3a1a4n: onpe-
JeTUTHh KOI(POHUIMEHTH OTPAXKCHHST ¥ MTPOITYCKaHUS JUIS
yerpipexcioiiHoro ceHcopa (BGR + IR) u aByXcrnoiHbIX
cercopoB (B + 1R, G + IR, R + IR); mpoBectu cpaBHEeHHE
WCCIICIOBAHHBIX MIA0JIOHOB O ONTHYECCKUM SIBICHHUSM B
CEHCOpax.

AHAJINTHYECKOE ONMCAHUE ONTHYECKUX SIBJIEHUMH
B MHOT'OCJIOIHOM CeHCope

Taxk Kak ju1s 1eneHnst u3nydeHust Ha cocrasisitomue G,
B, R, IR ucnone3yroTcst IucnepcHble CBOMCTBA KPEMHHMUS,
TI03TOMY HCCIIEyEeM MPETIOMIICHHE CBETA HA TPAHUIIAX 3THX
cnoes [15]. [Ina HanOosnee MOTHONW OLIEHKHA PACCMOTPHM
JMCHEPCHIO, KOTOpasi BO3HUKAET IPH MTPOXOKACHUN CBETa
4yepe3 CBETOUYBCTBUTENbHBIC clion. [Iperomienne ontu-
YECKOM CHUCTEMBI IMMOCTOSIHHO IIpu OCBCUICHUU MOHOXPO-
MaTHYeCKUM CBETOM; JUIS CJIOKHOCOCTABHOI'O CBETA YUTEM
3aBUCUMOCTb KO3()(UIIMEHTa MPEJTOMIICHUS BEIIECTBA OT
JUIMHBI BOJIHBL. [Ipy majieHun Ha MOBEPXHOCTH CEHCOPa,
CBET HeceT B cebe CHHION, 3eleHylo, kpacHyto n MK co-
crasysromue. [Tpn MK u3nmyuennu ckopocts pacrpocTpa-
HEHUsSI B cpeJie MAaKCUMaJIbHasl, a CTENEHb MPEIOMIICHUS
Tydeit MuHIManbHas1. [1py yneTpadoneToBoM H3TyYeHUH
CTETICHB TIPEIOMJICHNUS JTyueil MakcumanbHast [20].

CoOTBETCTBEHHO, OIS 10 TepBoro, B-cimos, cuanit
yd OyaeT mperoMiIeH OOoJbINe, U He BBHIHACT 3a Mpeje-
JIBI CBOETO clios. Takxke «3elieHas COoCTaBisoNias Oyaer
MPETOMIISATBCS CUIIbHEE «KPAaCHOWY, 1 onaaath B G-CIIoi.
ITomo6Hoe Oynet npoucxoauts ¢ R u IR cocrapnstommmu
n3nydenus. Kpome toro, npu M3MEHEHHH MOPUCTOCTH
KPEMHUSI [TOSIBUTCSI JIOTIOJIHUTEIIbHAS IUCIIEPCHSL, KOTOpast

yuTeHa. PaccMOTpuM oTpakeHHe U MOTIONICHHUE Ha CIOSIX
MaTrpuLbl.

I'myOGuna 3aneranus NOTCHINAIBHOM MBI B JaTYHKE
Foveon X3 [14]: hg =2 uwm, hg = 0,6 M, hg = 0,2 HM, 1pH
CpaBHCHHU XapaKTEPHUCTHK U3 padoThl [20], moixydnm -
HBI BoaH 580 HM, 475 HM 1 420 aM. PacxokxaeHue ¢ Kirac-
CUYECKUMM JJIMHaMU BOJH, Hanpumep 1o JI.K. Makcenny
(xpacHsrit 630 HM, 3emeHbIi 528 HM, cHHUI 457 HM), MOXK-
HO OOBSICHUTHL BBEICHUEM TPUMECEH B KPEMHUH IS TT0-
JyYeHUs p-n MEepexona, YTo MPUBOAMUT B JaJbHEHIIEM K
CJ/IBUTY CIIEKTPAJIbHBIX XapaKTepUCTHK. B pe3ynsrare ObLio
MIPUHATO PEIICHUE ISl CJI0EB BUAUMOTO U3ITy4EHUS B3ATh
n1yOuHy 3aneranust kak U B Foveon X3, a s UK cios
BBIOpaTh NIyOUHY 9 MKM, YTO COOTBETCTBYET JUIMHE BOJIHEI
770 uM u sBAsieTcs HauasoM cpennero UK crnexrpa.

B nporpamme, HarmmcaHHOM Ha SI3bIKE TPOTrPaMMUPOBa-
Hust C# 1 yInThIBAIOIIEH 3HAYEHMS ITOKA3aTEIIs ITPEeJIoMIIe-
HUSI B 3aBUCHMOCTH OT DITyOMHBI 3aJIeTaHHs TOTEHINAIIb-
HOM MBI B KpeMHHH [20], HalieM yTIIBI TIPETOMICHIS U
onTuaeckne kodpdumueHtsl. [Iporpamma ocHoOBaHa Ha
pacuerax no popmynam @penens. Haligem xoadduinen-
ThI OTpaKeHHs (R,,) 1 nporrycKanus (R) MOISPH30BaHHEIX
BOJIH B TNIOCKOCTH MAaJCHUS U NEPIEeHIUKYIIPHON TIIO-
CKOCTH majieHusi. BeipaxkeHns kod3pPpHUIHEHTOB UMEIOT
Bup [20]:

g —ay)
P 2
tg ((1.0+(11) , (1)

Sil’lz((l() — (11)
¥ sin(og + o)

TJE 0, 0.; — YIIIBI IAJA0IIETO U PEIOMIIEHHOIO JTy4ei.

[Tpu 5TOM MOITYYUM, HTO:

— IIpY HOPMAJIbHOM IIaJIeHUH CBETA Ha BeLeCcTBO (0 = 0):
R =R, ==Y 2
14 s Ho + 1y ’ ( )
TIE Ny, 1| — MO0Ka3aTeJIN MPEIOMIICHNUS CPEJIbl N1aIAF0IIETO
Y MIPEJIOMJICHHOTO JIy4eil;
— IIpY NaJICHUM CBETA MOA yIIIoM 1/2 umeeM: R, = R = 1.

Ha ocnoBanuu (1) u (2) yurem, 4To HarpasjeHUe pac-
MIPOCTPAHEHUs OTPAKCHHON U TPESIOMIICHHOM BOJIH ITPOMC-
XOJUT MEPIICHANKYISIPHO pyT Apyry. M3 3akoHa mpenom-
JICHUS [TOJTy4nM 3HaueHue yria bprocrepa:

tg‘pr = nl/no. (3)

ITpu 5TOM MOKa3aTeNIu MPEIIOMIICHHUS HAWIEM B 3aBUCH-
MOCTH OT TITyOUHBI 3aJIeraHusl IIOTEHIIUATBHOM SIMbI B KPEM-
HUH 110 3aBUCUMOCTH, TIPEICTAaBICHHOH B NCTOUHHKE [21].

PaccunTaem K03 PUIHEHT OTPaKeHHUS €CTECTBEHHOTO
cBeTa:

1
R.= E(Rp +Ry). “

[Tomy4grM COOTBETCTBEHHO KO3 (DUITMEHTHI TIPOITyCKa-
HHS IPOLIEIINX BOJIH:

sin20,sin2a,

T =
P sin®(ag + oy)cos> (o — o)

HauOoJIee 3aMETHA B TEMHO-CHHEH 9aCTH CIICKTPA; OTHAKO (5)
JAaHHOE HECOBIA/JCHHE B JINHUSX HE CYIIECTBEHHO. B cBs- _ sin2ogsin2a,
M s
3W C 9TUM B JaJbHEHUIINX pacueTax JHCIepcus He Oyner smz(ao + )
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Haiinem yribl npenoMieHust JUls KaxKI0ro cJIos U3 3a-
BUCHMOCTH:
sinay/sinoy = ny/ng;

(6)

o = arcsin((nysinag)/n).

[Tpu pacuere yrioB 3HaUSHHS MTOTyUSHBI B paJlaHax, a
3aTeM MEPEBE/ICHBI B TPATYCHI.

Onruveckue siBJIeHUs B CeHCcopax

JUist HaryIsIIHOCTH TIPOXOXK/ICHUS CBETA IPECTaBIICH
YETBIPEXCIONHBIN ceHcop Ha puc. 1, a u napa cinoes B + IR
(puc. 1, b).

Ha ocHOBe paccuMTaHHBIX JaHHBIX MO (HopMyrIam
(1)—(6) moctpoum 3aBuCcHMOCTH KO3 (PHUIIHEHTOB OTpa-
KEHUsI ¥ TIPOIYCKaHUs OT yIvIa MaJEHHs BCEX Iap CIOEB.
ITocTpoeHHBIE HA OCHOBAHMH PACUETOB 3aBUCUMOCTH IS
cercopa B + IR, mokasansl Ha puc. 2.

Ha puc. 2, a BunHO, uTO KpuBas R, BO3pacTacT JMHEHHO
ot 0,4194 (pu oy = 1°) 10 0,9999 (mpu oy = 90°). Kpusas
R, ymenbuaeres ot 0,4193 (npu o = 1°) npakrudecku 1o
HyIs (IIpH o = 76°), a 3areM Bo3pactaeT 10 0,9848 (mpu
oy = 90°). I'paduk R, nuHeeH 1o oy = 71°, a 3arem pesko
Bo3pacTaeT 10 3HaueHus 0,3997 (npu ay = 90°).

Ha puc. 2, b xpuBble Ha BceM Juanas3oHe: R Bo3pac-
Taer, Rp yObIBaeT, R, nuHeiiHa. OCHOBHBIE U3MEHEHUs
ToKa3areneil OTHOCATCs K BepxHeMy cioio (B), BHe 3aBH-
CHUMOCTH OT «1BeTa». M3menenus B K momnoxke Hadiro-
JIAIOTCs1, HO He cymniecTBeHHble. ClenoBarenbHo, KOdPhu-
LIUEHTBI BEPXHETO CJIOS, SIBJISIIOTCS ONPEACIISIONIMMU IS
CHCTEMBI U ONPEEISIIOT 001HH KO3 (DUIIMEHT CUCTEMBI.

Cpennuii KO3pGUIUEHT OTpakeHus s B-cios co-
CTaBJISICT:

_ 1
p= E(Po + Pop)- (7

B pesynsrare pacuera (7) nomyuum i B-crost 71,14 %
u s IR-cnost 99,8 % ot makcuMainbHOTo K03 duIeHTa
MIPEJIOMIICHUSL.

Ha puc. 2, ¢ rpadux 7 ymenblaercs J1uHeiHo, 7,
Bo3pactaet ot 0,5806 (1pu o = 1°) o 1,0 (mpu o, = 78°),

a 3ateM nazaet 1o 3HaueHus 0,015 (mpu ay = 90°). Kpusas
T,, mnaBHO Bo3pactaet 10 0,600 (mpu oy = 59°) u nanee
ymensbiaercs 10 0,0079 (mpu ay = 90°).

Ha puc. 2, d rpadux 7, nagaet or 3naueHus 0,9820
(mpu o = 1°) no 0,9796 (upu oy = 90°), a T, Bospacraer
Jo 0,9842 (mpu ay = 90°). T, nuHEHO yMEHbIIAETCS HA
BCEM JIHaIla30He.

MOoHO caenath BBIBOJ, YTO KOA(PHUIHEHT MPOITy-
CKaHMs A7 B-clos sBisieTcst OCHOBHBIM, M OKa3bIBaeT
BIIMSIHUE HA OOLIHMH KOI(PPUIIMEHT TPOIYCKAHUSI CHCTEMBbI.
[Monyunm cpenuii K0OdPGUIMEHT NPOIYCKaHUS ISl CIIOEB:

_ 1
= E(TO + Tgp)- (8)

[To popmymne (8) momyunm aist B- u IR-citost B cpeiem
50,68 % u 99,99 % COOTBETCTBEHHO OT MaKCUMAJILHOTO
KO3 PHUITHEHTA TPOITY CKAHMSI.

Haiinem k03(p(pUIIMEHTHI OTpaXXEHUSI U TIPOITyCKAHUS
saerikn G + IR (puc. 3). Ha ocHOBe paccunTaHHBIX JaHHBIX
o ¢opmynam (1)—(6) mocTpoum 3aBUCUMOCTH KOAPhH-
IIUEHTOB OTPAXKEHHS ¥ MPOITyCKaHMs OT YIJIa MaJACHUs IS
cercopa G + IR (puc. 4).

®Dopmbl KpuBBIX 11 apsl cioeB G + IR cooTBeTcTBYy-
10T rpadukaM, NMpeCcTaBIeHHbIM Ha puc. 2. Ha puc. 4, a
BUJIHO, 4TO KpHBas R, Bozpactaet oT 0,3642 (mpu o = 1°)
10 0,9991 (npu oy = 90°). R, ymenbiaercs ot 0,3641
MpaKTHYECKH 0 HYJs, a Jjajee Pe3Ko BO3pacTaeT 10
0,9867 (mpu o = 90°). I'paduk R, NpoxXoauT JIUHEHHO 10
0,3699 (pu o, =71°), a 3arem Bospacraet 10 0,9929 (npu
ay = 90°).

Ha puc. 4, b xpuBble Ha BceM Auana3oHe: R, Bo3pacTa-
€eT; Rp yOBIBaeT, R, MuHEiHa.

YepenueHHBIH KOA(QGUIIHEHT OTpaKeHH HalIeM 1o
thopmyne (7), koTopslit coctanget anga G- u IR-cnos B
cpenneM 68,34 % u 99,74 % COOTBETCTBEHHO OT MaKCH-
MaJIbHOTO KO3 PHUIMEHTA TPESTOMIICHUSI.

Ha puc. 4, ¢ xpusast T yMCHBILIACTCS TMHEIHO, T, J1H-
HeeH oT 3HaueHus 0,6358 (mpu oy = 1°) o 0,975 (npu
ay = 80°), 3arem ymensiaercst 10 0,0132 (mpu o = 90°).
I'papux T, nnaBHo Bo3pacTaer 1o 0,6358 (mpu oy = 1°) u
3areM nagaet 10 0,0070 (mpu oy = 90°).

a b
; Po Olo " Po Oo
0 0
[ "NA s L "NA s
ny P2 G P,
n3 %y R
P4
ny IR ny IR
|

Puc. 1. Pa3pe3sl CEHCOPOB: YETHIPEXCIONHBIH (a) 1 AByxcioitnbnii B + IR (b).

Po—P4 — KOIPDUIHEHTBI OTPAXKESHHUH OT CIOEB CPEJT; Hy—/y4 — TTOKA3ATENH MPETOMICHHS CPEeJl

Fig. 1. Sensor sections: four-layer () and two-layer B + IR (b)

po—p4 — reflection coefficients from the medium; ny—n, — refractive indices of media
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Fig. 2. Dependence of coefficients for B + IR sensor: reflections p; (@) u p, (b), transmission t; (¢) u T, (d) vs. the angle of incidence a

Ha puc. 4, d xpuas T, ymenbiuaercs ot 0,9961 (mpu
oy =1°) 10 0,9955 (mpu oy = 90°), a T, Bozpacraer 10
0,9966 (mpu oy = 90°). T, MuHENHHO MajaeT Ha BCEM JAua-
Ta30He.

Cpenuuii k03()(UITHESHT MPOMTYyCKAHUS IS CJIOCB Haii-
nem 1o dopmyie (8): mist G-ciost 50,55 % u gust IR-cost
99,99 % ot MakcuMalIbHOTO KOA(dUIMEHTa ITPOITyCKaHUSI.

PaccMoTpuM OTpakeHHE W MPOITyCKaHWE MaTpPHIIBI
R + 1R (puc. 5).

ITo ¢popmymam (1)—(6) BEITOTHUM PacUeTHI U IOCTPOUM
3aBUCUMOCTH KOI(DPHUIIUSHTOB OTPAKESHUSI U MIPOITYCKAHUS
oT yra magenus ans ceHcopa R + IR (puc. 6). 3amernwm,
4yT0 (hOPMBI KPUBBIX Is mapel ¢jioeB R + IR aHamoruyHb
rpadukam, MoKa3aHHBIM Ha puc. 2.

Ha puc. 6, a BugHO, uTOo KpHuBas R, BO3pacTaeT OT
0,3447 (npu oy = 1°) 10 0,9991 (npu oy = 90°). R, ymeHb-
maetcs ot 0,3446 npakTU4ecku A0 HyJs, a Jajee BO3-
pacraet o 0,9874 (upu ay = 90°). I'padux R, 1uHeitHO

Puc. 3. JIByxcnoiinsiit cencop G+IR B pazpese

Fig. 3. Sectional view of a two-layer G+IR sensor
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Fig. 4. Dependence of coefficients for G + IR sensor: reflections p; (a) u p, (), transmission 1 (¢) u 1, (d) vs. the angle of incidence a

Bo3pactaet 10 0,3573 (npu ay = 71°), a 3aTeM Bo3pacTaeT
10 0,9932 (mpu 0y = 90°).

Ha puc. 6, b kpuBble Ha BceM AuanasoHe: R Bo3pacTa-
eT; Rp yObIBaeT, R, nuHeHHa.

Cpennnii kK03(QGUIUESHT OTPaKEHUS IS CIIOEB HailieM
o opmyane (7) u cocrasnsier st R- u IR-ciost 67,35 % u
100 % cOOTBETCTBEHHO OT MaKCUMAJILHOTO Kod(duImenTa
MIPEJIOMIICHHSL.

Ha puc. 6, d xpuBas T npakTuuecku JMHEHHO ma-
Jaer ot 3Hadenus 0,6552 (npu a, = 1°) go 0,0008 (pu
o9 = 90°). I'papux 7, muueen no 0,9997 (npu oy = 80°),
a 3arem nazaer g0 0,0126 (pu o = 90°). T, naaBHO BO3-
pacraer 10 0,6217 (npu oy = 75°), gangee yMEHbIIAETCS 10
0,0067 (pu 0, = 90°).

Ha puc. 6, ¢ rpadux T, ymenbumaercst 1o 0,9984
(mpu 0 = 90°). T, Bospactaet 10 3Hauenus 0,9988 (npu

Puc. 5. JIpyxcnoiinslii cencop R + IR B paspese

Fig. 5. Sectional view of a two-layer R + IR sensor
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Puc. 6. 3aBucumoctu xkoadduimentos 1 ceHcopa R + IR: orpaxenus p; (@) u p, (b), npomyckanus T; (¢) 1 T, (d) OT yIiia najieHus o

Fig. 6. Dependence of coefficients for R + IR sensor: reflections p; (a) u p, (b), transmission 1, (¢) u 1, (d) vs. the angle of incidence a

Tabnuya. 3na4eHus KOAQPHUINEHTOB OTPAKEHHS M MPOITYCKAHHS JJIsl YeTBIPEXCIOMHON M ABYXCIIOMHOM MaTpuIl s yria nagerus 30°

Table. Values of reflection and transmission coefficients for a four-layer and two-layer matrix for 30°

YeTbIpexcIIoiHbIN ceHcop, CI0U JIByXCi10IHBII ceHcop, ciou CootHouienue, %
Koadpduiment
B G R IR B G R IR G R IR
R, 0,366 0,295 0,276 0,249 0,366 0,311 0,292 0,261 -5,42 -5,80 —4,82
R, 0,470 0,399 0,379 0,350 0,470 0,415 0,396 0,371 —4,01 —4,49 —-6,00
R, 0,418 0,347 0,328 0,299 0,418 0,363 0,344 0,316 —4,61 —4,88 -5,69
Tp 0,633 0,704 0,723 0,750 0,633 0,688 0,707 0,738 2,27 2,21 1,60
T, 0,529 0,600 0,620 0,649 0,529 0,584 0,603 0,628 2,67 2,74 3,24
T, 0,581 0,652 0,671 0,700 0,581 0,636 0,655 0,683 2,45 2,38 2,43

ay = 90°). Kpuas T, TMHEHHO yMEHbIIAETCS HA BCEM JU-
arasoHe.

YepeaHeHHbIH Ko GUIMESHT IPOIYCKaHUs IS CIIOEB
Haiimem o dopmyne (8): mast R- u IR-cmost 50,51 % u
100 % coOTBETCTBEHHO OT MAKCUMAIILHOTO KO3(hpunmenTa
TIPOITY CKaHHS.

CpaBHUM HYETHIPEXCIONHBIE U MOIU(DHUITUPOBAHHBIC
JBYXCIIOHHbIE MaTpHLbl. B Tabiauue mpeacTaBieHb! 3Ha-
YeHUs! KOAQPUIMEHTOB PACCMOTPEHHbIX 11a0/I0HOB. B Ka-
YyecTBe MpUMepa B3sThl 3HAYCHUs 1Sl yriia majenus 30°,

KOTOpLIfI CUUTACTCA pa60qI/IM JUTA MaTpul € 1 0e3 MUKPO-
JIMH3BbI.

3akJ/oueHne

Brinosneno HCCJICAOBAHHUEC OIITHYCCKUX SIBJICHUH B
MYJBTUCIIEKTPAIBHOM MaTPUIHOM (DOTONPHUEMHHUKE Ha
ocHOBe KpeMHus. [lomyueHHbIe pe3ylbTaThl OKa3aiu, 4To
3aBUCHUMOCTHU KOA((PHUIIUCHTOB OT YIJIa IMaJCHUS UMEIOT He-
JTUHEHWHBIN Xapakrep. i1 mepBoro U BTOpOro clioes Gop-
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MBI KPUBBIX OTIIMYAIOTCS: IS TIEPBOTO €051 (hOpMa KPUBBIX
nmeet Oosiee CIOKHBIN XapakTep, 4YeM JUIs BTOPOTro.

[Ipu cpaBHEHNM NU3MEHEHUN YETHIPEXCIONHOI U IBYX-
CIOMHON cucTeM Ui yria najgeHus 30° B IpOLIEHTHOM
COOTHOIICHHN OOHAPYKEHO: C YBEJIIMUCHHEM IIyOUHBI 3a-
JIETaHNsI B KPEMHHUH B YETPBIXCIIOWHOM M B JABYXCIIOMHOM
ceHcope K03(hHUINECHT OTpaKEHHsT YMEHBIIIACTCSI, a TIPOITY-
CKaHUsl yBEIIMUNBACTCS; U3MEHEHNS K03(h(pUIneHTa OTpa-
KEHUsI HeJIMHEHHBI JUTS p-TIOJSIPU3ALUY U YBEINYNBAIOTCS
JUTS S-TIOTISIPU3AIMK M €CTECTBEHHOTO CBETa; M3MEHEHUS
k03 (hHUIHEHTA TPOITYCKAHUS HEJTMHEHHBI IJIsI €CTCCTBECH-
HOTO CBETA U YMEHBINAIOTCS I S- U p-TIOJSIPU3ALUM U
€CTECTBEHHOTO CBETA.

PazOuenue siueek Ha JABYXCIIOMHBIC IPUBEJIO B OCHOB-
HOM K MaJICHUIO NPOITyCKAHUS U TOBBILIEHUIO OTPaXKEHUS:
st cinost G yBesmueH KO3 QUIUEHT OTpaskeHuUs! TpUMep-
Ho Ha 4,7 %, KO3(PUINEHT TPOITyCKAHUS YMEHBILICH Ha
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JUYeH npuMepHo Ha 5,1 %, koadduuueHT nporyckaHus,
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s¢duiment orpaxkeHus yBennueH Ha 5,5 %, koaddunuent
MIPOIYCKaHUsl YMEHBUIWIICS pUMepHO Ha 2,4 %.

Hawmnyumeit kombunamnueii ssisercs mapa R u IR:
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[TonoGHbBIE cUCTEMBI TIO3BOJISIT pa3padoTaTh MaTPUYHbIE
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AHHOTAIUA

Tpeamer uccaenoBanusi. Vicenenosanbl 5GpHEeKTUBHOCTL KOHBEPCHU HOHOB Cr#t 1 ONTHYECKUE CBOWCTBA KEPAMUKI
Ha OCHOBE MUTTPHI-aJTIOMHHHEBOTO TpaHaTa, JernpoBaHHOrO XpoMoM. [ToBbinieHue 3pGpeKTHBHOCTH KOHBEPCUH HOHOB
Cr3* B Cr#* OTKpbIBACT IMPOKUE EPCIEKTHBbI UCIIONB30BAHMS KEPAMUKH B KAUECTBE HACBHILIAIOIIUXCS [IOIIOTHTEINCH
IUIsl TacCUBHOM Moxaynsuuu go0potHoctu Nd- u Yb-TBepnorenbHbix gazepoB. Llenb paboTel — uccieqoBaHue
BJIMSHHUS KOHIIEHTPALMK OKCHIa MarHus Ha op(eKTUBHOCTH KouBepcun noHoB Cr3* B Cr4* B ycioBusax n36bITKa
KatnoHoB AI3* (4,8 Mmon.%) u Y3* (2,9 M011.%) B CTpYKType IpaHara, a TakKe [PU CTEXUOMETPUIHOM COOTHOLICHUH
Y3/A13T = 3/5. UccnenoBana BO3MOXHOCTh U3MEHEHHs KOHIEHTpauu noHoB Cr4t Kak B OKTa’Apu4eCcKOi, Tak
1 TETPadIpHUYECKON MO3UIHAX 3a CUET 00pa3ylomuxcs Ae(eKTOoB 3aMEIeHNs] MarHus IPU OTKJIOHEHHH COCTaBa
KOMITO3HIMH OT CTEXHOMETPHHU UTTPUil-aIlOMUHKEBOTO rpanara. Meroa. OnTudeckast KepaMHKa Ha OCHOBE UTTPUIi-
ATIOMUHHUEBOTO TPAHATA C PA3IMYHBIM COOTHOILIEHHEM KaTHOHOB Y3+/AI3*, nonupoBanHas XpoMOM, TIOJTyYeHa METOIOM
JBYXCTaJMHHOTO coocakaeHus. B kauecTse crekaromieil 106aBKM U KOMIIEHCATOPa 3apsja Ui Npeodpa3oBaHus
HMOHOB XpPOMa M3 TPEXBAJEHTHOTO B YETBIPEXBAJIEHTHOE COCTOSHUE MCIIOIb30BAH OKCHJ MAarHUsl B KOHI[EHTPAIUIX
ot 0 1o 0,2 macc.%. OcHOBHBIE Pe3y/IbTaThl. YCTAaHOBICHO, YTO HAIMIHE M30BITKA ANIOMUHHSA B MAaTPHIE UTTPHUI-
QJIOMHUHHMEBOTO TpaHaTa NPUBOJIUT K CHIKEHHIO dQdexTuBHOCTH KoHBepcur HoHOB Cr3* B Cr4*, OTkioneHue
OT CTEXHOMETPHHU B CTOPOHY M30BITKA UTTPHUS CIIOCOOCTBYET CHIDKCHHIO TEMIICPATyphl OTXKHIa Ha BO3AyXe, IpU
KOTOPO ITPOHUCXOIUT OKUCICHHE HOHOB XpOMa B YETHIPEXBAJICHTHOE COCTOSHHUE M X IEPEXOJl B TETPAdIPUICCKYIO
no3unuio. OHAKO ONTHYECKOE IPOITyCKaHUE 00Pa3IoB C U30BITKOM UTTPHS HUKE, YEM B CITydae N30bITKA aTIOMUHHS U
crexuoMeTpui. [lokasaHo, 4To Npu yBeJIMYEHUH TeMIepaTypbl BakyyMHoro crekanus ot 1780 no 1820 °C B oOpa3uax
C U30BITKOM aJFOMHUHHUSI IPOMCXOMT MOBbILICHIE KOHLEHTpauui HoHOB Cr*™ B TeTpasapuueckoil O3ULHUHU, O YeM
CBHUJIETEIBCTBYET OOJIee BEICOKAss HHTCHCUBHOCTD MOMIOMIEHH Ha AnuHe BoaHbI 1030 HM. [I11s1 cirydaeB CTeXHOMETPHU
¥ U30BITKA UTTPHUS B TpaHaTe JaHHBIN 3 deKT BelpakeH cinabee. [IpakTuyeckas 3HAYUMOCTh. [lomydeHsr oOpa3ubl
ONTHYECKOI KepaMHUKU HTTPUH-aTIOMHHHUEBOTO TPAaHaTa CO CBETONpOIyckaHueM 6onee 75 % B BUANMOM U ONIKHEM

© Manssun ©.0., Kpasuos A.A., Tapana B.A., Yukynuna W.C., Bakanos /[.C., Jlanuu B.A., HukoBa M.C., Xopommiosa C.0.,
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Abstract

In this work, the conversion efficiency of Cr#* ions and the optical properties of ceramics based on chromium-doped
yttrium aluminum garnet were investigated. Increasing the conversion efficiency of Cr3* to Cr*" opens up broad
prospects for using YAG ceramics as saturable absorbers for passive Q-switching of Nd- and Yb-solid-state lasers.
The aim of this work was to study the effect of magnesium oxide concentration on the conversion efficiency of Cr3*
to Cr#* under conditions of AI3* (4.8 mol.%) and Y3* (2.9 mol.%) cations excess in the garnet structure as well as the
stoichiometric ratio Y3*/AI3* = 3/5. The possibility of changing the concentration of Cr#* ions in both the octahedral
and tetrahedral positions due to the formation of magnesium substitution defects when the composition deviates from
the yttrium-aluminum garnet stoichiometry has been studied. Chromium-doped transparent optical ceramics based on
yttrium-aluminum garnet with different ratios of Y3*/AI3* cations was obtained by the two-stage coprecipitation method.
Magnesium oxide was used as a sintering additive and charge compensator for converting chromium ions from the
trivalent to the tetravalent state in concentrations of 0 to 0.2 wt.%. It was found that aluminum excess in the yttrium-
aluminum garnet matrix leads to a decrease in the Cr3* to Cr4* conversion efficiency. A deviation of stoichiometry
towards an excess of yttrium leads to a decrease of air annealing temperature for oxidizing chromium ions to the
tetravalent state and their transition to the tetrahedral position. However, the samples optical transmittance with an excess
of yttrium was lower than in the cases of an excess of aluminum and stoichiometry. It was found that with an increase in
the vacuum sintering temperature from 1780 to 1820 °C in the samples with an excess of aluminum, an increase in the
concentration of Cr** ions in the tetrahedral position occurs, as evidenced by higher absorption intensity at a wavelength
of 1030 nm. For the cases of stoichiometry and an excess of yttrium in garnet, this effect is less pronounced. Samples
of optical ceramics of yttrium-aluminum garnet with a light transmission of more than 75 % in the visible and near-IR
ranges with pronounced absorption bands of chromium have been obtained. The results of the work can be applied to
the creation of passive switches for solid-state lasers.

Keywords
optical transparent ceramics, yttrium aluminum garnet, saturable absorbers for passive Q-switching, optical transmission
spectra, stoichiometry, chromium
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BBenenue

WUrTpuii-anioMMHUEBBII rpaHaT, JJETUPOBAHHBIA XpO-
MoM (YAG:Cr#"), o6nasaer yHUKaabHbIM HA0OPOM Xa-
PaKTEPHUCTHK, YTO ACTACT €T0 He3aMEHUMbIM MaTePHaJIOM
MOMIOTHTENEH ISl TACCUBHON MOAYJISIIMN JOOPOTHOCTH
B Nd- min Yb-erupoBaHHbIX KpUCTAILIAX B AMANa30HE
e BoiH 0,85-1,2 MM [1-6]. Kpucramist YAG:Cr#*
MOJTy4aroT METOI0M HOXPalbCKOTO MIIM C MOMOIIBIO Ke-
pamuueckoit TexHonoruu [7]. Kepamuueckass TeXHOIOrUs
o0JaaeT psiJIoM MPEUMYIIECTB Mepe/l TEXHOIOTHEH pocTa
MOHOKPHUCTAJIOB, TAKMK KakK Ooyiee BBICOKas CKOPOCTh
Y TIPOCTOTAa MPOU3BOCTBA, CHIDKECHHE 3aTpaT Ha Pe3Ky U
00paboTKy BBIPAIICHHBIX KPUCTAJIOB; BO3MOXKHOCTB ITOJTY-
YeHUS N3ACTHI HeoOX0aMMOon (pOPMBI M pa3MEPOB, a TaKKe
KOMTIO3UTHBIX CTPYKTYpP HEIOCPEACTBEHHO B MPOIIECCe
KOMITAKTHPOBAHHUS, U T. 1. [8].

W3BecTHO, 4TO ISl U3TOTOBJICHUS HACBHIIIAEMBIX I10-
rotuTeneil Ha ocHoBe kepaMuku YAG:Cr HeoOXoaumMo
obecrieunTh BHICOKYIO AP ()EKTHBHOCT KOHBEPCHU HOHOB
Cr3* B Cr*" B marepuase [9-11] u nepexoj MaKCUMaIbHO-
ro KoNu4ecTBa MOHOB Cr*' B TETPasApUUECcKyIO TIO3HUIHIO
[12]. Hannas 3ajgaua siBIsieTCSl HETPUBHAJIBHOM, TaK KaK
M3HAYAIBHO B MPOIIECCE CHHTE3a KEPAaMUYECKOTO ITOPOIIIKa
XPOM BXOJWT B KPHCTAUTMUECKYIO PEIIETKY I'paHaTa TOJb-
KO B BUJIE TPEXBAIEHTHOrO HoHa Cr3' B OKTadIpUUYECKYIO
no3uuuoo amoMunus [5, 13, 14]. Ins nepexona Cr3* B
Cr#" HeoOX0IMMO HaJIMuWe NPUMECEN IBYXBaJIEHTHBIX
karnonoB Ca2" win Mg2* B KpUCTaIIMYECKON peleTKe
YAG u npoBezieHue MOCIie BAKyYMHOTO CTIEKaHUST JTUTEIb-
HOTO OKHCIIMTEJILHOTO OOXKUTa MPH TEMIIEpaTypax CBBILIE
1000 °C [9, 13].

OTMeTHM, YTO TOJIBKO HEOOJbIIast 10JsI HOHOB XpoMa
MIEPEXOAUT B YEThIPEXBAJIEHTHOE cocTOsiHUE. B pabdoTte
[13], npu ucciienoBaHUM CIIEKTPOB JIIOMUHECIICHIIUHN He-
OTOXXEHHOTO M OTOKCHHOTO Ha BO3/yXe MOHOKpPHCTAJIA
YAG:Cr, pazHulla UHTEHCUBHOCTEN MOMIOLIEHUSI XpOMa
cocraBmiia He 6oitee 5 %. ITokazaHo, 4yTo 00Ias KOHIIEH-
Tpaius nonoB Cr4" — 1ocTosHHas BEJIMYMHA, TAK KaK
CHWKEHHE MHTEHCHBHOCTH nUKoB Cr4 mociie omkura Ha
Bo3ayxe mpu 1000 °C B OKTa3APHUECKOI O3UITIH COTIPO-
BOXKJIAETCS TIOSIBIICHUEM IMHUKOB B TeTpasapudeckoid [13].

B Hacrosimiee BpeMst poBeACHO 0OJbIIOE KOJInYe-
CTBO MCCIICOBAHUI C 1IEIIbIO YBEIUYCHUS dPPEKTUBHO-
cru kousepcun uoHoB Cr3™ B Cr4™ B YAG:Cr kepamuke.
HWccnenoBanust BKIIOYAIM OLEHKY BIMSHUS: CHEKAIOUIMX
nobaBok [15—17], ycnoswuit u cpenbt otxura [9, 10], coot-
nomenuit CaO/MgO [20] u (CaO + MgO)/Cr,05 [15], a
TaK)K€ KOHLIEHTpAaUKX HOHOB XpoMma [9] u kanbuus [18, 19],
AT 1.

[punsro, uto okcnp kansusa (CaO) — OGomee rpdex-
THBHAS [00aBKa 7 YBeTUICHHUS d(P(HEKTHBHOCTH KOH-
Bepcun nonos Cr3t B Cr4t [21], a no6aBka okcuja Maruus
(MgO), mpenmnonoKuTeNbHO, HEOOXOANMA JIJIST YITyUIICHHUS

npospagnoctd YAG:Cr#t kepaMuku, JOIUPOBAHHON KaJlb-
ueM. B 1o ke Bpemst B padbotax [18, 22] paccMoTpeHo
usroroyienure npo3pauroil YAG:Cr#™ kepaMuku ¢ Ucrojib-
30BaHHEM TOJIbKO A00aBku CaO. 3ameTuM, uTo paboT, B
KOTOPBIX TTOKa3aHO BIHMSHWE Maruusi Ha d9((EKTHBHOCTD
kousepcun noHoB Cr3* B Cr#*, ouenn mao.

Hanpumep, B [21, 23] npeanonoxeHo, 4o uous Mg2+
B YAG:Cr MOTr'yT 3aHUMAaTh UHTEPCTULIUH, KOHKYPUPYSI 32
MPOCTPAHCTBO C OKTA3[PUUECKH KOOPANHUPOBAHHBIMH HO-
namu Cr3*. B pesynbrare 3 (GeKTMBHOCTH KOHBEPCHH HO-
HoB Cr3* B Cr*" Huike, ueM B Cllyyae COBMECTHOTO JIETHPO-
BaHus ¢ KajbiueM. Tawke noHbl Mg2™ MOryT BCTpanBarbest
B OKTa3IpUIECKUE MO3ULUH, YTO IPUBOIUT K UCKAKEHHIO
pemetku YAG [21].

B pabote [23] noka3zaHo, 4TO PU MCIOJIL30BAHUHU J10-
6aBku MgO oueHb KpUTHUYHA TeMIlepaTypa BaKyyMHO-
ro crekanus. B wactHocTu, KoHieHTpamnus noHos Cr4,
0COOEHHO B TETPAdIPUUYECKON IMO3UIMHN, CHIDKACTCS TIPH
yBennueHnu temneparypsl ot 1750 no 1800 °C. ABTopsl
MIPEANIONOKIIN, YTO YBEIHMUCHUE TEMIIEPaTyphl BaKyyM-
HOTO CIIEKaHHs CIIOCOOCTBYET MEPEMEICHUIO 0OJIBILETO
quciia HOHOB Mg2™ B MHTEPCTUIIMH, B PE3YIBTATE YETO
HOCJIEHNE HE YYacTBYIOT B popmupoBannu Cré,

B mpenpinymeit pabote aBTopoB [24] moka3aHO, 9TO
MOHBI MarHusi MOTYT 3aHUMAaTh KaK OKTadpUUECKUE, TaK
W JIO/ICKadIpUIeCKUe MO3UIMH B PEIIeTKe IpaHara B 3aBU-
CHMOCTH OT CMELICHHSI CTEXHOMETPUH B CTOPOHY M30bITKA
UTTPHS WU AJIFOMUHUSI COOTBETCTBEHHO. DTO, B CBOIO
odepe/ib, 0Ka3aJlo CYIIEeCTBEHHOE BIUSIHNUE Ha ONTHYECKUE
CBOWCTBA U MUKPOCTPYKTYpY KepaMuku [25].

B nacrosieit padore mpoBeeHbI HCCIIEAO0BAHUS U3Y-
YEHHBIX paHee COCTaBOB ONTHYECKUX KepaMmuK [24, 25],
JOTIOJIHUTEIBHO COJETMPOBAHHBIX MOHAMH XpoMa.
HWccnenoBanne npeacTaBisieT OONbIION HAyYHBIH U Mpak-
THYECKUH MHTEPEC, TaK KaK BEPOSITHO, UTO CMEIIECHUE
CTEXHOMETPUU B COYCTAHUN C U3MEHEHHMEM IIOJIOKCHHUS
BHEJIPCHHBIX HOHOB MArHUSI MOYKET OKa3bIBATh BIIMSIHUE HA
sdpdexTuBHOCTb KOHBEepcHU noHoB Cr3™ B Cr4* B Marpuile
UTTPUH-aJTFOMUHUEBOIO I'paHara.

Lleas paboThl — HccClieJOBAaHUE BIWSHUS KOHIICH-
Tpaluy OKCHJIa MarHusi Ha YQPEKTUBHOCTh KOHBEPCUH
nonos Cr3* B Cr*t B ycnoBusix u30biTka Katnonos Al3*
(4,8 Mon.%) 1 Y3+ (2,9 M0o11.%) B CTPYKType rpaHara, a Tak-
K€ TPU CTEXUOMETPUYHOM COOTHOIIEHH: Y3/ AT = 3/5,

MarepuaJjbl M MeTOAbI

[Ipu cuHTE3¢ KEPaMUKHU HMCIIOIB30BAHBI CIICIYIOIINEC
peareHThI: aMMHUaK BOIHBIN (25 %, OCU, Sigma tech,
Poccust); anromunus Hutpar HoHaruapar (99,99 % (ciue-
JIbI METAJUIOB), Acros organics, benprus); UTTpusi HUTpar
rekcaruapar (99,9 %, (cnenst meraios), Chemical point,
I'epmanns); aurpar xpoma (I1I) Honaruapar (99,99 %,
Acros organics, benbrus); aMmMoruit cepHOKHCITEIH (99 %,
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Y, Unrepxum, Poccust); m3onpomnmosiii criupt (99,95 %,
XY, Okoc-1, Poccus); rekcamerunenterpamut (99,7 %,
Mapxka C, copr Bbictmii, MaTepxum, Poceust); Mmarauii xio-
pucThIit, rekcaruapar (99,9 %, YA, Uatepxum, Poccus).
Bce xumuyeckue BemecTBa NPpUMEHEHBI 0e3 cTajuu 10-
MOJIHUTENBHON OYUCTKH. J{J1sl BCceX peakiuil U Mpo1eccoB
00pabOTKH MCIIONB30BaHA ICHOHN30BAHHAS BOJIA.

O0pasIIpl KepaMIYECKHAX TIOPOIITKOB, COOTBETCTBYIOIITHE
pazmuunoii crexuomerpunt (A/_Cr (4,8 Mon.% n30biTKa Al),
S Cr (crexuomerpuunsiii YAG), Y Cr (2,9 mon.% u30bITka
Y)) nonydeHbl METOJIOM JBYXCTaIUWHOTO COOCAKICHHUS
YPOTPOIIMHOM C MOCJIEIYIONIMM U3MEJIBICHUEM U TIPOKa-
JIMBAaHMEM TOPOLIKA IpeKypcopa. MeTonuka moxy4eHus
KepaMHUYeCcKOTo MOpoIIKa I10ApoOHO onKcaHa B pabore
[26]. Ha cTtaguu u3MensueHUs MpeKypcopa B KaXKAbIA U3
TIOJTyYECHHBIX COCTaBOB BBEICHA crieKaroast 1ooaska MgO
B KoHMeHTpammsx 0, 0,05, 0,1, 0,2 macc.% B mepecyere Ha
KepaMuuecKkuii mopormok. KonmnenTpanms xpoma GpUKCHpo-
BaHa BO Bcex oOpasmax u coctasmia 0,01 at.%.

KommakTupoBanue KepaMHUECKUX IMOPOLIKOB IPO-
BEJICHO METOOM OJHOOCHOTO IIPECCOBAHMUS B CTAIbHOM
npecc-hopme auamerpom 13 MM Oe3 UCIIOIB30BAHUS CBSI-
3yromux 100aBok. JlaBieHue mpeccoBaHus UMeJIo IOCTO-
stHHOe 3HaueHue 50 MITa.

Bb100p BeMYMHBI JaBIEHHST OTHOOCHOTO IPECCOBAHMUS
MIPOBEJICH C YUYETOM PEe3yJIbTaToOB, IPEJICTABICHHBIX B pa-
6ote [27]. BBITIONIHEH OTXKUT MOJTyYCHHBIX KOMITAKTOB Ha
Bozayxe npu temreparype 1300 °C B Teuenue 2 4 B neuu
Nabertherm HT 40/17 (I'epmanus).

CriekaHue KOMITaKTOB OCYIIECTBICHO B BaKyyMHOMH
meun CIIIB3-1.2,5/25 ¢ Bomb(hpaMOBBIMU HarpeBaTems-
mu nipu Temmeparypax 1780 u 1820 °C B teuenne 20 4.
[Tomy4ennsle 06pa3Lbl KEPAMHUKHU OCIESIOBATEILHO OTOX-
JKEHBI Ha BO3yxe rmpu Temmneparypax 1100, 1300 u 1500 °C
B Teuenue 10 4. Jlanee oOpa3ipl MpoONLTH ABYCTOPOHHIOKO
UUTU(OBKY U MOJUPOBKY, U U3MEPEHHE CIIEKTPOB CBETO-

npornyckanus. PuHaIbHAS TONIMHA 00pa31oOB COCTaBHIA
2,5+0,1 mm.

OnTHYEeCKUE CBOMCTBA MOJIYYCHHBIX 00pa3IoB Kepa-
MUKH POAHAIM3UPOBAHBI METOJIOM CHEKTPOPOTOMETPUH
¢ momonipto criekrpoporomerpa SF-56 (OKB «JIOMO»,
Canxr-IlerepOypr, Poccust).

Pe3yabTarhl U X 00CYy:KIeHHE

N3BecTHO, 4TO XpOM BXOAUT B KpHCTaJLINYe-
CKYIO PELIeTKYy I'paHaTa TOJIbKO B BHJIE TPEXBAJICHTHO-
ro uona Cr3* [13]. W3-3a G1M30CTH MOHHBIX PAJIUyCOB
A3 (0,0535 uM — okradapuyeckas nozuuus) u Cr3*
(0,0615 mMm), mocmeHII BCTpanBaeTCs BHAYAJE TOJIBKO
B OKTAdAPUYCCKYIO IMO3UIINI0 ATIOMHHHS B PEIICTKE UT-
TpHii-amoMuHIEeBOTo rpanara [12]. Iloxocsr moromenns
Cr3* (octa) cooTBeTCTBYIOT JuTMHAM BOJIH 430 HM 1 590 HM
[9-11]. B pesynbTare cpa3y mocie BaKyyMHOTO CIICKaHHS
00pasibl UMEIOT 3eJIEHOBAaTYI0 OKpackKy. [Ipu mocnemyro-
meM ooxure kepamuku YAG:Cr, conepikaiieil B CBoeM
cocTase JByXBaleHTHBIE Katnoubl Ca2t unu Mg2*, na
BO3ayXe uacTh noHoB Cr3* okucnsercs no Cr4t 3a cuer
T dy3uH MOJIEKYISIPHOTO KACIOPOAA U KOMIIEHCAUU
KHCIIOPOJIHBIX BakaHCU [28]. YacTh yxKe OKHCICHHBIX
noHoB Cr#*, HaXOIAIIUXCA B OKTadIPUYECKOM MO3ULIUN —
Cr*" (octa) mIepexouT B TETPAdIPHIECKUE TTO3UIHH AITHO-
MUHHS 32 CYET BHYTPUPEIICTOYHOTO KaTHOHHOTO OOMeHa
[9, 13, 28, 29]. B urore 00pa3yroTcs HEHTPHI MOTIOIIE-
aust — Cr#* (tetra). Hanbounee BoipaxkeHubiii nuk Cr4*
(octa) mpuxonUTCS Ha AMMHY BOJHBI mopsaka 480 HM,
Cr#* (tetra) — mmpoKast 1oJioca MorIOIIEH s B JUaIa3o-
He 800—1200 uMm c nentpom npu 1030 am [9]. LiBeT xpom-
conepxkammux oopasnoB YAG mociie o0kura Ha BO3IyXe
pUOOpeTaeT KOPUIHEBATYIO OKPACKY.

B Tabnuue npencrasneHsl Gotorpaduu 00pasoB Ke-
pamuku YAG:Cr 10 ¥ ociie OTKUra MpH Pa3IudHbIX TEM-

Tabauya. ®otorpadun kepammdecknx obpasznos A/ Cr, S Cru Y Cr ¢ pa3nuaHOI KOHICHTPAIMeH OKCHIAa MarHUs M OTKJIOHCHUEM
ot crexuomerpun. Pasmep nzobpaxenus 14 MM x 14 mm

Table. Photographs of ceramic samples A/ Cr, S Cr and Y Cr with different concentrations of magnesium oxide and deviation from
stoichiometry. The size of images is 14 mm x 14 mm

Ob6pazen Al Cr

S Cr Y Cr

Konnenrpanms

Temneparypa otsxura Ha Bosayxe 7, °C

OKCHIa Mar”us,

Mace.% 1100 1300 1500 1100

1300 1500 1100 1300 1500

0,00

0,05

0,10

0,20
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Pucynox. Cniektpsl ontuueckoro npomyckanus YAG kepamuku nocie BakyymHoro criekanus npu 1780 °C (a) u 1820 °C (b)
1 oTkura Ha Bozayxe npu 1500 °C

Figure. Optical transmittance spectra of YAG ceramics after vacuum sintering at 1780 °C («) and 1820 °C (b) and air annealing at
1500 °C

neparypax Ha Bo3ayxe. [Ipu yBeIWYeHUN TeMIepaTypbl
oTxwura Ha Bo3ayxe oopasisl YAG:Cr, UMeronue B CRBOeM
COCTaBe OKCHJ MarHusi, MPUOOPEIIH XapaKTePHYIO IS
YAG:Cr#" kopuuneByto okpacky. C yBejn4yeHHEM TeM-
NnepaTypbl OTKUTA U KOHUCHTPAIIUNU OKCHUAAa Maruus IBET
00pa31oB crai Oosee HachIeHHBIM. OOpa3ibl KEPAMUKH,
HE MMEIOIINE B CBOEM COCTAaBE OKCHJAa MarHHs, HE M3Me-
HUWJIU [BET MOCIie OTXKuUra. JlaHHbIi (pakT CBUACTEIECTBYET
00 orcyrcTBuM KouBepeun HoHoB Cr3* B Cr#t npu ycnosuu
OTCYTCTBHSI KOMIIEHCATOPA 3apsi/ia, B POJIK KOTOPOrO UC-
[0JIb30BaH MOH Mg2+,

[pennonoKuM, 4To OTKIIOHEHHE OT CTEXHOMETPHHU OKa-
3bIBACT BIMSIHUE HA TEMIIEPATypy, IPH KOTOPOH HAYUHACTCSI
npouecc kousepenn nouos Cr3* B Cr4t n ux nepexon u3

OKTa’APHUECKOTO B TETPA3APHUECKOE TON0KeHne. Tak, y
obpasna 4/ Cr, IMEIOIIETO B COCTaBe N30BITOK ATFOMUHUS
n MgO okpairBaHue HaOMIOACTCS TOJIBKO MOCIE OTIKUTa
npu temmeparype 1300 °C. L[Bet oOpasua A/ Cr meHee
HachlleH, yeM oopaznoB S Cru Y _Cr.

O6pazenr S Cr, COOTBETCTBYIOIIMH CTEXUOMETPUYHO-
My COCTaBy NPUOOPEN OKpalIMBaHUE MOCIE OTXKUTA MIPH
temneparype 1300 °C. M3menenue usera oopasnos Y Cr,
coziepXKaInX U30BITOK UTTPUS, IPH KOHIEHTpanusx MgO
0,05 1 0,1 macc.% naOmogaeTcs Mpy TeMIIepaType OTKUra
1100 °C. CnemoBaTtensHO, B Ciydae HW30BITKA HTTPHS IS
HaJdaja OKMCJICHHUSI HOHOB XPOMa B UETHIPEXBAJICHTHOE
COCTOSIHME 1 HX NIEPEX0/ia B TETPAIPUUECKOE MOIOKEHHUE
B PEIIETKE UTTPUH-AIIOMMHUEBOIO TpaHaTa Tpedyercs
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MEHBIIIasi TeMIIepaTypa OTKUTa Ha BO3IyXe, YEM B CiIydae
M30BITKA AIIOMUHUSI U CTEXHOMETPUH.

JanHblil pakT MOXKHO OOBSICHUTH CIICIYIOUINM 00pa-
30M. B pabore [24] mokaszaHo, 4TO pacueTHast KOHI[CHTpa-
LUl NIOHOB MarHusi Ha MECTE aJIIOMHHHUS B O3HLUK |6a
(B oxTasapuueckoii moapemerke YAG) BhIIIE B Cirydae
n30bITKa UTTPHsL. VICXOZSt M3 3TOT0, MOYKHO TTPE/IIONIOKHUTB,
YTO TPH U30BITKE UTTPHUSI CO3/1AI0TCS OIArONPHUSITHBIE yC-
JIOBHSI JUIsS BCTPAWBaHHs HOHOB Mg2t B OKTasipHUECKytO
MO3UIMI0. B pesynbrare reHepupyeTcst 3HaUMTeIbHOE KO-
JINYECTBO KMCJIOPOJIHBIX BAaKAHCUI U CBS3aHHBIX C HUMHU
KOMIUIEKCHBIX TOUYEUHBIX JIe(DEKTOB, yHaCTBYIOLINX B OKHC-
JICHUW XpoMa 1pu oOkure Ha Bosayxe. Kpome Toro, B k-
Ta’APUUYECKON TO3UIMU CYNIECTBYET JIOCTAaTOYHOE YHCIIO
NO3MIMi i BHeApeHust noHoB Cr3* u ucKitoueHus ux
KOHKYpEHIMH ¢ noHamu Mg2*,

[Tpu u30bITKE AMOMHUHUS BO3HUKAET 00paTHAs CUTY-
alus — 3arpyaHseTcs BHeapenue nonos Cr3t u Mg2*
B OKTadIpHUYECKYIO MOJPEIIETKY. 3a CUET KOMIICHCAIINN
CTEXMOMETPHH YacThb HOHOB MarHus 3aHUMAET MO3UINN
urtpus [24, 25]. CpaBHUTENBHO cl1a00€ MOTIIONICHNUE TTPH
800—-1200 um y obpasna A/ Cr o cpaBHEHHIO C 00pa3ia-
Mu S Cru Y Cr yka3plBaeT Ha OUY€Hb Maslo€ KOJINYECTBO
nonoB Cr#' (tetra) (pucyHoxk, a).

OTMeTHM, YTO CBETOIPOITYCKaHHE KEPAMHUKH C H30BIT-
koM uttpus Y _Cr cocraBuio He 6onee 60 %, 4To 3HAYM-
TENIBHO HIDKE, YEM B CIIydasX CTEXHOMETPUIECKOTO COCTa-
Ba oOpasnoB S_Cr u u3dbITKa amromunus Al Cr.

CpaBHHUBasI CIEKTPBI CBETOIPOITYCKaHHsI, PEICTaBIICH-
HBIE Ha PUCYHKE, d, b, 0O4EBUIHO, YTO HE TOJIBKO CTEXHOME-
Tpusi, HO U TEMIIEpaTypa BaKyyMHOTO CIICKaHHsI OKa3bIBACT
BJIMsIHME HA KOHLEHTpawuio nonos Cr**. O6pasen Al Cr,
noy4eHHbIH ipu Temmeparype 1820 °C, mmeet Gonee
TEMHYIO U HACBIIICHHYIO OKPACKY 10 CPABHEHUIO C IOy~
yeHHBIM 1pu Temneparype 1780 °C. Ha cnexTpax ontu-
yeckoro nporryckanust oopasua A/ Cr, IOIy4eHHOTO TpH
temneparype 1820 °C, Habmromaetcst 6oyiee BBICOKAsT MH-
TEHCUBHOCTE noioc nornomenus Cr4+ (octa) u Cré* (tetra).
JlaHHbIl (akT 1aeT OCHOBaHME I10JIaraTh, YTO CIIEKaHUE
1ipu GoJtee BBICOKOH TeMIleparype MpHUBEIIO K YBETHUCHHUIO
KoHIeHTparuu HoHOB Cr4* 1 MX JIONIM B TETPAdAPUUECKON
TTO3HIIUH.
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3akjoueHune

VccrmenoBano BIUSHUE OTKIOHEHHUS OT CTEXHOMETPHH
Ha 3 dexTuBHOCTL KOHBEpcUH MOHOB Cr3* B Cr4t npu
MCTIONB30BaHUN B Ka4eCTBE KOMIIEHCATOpa 3apsa 100aB-
KN OKCHJAa MarHusl. HOKa3aHO, qTO I/136I)ITOK AJIFOMUHUA
cHmKaeT 3PPeKTUBHOCTL KoHBepcun noHOB Cr3' B Cr4t,
B oOpasiax ¢ u30bITkoM anmoMunust (4,8 Moi.%), nony4eH-
HBIX Ipu Temneparype 1780 °C, nornoienue npu JuHe
BOJIHBI 0K0JIO 1030 HM MpakTUYECKH OTCYTCTBYET, YTO
CBUJICTEIBCTBYET O CPABHUTEIHHO MAJOH KOHIICHTPALUU
nentpoB Cr#t (tetra) Mo CpaBHEHHIO CO CTEXHOMETPHYE-
CKUMU 00pa3iaMu u 00pas3aMu ¢ H30BITKOM HTTpus. [Ipu
9TOM 00pas3Ibl ¢ N30OBITKOM ATIOMUHUS B TpaHATe 00JIaaroT
BBICOKOH MPO3PaYHOCTHIO.

CMernieHne CTeXHOMETPUH B CTOPOHY H30BITKA HTTPHS
npu nosydenuu kepaMmuku YAG:Cr4™ B npucyrcTeum
Mar"us B Ka4ecTBE OJMHOYHOMN JOMUPYIOIIEH puMecH
IIpUBEIIa K CHUKEHUIO TEMIIEPATypbl OTJKUra Ha BO3IYyXE,
[P KOTOPOM HAYMHAETCS MPOLECC KOHBEpCHH HOoHOB Cr3*
B Cr*" ¥ uX mepexoj B TETPAdAPHUECKYIO MO3HIIUIO O
CPaBHEHUIO CO CIIy4aeM HM30BITKA aJTFOMUHUS U CTEXHO-
MeTpur. Bo3MOXKHO, TIpH TaKOM COCTaBE KOMITO3UIIUU B
okTaapuyeckoi noapenierke YAG umeercs 1oCTaTouHOe
KOIIMYECTBO MO3HIINH ISl BHEAPCHHS HOHOB MarHus U
xpoma. OmnHako s coctaBoB YAG: Cr ¢ M30BITKOM HT-
TPHS CBETOMPOIYCKaHNEe 00pa3IoB OBLIO HIKE, YeM IS
CTEeXHOMETPUYHBIX COCTaBOB U JJISI COCTABOB C M30BITKOM
ATFOMUHUSL.

CTeXHOMETPHUCCKUE COCTABBI C COMCPKAHUCM MarHHsI
He 6osee 0,05 macc.% mist remneparypst 1780 °C u He 60-
nee 0,1 mace.% st temrieparypsl 1820 °C obecrieunBaroT
MOJYYCHUE BBICOKOTIPO3PAYHON KEPAMHUKH C BBIPAKCHHBI-
M nostocamu norommenus Cr¥t Kkak B OKTa3IpUUECKOH,
TaK U B TETPAIIPUICCKOH MMOZUIIHSIX.

YCTaHOBIICHO, YTO MPH YBEIHMYCHUN TEMIICPATyPHI Ba-
KyymHoro crekanus ¢ 1780 mo 1820 °C B obpa3max ¢ u3-
OBITKOM AFOMUHHS POUCXOANUT yBEIMUCHIE KOHIICHTPA-
un noHoB Cr4 (tetra). OO 3TOM CBHIETENLCTBYET OojIee
HACBIIIEHHBIN BEeT 00pa3moB u Oosee BHICOKAs MHTCH-
CHUBHOCTb TIOTJIOIICHHSI ITPH JTMHE BOJIHBI 0K0J10 1030 HM.
B o0Opasiiax cTeXruoMeTpUYECKOTO COCTaBa U ¢ U30BITKOM
UTTpHs NaHHbIH 3 deKT BhiparkeH ciabee.
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AHHOTaNMA

IIpeamer ucciaegopanus. [IpencraBneHs! pe3ynsTaThl HCCIEA0BAHNS ONTUYECKUX CBOWCTB HU3KOIIIOTHBIX KBAHTOBBIX
touek InGaPAs. [TokazaHo BIHsSHIE Ha ONTHYECKHE U CTPYKTYPHBIE CBOMCTBA KBAHTOBBIX TOYEK HU3KHX TEMIEPATyp
1 TapaMeTpoB TepMuueckoro omxura. Meroa. Ksanrossie Toukn InGaPAs momy4eHbl METOLOM MOJEKYISIPHO-
ITy9IKOBOH SITUTAKCHU 3a CUET 3aMeIleHns (pocdopa Ha MEIIIBIK B TOHKOM citoe InGaP HermocpencTBeHHO B Iporiecce
SIHTAKCHAIBHOTO pocTa. OnTHYecKHe CBOMCTBa KBaHTOBBIX Touek InGaPAs mcciieoBaHbI METOOM CHEKTPOCKOIHN
(HOTOTFOMUHECIICHIIMH, B TOM YHCJIC MPH TeMIlepaType Kuakoro azora (—196 °C), 4To Mo3BOJIUIO ONMPEICIUTh
0coOeHHOCTHU 0€3bI3TyyaTeIbHOH PEKOMOMHAIIMY B MCCIEIYEMbIX IreTepoCcTpyKTypax. [eTepocTpyKTyphl OblIn
TIO/IBEPTHYTHI KPATKOBPEMEHHOMY TEPMHUYECKOMY OTKHTY Ipu Temneparypax 600 u 650 °C B TeueHne 2 MUH JJIsI OLICHKH
BJIMSTHUS OT’KUTa HA ONTHYIECKHUE U CTPYKTyPHBIE CBOICTBA KBAaHTOBBIX ToueK. OCHOBHBIE pe3yJibTarhbl. [lokazano, 4to
rpu Temrieparype —196 °C Bkian 0e3p3IydareTbHON peKOMOWHAIIMA MOKHO CYMTATh HECYIIECTBEHHBIM IJISI BCETO
HM3MEpsieMOro Anana3oHa MOITHOCTH Hakadku. [Ipu Temmeparype —73 °C HanOonpmmii BKIag B O€3bI3IydaTeIbHYI0
pexomOuHanuo BHOCUT pekomOuHarus [llokkan—Puna. KpaTkoBpeMeHHBIH OTKHT TeTepOCTPYKTYP MOXKET YMEHBIINTh
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BnvaHue Hn3kmnx Temnepartyp 1 TEPMUYECKOro OTXUIra Ha ONTUYECKME CBOMCTBA KBAHTOBbIX ToYek INGaPAs

KOJIMYECTBO TOUCUHBIX JE(PEKTOB, YTO MPHBOIUT K POCTY dPPEKTUBHOCTH (HOTONIOMHHECICHIIUN ¥ YMEHBIICHUIO
ee nonymupuHsl. [IpakTudeckas 3HaunMocTb. [lonydyennsie kBaHTOBbIEe ToUkH InGaPAs, a Takke OpUrHHAIbHBINA
METOJ MX IOJIy4YeHHs MOTYT HalTH NPUMEHEHHE NPHU CO3JaHMU MCTOYHHUKOB OJMHOYHBIX ()OTOHOB Ha OCHOBE
MHKpOpe30HaTopoB. [IpeacraBieHHbIe SKCIIepUMEHTAIbHBIE PE3YIBTAThI JOJKHBI OBITh YUTEHBI P PeaTn3aliuy TAKIX
HCTOYHMKOB, B YaCTHOCTH IIPYU ONTHUMU3ALMU IIUPUHBI U MHTEHCUBHOCTH JTUHUY U3Ty4YCHUS.

KiioueBble cjioBa
KBAaHTOBBIC TOUKH, TETEPOCTPYKTYPBI, MOJICKY/ISPHO-ITyYKOBas SITUTAKCHUS, TOTYIPOBOIHUKH, HCTOYHUKU OMHOYHBIX
(oToHOB
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Abstract

The results of the study of the optical properties of low-density InGaPAs quantum dots, as well as the effect of low
temperatures and thermal annealing parameters on their optical and structural properties were presented. InGaPAs
quantum dots were formed by substituting phosphorus with arsenic in InGaP layer directly during epitaxial growth. The
optical properties of InGaPAs quantum dots were studied by photoluminescence (PL) spectroscopy. Photoluminescence
spectra at liquid nitrogen temperature (—196 °C) made it possible to determine the features of nonradiative recombination
in heterostructures. The heterostructures were subjected to short-term thermal annealing at temperatures of 600 and
650 °C for 2 min to estimate the effect of annealing on the optical and structural properties of quantum dots. It was
shown that at =196 °C the contribution of nonradiative recombination can be considered insignificant for the entire
measured range of pumping power rage but at temperatures above —73 °C, the contribution of nonradiative Shockley-
Reed recombination can be observed. Rapid thermal annealing of InGaPAs quantum dots led to reduce the number of
point defects and growth of PL intensity. InGaPAs quantum dots and substitution method can find their application in
the creation of single photon sources. The presented experimental results should be considered for implementing such
sources, especially for optimizing the width and intensity of the radiation line.

Keywords
quantum dots, heterostructure, molecular-beam epitaxy, semiconductors, single-photon source
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BBenenune

B Hacrosiiiee Bpemsi 00JIBbIION UHTEPEC TPEICTABISIET
coznanue YPp(EKTUBHBIX U KOMIIAKTHBIX HCTOYHUKOB OJIU-
HOYHBIX (DOTOHOB M MaTPUYHBIX MUKPOU3IydaTeeH JIst
MIPUMEHEHHS B CHCTEMAX ONTUYECKOM KBAaHTOBOM KPUIITO-
rpadun [1-5]. Hanboree mepcrieKTHBHBIC HAHOPa3MEPHBIC
00BEKTHI Ha POIIb TAKUX U3ITy4aTelleii — ITOMEIICHHBIC B
Mukpope3oHatop kBaHToBbIe Toukd (KT). Omnako k KT
JUTS IPUMEHEHHSI B KBAHTOBOM KPUNTOTpadUH IPETBSIBIIS-
ercst TpeOboBaHUe — Majiast IIOTHOCTH (MeHee 11010 cm2)
[6]. B paborax [7, 8] moka3aHo, 9TO B TE€TEPOCTPYKTYpax,
MOJTyYEHHBIX METOJIOM MOJEKYISIPHO-ITy4YKOBOH ATHUTAK-
CHH, TIPU 3aMelIeHuH B nporecce pocra pocdopa B TOH-
koM ciioe InGaP Ha MBIIIBSIK IPOUCXOIUT (POPMUPOBAHUE
Hu3KkomnoTHBIX KT, KoTopble nMepCreKTUBHBI AJ UCTOU-
HUKOB OJJMHOYHBIX ()O0TOHOB [9]. OCHOBBIBAsICH Ha PE3yIlb-
TaTax TPAHCMUCCHOHHOW AJMEKTPOHHOM MHUKPOCKOIUH,
onernounas maotHocts KT cocrasuma 1,3-1010 cm—2, nuk
(hOTOTFOMHIHECIICHIINY JI)KAJ B CIICKTPAIEHOM JTHAITa30HE
952-978 uM pu kKOMHaTHOH Temmeparype. CrekTpaibHas
IIMprUHA TTHKa (OTOTFOMUHECTISHITNH, cBs3aHHOTO ¢ KT,
o0ycoBIeHa U3MEHEHISIME TONIIUHEI cios InGaP, tem-
TepaTyphl MOMIOKKNA U BPEMEHU BO3JIEHCTBHUSA B MOTO-
K€ MBIIIbsIKa BO BPEeMsI SIUTAKCUAIBLHOTO pocTa [7, 8] u
He mpeBblmana 75 M3B 1 KoMHATHOW TeMmeparyphl.
B Hacrosimei paboTe npencTaBiieHbl OJpoOHbIE HCCIie-
JIOBaHUsSI ONITHUECKUX CBOMCTB reTepocTpykTyp ¢ InGaPAs
KT. IToxazaHo uccieq0BaHUE METOAOM CIEKTPOCKONUU
(OTOIIOMUHECIIEHIINY N3ITydaTeabHbIX napameTpoB KT
InGaPAs B auanazone temmneparyp ot —196 no —27 °C.
BrimonHeH aHamM3 peKOMOMHAIIMOHHBIX MTPOIIECCOB B HC-
CIIeyeMBIX TeTepPOCTPyKTypax. V3ydeHo BIusHAE OBICTPO-
TO TEPMHYECKOTO OTXKHTa TeTePOCTPYKTYp Ha MX ONTHYEC-
CKHE U CTPYKTypHBIE CBOHCTBA.

MaTepnanLI U METOAbI UCCJICI0BAHUA

IMonyuenue o0pa3uos. Cepus U3 TpEX reTePOCTPYKTYP
(C1, C2, C3) monyveHa Ha MOJTYHU3OIUPYIOIIUX TTOIIOXK-
kax GaAs METOZOM MOJEKYJSPHO-ITyYKOBOI SMHUTAKCUU
C UCTIONTb30BaHUEM MPOMBIIIICHHONW yCTaHOBKH Riber 49.

CTpyKTypbI cOCTOST U3 OydepHoro ciost GaAs TONIUHOMN
100 M, ooxiagkun GaAs — 200 HM, OrpaHHYCHHON CO
CTOPOHBI NOJIOKKH M TIOBepXHOCTH Oaphepamu AlGaAs
tommuHamu 1o 100 BEM. Bepxauii 0apbep MPUKPHIT CI0eM
GaAs TOMMMHON 5 HM Ul IPEAOTBPALICHHS Ipoliecca
OKHCIIEHHs. B 1EeHTp 00KIa KN MTOMEIIEH PEeNIeTOYHO-CO-
TJIACOBAHHBIN ¢ MOMIOKKoi croit InGaP. Bee cTpykTypsl
BhIpammeHs! mpu temmeparype 580 °C. KT B rerepocTpyk-
Type cOpMHUPOBaHBI ITyTeM 3aMelleHHst aToMoB (ocdopa
Ha aTOMBI MBIIIbsIKa B UCXOAHOM citoe InGaP. [{ns aToro
nocie ocaxenus ciosi InGaP B noroke docdopa npouc-
XOJIMJIa OCTAaHOBKAa POCTa M 3aMeHa 1otoka ¢ocdopa Ha
MOTOK MbIIIbsKa B TedeHne 30 c. 3areM BBINOJIHEHA BbI-
JIEpAKKa POCTOBOM MOBEPXHOCTU UCKIIOYUTENIEHO B TOTOKE
MblIlIbsika B TeyeHue 5—10 MuH, BO BpeMsi KOTOPOH mpo-
HCXOJIMIIO 3aMEICHNE aTOMOB JIEMEHTOB ISTOH TPYIIIEI
¢ mocnenytomumM popmupoBanuem KT InGaPAs 3a cuer
peslakcany pacTyIIero HaNpsLKEHHsS B Ipeo0pasyeMom
cnoe InGaPAs. Beinepxxka ciost InGaP B motoke MpIbsika
nmpoBeneHa mpu temneparype 520-535 °C. Ilocne sToro
cnoit InGaPAs 3apantuBancs npukpsimkoi GaAs Tommu-
HOH 5 HM, U NPOUCXOJUIN OCTAHOBKA POCTA U IOIBEM
TemMrieparypbl noanoxku 10 580 °C B TeueHue 3 MuH.
[Tonmy4yeHHbIe TeTepOCTPYKTYPbl UMEIOT OTIIMYUS APYT
OT JIpyTa CJIeIyIOIIMMH ITapaMeTpaMu: TeMIIepaTypoii os-
JIOKKH BO BPEMs pOCTa, TOJIIIMHON M3HAYAIBHOTO CJIOS
InGaP n BpeMeHeM BBIJIEp)KKH T€TEPOCTPYKTYPBI B ITOTOKE
MBIIIBSIKA. BpeMst BBIAEPKKH OIpeIeTIeHO CyMMOM 3aMEHbI
aTOMOB AJIEMEHTOB TIsITOM Tpyniibl (0,5 MHH) U BBIACPIKKOH
TETEPOCTPYKTYPBl HEMOCPEAICTBEHHO B TIOTOKE MBIIIBSKA.
3HaueHUs! JaHHBIX TAPAMETPOB JIsl BCEX MOTYUEHHBIX 00-
Pas3LoB reTepoCTPYKTYpP MPEACTABICHBI B TAOIHLIE.
MeToabl 1 annapaTtypa uccijenoBanus. [IpoBeaeHs
uccienoBanus 3PGHEeKTUBHOCTH (HOTOIFOMHUHECIICHIIUN B
nmaraszoHe temrneparyp ot —196 mo —27 °C. Jlns Hu3KoTeM-
MepaTypHBIX M3MEPEHUH 00pasiibl pa3MeNeHbl B KpHOCTATe
Janis ST-500, oGecrnieunBaromieM NPeIU3HOHHBII KOHTPOJIb
Temrieparypsl. Bo30Oyxaenue GpoToIroMuHECIEHINHT TIPO-
usBesieno YLF:Nd™3 naszepom ¢ minuHo# BOJHBI 527 HM.
dokycrpoBKa Jlazepa Ha 00pasell BHIITOIHEHA C TOMOIIBIO
mH3EI 5X Mitutoyo Plan Apo NIR. Criektp doTtomromuHec-
[EHIINN COOpaH CUCTEMOH (POKYCHPYIOIINX JTNH3 U ACTEK-

Tabauya. ITapameTpsl pocTa reTepoCTPyKTyp

Table. Heterostructures growth parameters

I'erepocTpykTypa Tonmmuna cnost InGaP, am Bpewms BeiaepKKH, MUH TemmepaTypa MOATOKKH BO BpeMsi BBIAEPKKH, °C
Cl 2,0 520
C2 2,0 5(0,5+4,5) 535
C3 3,0 10 (0,5+9,5) 535
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THPYIOLIEH CHCTEMOH, KOTOpasi, B CBOIO OYEPe/Tb, BKIIIOUaIIa
Monoxpomarop Sol instruments MS5204i u KpeMHUCBBIN
(OTOIETEKTOP, PACTIONOKEHHBIN Ha BBIXO/IE MOHOXPOMATO-
pa. [Tocie aToro 0Opasiel OBUIM OIBEPTHYTHI OBICTPOMY
TEPMHUUYECKOMY OTKUTY IIpH Temreparypax 600 u 650 °C
JUISL ICCTIEIOBAHMS BIMSHUS OT’KUTa Ha ONITHYECKHE CBOM-
crea InGaPAs KT.

Pe3yabraThbl U 00Cy:K/I€eHHE

Cnextpsl (POTONOMHHECIIEHIINN TeTepocTpyKTyp Cl—
C3 mpoaeMOHCTPUPOBANIN CXOXKEE MTOBEICHHUE MIPH PA3IHU-
HBIX TeMmreparypax. Ha puc. | mpeacraBieHbl CIIEKTPEHI
(hOTOTIOMMHECLEHIINH TETEPOCTPYKTYP TIPU Pa3IHIHBIX
TeMIlepaTypax U NOCTOSIHHON MOIIHOCTH ONTHYECKON Ha-
Kadk# paBHOU 4,19 MBT.

JUis aHanusa 3aBUCUMOCTH MHTErPaJIbHOM MHTEHCHUB-
HOCTH (MOITHOCTH) U3ITyYeHHUS OT YPOBHS BO3OYXKICHUSA
MIPETIONIOKUM, UTO MOJTHASI CKOPOCTh M3JIydaTeIbHOM pe-
KOMOMHAIIMY B aKTUBHOM 00sacTu Beipaxkaetes [10, 117:

P=VBn2, (1)

rae V' — o0beM akTUBHOM oOmactu; B — ko3ddunment
N3ITy4aTeIbHON PeKOMOMHALNY; /1 — KOHIIEHTPAIHs HO-
cuTenei 3apsioB.

KoaddunumenT B He 3aBUCUT OT KOHIICHTPALIUH HOCUTE-
JIell 3apa0B HUKEe TIOpPOra MHBEPCUU 3aceneHHocTH [12].
[Tpennonoxum, 4T0 UMEIOTCSI TPH IPUHIMIHAIBHBIX KaHa-
J1a peKOMOMHAIINH: N3ITydaTeNbHast; Oe3bI3TydaTelbHast, -
HEWMHO 3aBUCSIIas OT KOHIIGHTPAIIMK HOCHUTEJIEH 3apsi/ioB;
Oxxe-pexoMOnHanus. Toraa asst MOJTHON CKOPOCTH Oe3bI3-
Jy4aTeIbHOW PEKOMOMHAIIMN HCIIONb3yEM BhIpaKeHNUE:

n

K= V(— + Cn3) , 2)
IVH"

rae C — > dexTuBHbI K03 dunnenT Oxe-pekoMOmHA-

LUNU; T,, — BPEeMs 0€3bI3TydaTelIbHON PEKOMOMHAIINH

loxknu—Puna.

T
100 £ 196 °C, P = 4,19 MBr —Cl 3

10

0,1 ¢

0,01 b,

0,001 |

MHTEeHCUBHOCTH q)OTOJ'IIOMI/IHECL[eHIII/II/I, ycCII. en.

800 1000
JlmmHa BOTTHBI, HM

[Tpumem, uTO peKOMOMHAIINSI BHE aKTUBHON 00IacTH
NPEeHeOPeKNMO MaJia, TOT/a ISl TOJTHOTO PEeKOMOMHAIN-
OHHOTO TOKA 3alHIIEM:

1=e(P+K), 3)

T7Ie e — 3apsij] SICKTPOHA.
Hcrnonb30BaHue JTMHEHHOTO JETEKTOPA MOIHOCTH U
HEU3MEHHOCTh YCJIOBHI HU3MEPEHUI BO BPEMsI SKCIIEPUMEH-
Ta MO3BOJISIET OTHOCHTEIIHHO JIETKO U3MEPUTh (DUKCHPOBAH-
HYIO JIOJII0 M37y4aeMOi HHTeHCUBHOCTH. OCHOBBIBASICH HA

JIAHHOM YTBEPIK/ICHUU, HHTEHCUBHOCTh MTOJIYYUM B BHUJIC:
P

ext = RP’ (4)
rae P,., — BbIXOJHAs UHTETpajbHasi HHTCHCUBHOCTH
(M3MepeHHast MOIIHOCTh); R — K03 GUIHEHT POTIop-
[UOHAJILHOCTH MEX]Iy U3MEPEHHON M M3IydyaeMOW WH-
TEHCUBHOCTSIMHU; P — TOJIHAsI BBIXOAHAS MOIIHOCTH (MH-
TerpajbHasi HHTEHCUBHOCTB).

Wcnone3ys Beipaxenus (1)—(4), moimydum BbIpaskeHNE
Jutst 00paTHON 3((PEKTUBHOCTH CIIOHTAaHHON M3ITydarellb-
HOHN peKOMOWHAIINH:

I e (VNP 1\ 1\”?
=
Pext R R anzB Pexl

2\2( ¢ (%)
+(R_V) (ﬁ)(Pext)l/;

Taknm 00pazoM, U3MEpeHNe 3aBUCUMOCTH BBIXOAHOM
MHTErpaJIbHOW MHTCHCUBHOCTH CIIOHTAHHOTO M3ITy4eHHS
OT ypPOBHSI BO30YK/ICHUS U MTOCIIEAYIOIIAs AIPOKCHMALIHST
M3MEPEHHON 3aBHCHMOCTH KPHUBOH BHAA (5) MO3BOISIOT
HOJIy9HTh HHOPMALIUIO O IpoLieccax Oe3bI3IydaTenbHOMN
pexomOuHauu B rerepoctpykrypax C1-C3. Ha puc. 2
MPEACTaBICHBI 3aBUCUMOCTH 00paTHON 2(PEKTHBHOCTH
CIIOHTAHHOM PEKOMOMHAIMH OT KOPHS U3 BBIXOIHOW HHTE-
rpaJIbHOM HHTEeHCUBHOCTH 7151 TeMneparyp 27 °C u—73 °C.
ATNmpoKcUManus dKCIePUMEHTAIBHBIX JaHHBIX KPUBOH

10

T
~73°C, P=4,19 MBr

——Cl1

0,1}

0,01

0,001

MHTEeHCUBHOCTH q)OTOJ'IIOMI/IHeCL[eHIII/II/I, ycCII. en.

JlmmHA BOTTHBI, HM

Puc. 1. Cnextpsl hotomoMmuHecteHnnu rerepoctpykryp C1-C3, momydyennsie npu temieparypax: —196 °C (a) u =73 °C (b)
Fig. 1. PL spectra of C1-C3 heterostructures measured at temperatures —196 °C (a) and —73 °C (b)
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Puc. 2. 3aBucuMocTb 00paTHOH 2 (HEKTUBHOCTH CIIOHTAHHOI PEKOMOMHALIUK OT KOPHS N3 ONTHYECKON MOIITHOCTH
B TeTePOCTPYKTypax mpu temreparypax: —196 °C (a) u —73 °C (b)

Fig. 2. Inverse of the spontaneous recombination efficiency versus the square root of the optical power for heterostructures
at—196 °C (a) and —73 °C (b)

Buga 4 + B/x + Cx 03BOJISIET BBIYUCIUTE KO DUIIHESHTHI
npu (P, )2 u (P,,) V2.

OTMeTHM, 4TO TIpe/uIaraeMasi aHaJIMTHIecKast MOJEIb
TI0/IPa3yMeBacT, YTO BCE MPOLECCHl PEKOMOMHAINH TIPOTe-
KaroT B akTuBHOH obmactu (KT), mosToMy BO3MOKHO TIpH-
MEHHTH €€ TONBKO it Temneparyp —196 °C u —73 °C uz-3a
JIOBOJIBHO BBICOKOM MHTEHCHBHOCTH ()OTOIFOMHHECIIEH-
un ot Marpunbsl GaAs mpu temneparype 27 °C [13, 14].
OcCHOBBIBasACH Ha pe3ynbprarax (puc. 2), BUJHO, YTO 3aBU-
CHUMOCTb 00paTHOM 3(PEKTUBHOCTH CIIOHTAHHOH PEKOM-
OMHALIMY OT KOPHS U3 ONTHYECKOH MOIIHOCTH P TeMIIe-
parype —73 °C xoporo onucsiBaercst popmyioi (5), B To
BpeMs Kak Juis TeMneparypsl —196 °C HauanbHBIN y4acTOK
3aBHCHMOCTH, KOTOPBIH ONHCHIBAET OE3bI3TydaTeIbHYIO0
pexombunanuto Hlokknmu—Puna (t,,.), orcyrcrByer. s
temreparypsl —196 °C (puc. 2, @) annpoKCUMHUpPYOIIas
KpuBasg uMeeT GpopMy OIM3KYI0 K TIPSIMOH, 9TO TOBOPUT
0 HECYIIECTBEHHOM BKJa/e 0e3bI3yuaTeIbHON PEKOM-
ounanuu [loxknu—Puga mpu 3HAYEHUSKX MOITHOCTH Ha-
kauku ot 0,6 MBT 10 37,5 MBT 17151 Bcex uccaeq0BaHHBIX
reTepoCTPYKTYp. B TO ke Bpemsi CTOUT OTMETHUTb, YTO
npu —73 °C nuana3oHa MOIIHOCTH HAaKauK{ HE XBATaeT,
4T00BI TIponecchl Oke-peKOMOMHAIMK BO300JIaaI HaJ
0e3bI3nyvarensHol pekomouHarmeit [lokkmm—Puna u -
HEHMHbIE y4acTKU 3aBUCUMOCTH (5) craiu Obl SIBHO BbIpa-
>KeHsI [15].

[oTeHnmanbHO KpaTKOBPEMEHHBIH OBICTPBIN TepMuye-
CKHH OTKHT IO3BOJIICT YMEHBIIUTh KOJINYECTBO TOUCUHBIX
JIe(EeKTOB B CTPYKTYpE M TEM CaMbIM YMEHBIIHUTb BKJIAL
6e3p13mydaTenbHON pexomOuHanuu [16]. Bee uccneno-
BaHHbIE TETEPOCTPYKTYPbI ObLIM MOIBEPIHYTHI 1OMOIHHU-
TEIIbHOMY KPaTKOBPEMEHHOMY TEPMHYECKOMY OTIKUTY TIPH
temneparypax 600 u 650 °C B Teuenue 2 muH. [TlocTpoeHbt
3aBHCUMOCTH OTHOCHTEJILHOIO M3MEHEHUS] HHTEHCUBHO-
cTH (OTHOILICHWE MHTEHCUBHOCTEW (DOTOIFOMUHECIICHIINH
nocie (,,) 1 10 (/) OTKura), U caABUra NuKa (hOTOIIOMHU-
HECIIEHIIMHU OT TeMIeparypbl oTxura (puc. 3). Omxur npu

temneparype 600 °C npuBen K KOPOTKOBOJTHOBOMY C/IBUTY
muka gotomomuHecteHmn InGaPAs KT, a takxke 3Ha4n-
TEJIbHOMY YBEIMYEHUIO UHTEHCUBHOCTH JUHUM InGaAsP
KT — B Tpu paza 1yis Bcex reTepocTpyKTyp.

JIJ1s BceX TeTepoCTPyKTyp TOCIIE OT/KUTa HaOII0IaeTCs
YMEHBIICHHUE MONTYIITHPUHBI TUHUN (HOTOTIOMHHECIICH-
U, 9YTO TOBOPUT O (hopMuUpoBaHUU OOJIee OJHOPOIHO-
ro maccuBa KT [16]. Ha puc. 4 npencraBieHbl CIEKTPHI
(ororromMuHecieHIUH CTPYKTYphl C2, MOJy4YeHHBIE MPH
KOMHATHOH TeMIlepaType, a TaKxkKe 10 U MOocie OTXKUra
npu TeMneparypax 600 u 650 °C. 3HaueHne NOTYITUPUHBI
JUHUN (OTONIOMUHECIIEHIIMH TIPU KOMHATHOM TeMIiepa-

10
InGaPAs -
A
—A—C1
—u—C2 ] 4120
—e—C3 ¥
5
5 1502
> <
< 4 <
5
= 440
1 -
:F 1 1 1 1 1 T 1 ] 0
300 400 500 600 700

Temmeparypa otxura, °C

Puc. 3. OTHOCUTENBHOE N3MEHEHHE HHTCHCUBHOCTH
(doronromuneceHnny (KpUBbIie /) U OTHOCHTEIBHBIN CIABUT
JUTAHBI BOJIHBI (AL) MaKCHMyMa M3IYYCHUS IS JINHUN
octpoBkoB InGaPAs (kpussbie 2)

Fig. 3. Relative shifts of the PL peak wavelength (curves 7)

and relative changes in the PL intensity of InGaPAs
islands (curves 2)
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BnvaHue Hn3kmnx Temnepartyp 1 TEPMUYECKOro OTXUIra Ha ONTUYECKME CBOMCTBA KBAHTOBbIX ToYek INGaPAs
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Puc. 4. CiexTpsl (OTONMOMHUHECIIEHIINN CTPYKTYpHI C2,
MOJTydeHHbIE TIPH KOMHATHOU TeMIIeparype, a Takke 10 U Mocie
omxkura npu temneparypax 600 °C u 650 °C

Fig. 4. PL spectra of C2 heterostructure at room temperature
before and after thermal annealing at 600 °C and 650 °C

Type nocne orkura mpu 600 °C ymeHsmmnocs Ha 9 M3B.
VBenuuenue temreparypsl omkura 10 650 °C npuseno K
ncye3HoBeHuto TuHuK u3nydenust InGaPAs/GaAs KT, uro
MOJKET CIYKUTh IPU3HAKOM Pa3I0KECHHsI/PACTBOPECHHUS
Mmarepuana KT. OcHOBEIBasiCh Ha BBIIIIEU3IIOKECHHBIX JIaH-
HBIX, MOXKHO TIPE/ITONIOKNTD, YTO MCIOIB30BAHUE METO/IA
TEPMUYECKOTO OT/KHUIA C ONTHMAILHBIMK TEMIIEPaTyPHBIMU
PEKUMaMHU MTO3BOJIUT YIYyUIINTh CTPYKTYPHOE COBEPILICH-
cTBO HU3KOIIOTHBIX KT 7151 MX mpuMeHEHUs B KauecTBe
MHKpPOM3Iy4aTeIel B TeHepaTopax OJMHOYHBIX (POTOHOB,
3a CUYCT MOBBIIICHUA OJHOPOAHOCTH NJIMHBI BOJIHBI U3J1Yy-
YCHUA.
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3akJ/iouenne

B pabote u3y4eHsl OnTHYECKHE CBOHCTBA TETEPOCTPYK-
Typ KBaHTOBbIX Touek InGaPAs, moayueHHBIX METOAOM
MOJICKYJISIPHO-ITyYKOBOH SMUTAKCHUH TP 3aMELIeHUH oc-
(hopa Ha MBIIIESK B TOHKOM ciioe InGaP ¢ ucronp3oBaaremM
nmommoxek GaAs. [TokazaHo, 9T0O CIEKTPHI (POTOTFOMHHEC-
IEHIIUN BCEX TeTEPOCTPYKTYP AEMOHCTPUPYIOT CXOXKEe
TIOBE/ICHNE TIPH PA3INIHBIX TeMrepaTypax. CormacHo Criek-
TpaM (HOTOIIOMUHECIICHIINY KBAaHTOBbIC TOUkH InGaPAs,
HE3aBHCHMO OT pekuMa GOpPMUPOBAHMSA, N3TY4aloT B U~
ama3oHe JIuH BoJH 950-980 HM mpu Temmeparypax B
nuanazone ot —196 no —27 °C. lnsa temneparypsl —196 °C
anMpPOKCUMUPYIOIasl KpuBasi uMeeT GpopMmy ONHM3KYyI0 K
MPSIMOH, YTO TOBOPUT O HECYIIECTBEHHOM BKJIaJie O€3bI3-
nyudarenbHol pexomOuHanmu lokknu—Puna B tnanazone
MoImHocTy Hakauku 0,6-37,5 MBT 115 Bcex ucciiemoBan-
HbIX retepocTpykryp. [Ipu Temneparype —73 °C nuana-
30Ha MOIIHOCTH HAKAYK{ HE XBaTaeT YTOOBI MPOILECCHI
Oske-peKOMOMHAIIH BO300IaIaH Hal 0e3bI3TyIaTeIbHON
pexomOunHanueit [lokkmn—Puna.

OTMEYeHO, YTO KPAaTKOBPEMEHHBIN OTKHUT TTOMOTAET
YMEHBIINThH KOJINYECTBO TOYCUHBIX Ae(PEKTOB U IPUBOAUT
K 3HAYUTEIHHOMY YBEJIWYCHUIO WHTEHCUBHOCTH JTUHUU
(dhororromunecteHu InGaAsP kBaHTOBBIX TOUEK. OTKUT
npu temneparype 600 °C mpuBesn K KOpOTKOBOJIHOBOMY
capury nika oromromuaecteHnmu InGaPAs KT, a takke
3HAYUTEIBHOMY YBEIMUCHHIO HHTEHCHUBHOCTH (DOTOIIIO-
MUHECUEHUUH JTUHUU KBAHTOBbIX Touek InGaAsP B Tpu
pasa ais BceX TeTepoCTpyKTyp. Mcmoms3oBaHue MeTona
TEPMHYECKOTO OT)KUATA C ONTUMAJIBHBIMHU TEMITEPaTyPHBIMU
PeKUMaMH UMEET MTOTSHIIHAI TPAKTHIECKOTO TIPUMEHEHNS
JUTSA YITYHIICHNs CTPYKTYPHOTO COBEPIICHCTBA U TTOBBIIIIE-
HUSI OJIHOPOTHOCTH (POTOIFOMUHECIIEHIINM HIU3KOTLIOTHBIX
InGaAsP KBaHTOBBIX TOYEK.
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AHHOTANMS

IMpeamet uccaenoBanusi. PaccMotpeH oauH U3 3QPEKTOB, BO3HUKAOIIUX PHU MEUYATH 10 TEXHOJOTUH IKCTPY3HH
MaTepuaja Wid MOCIOWHOTO HAIJIaBICHUs, KOTOPbIH HAa3bIBAETCS HEXKENATeJbHONH NMHAMUKOM IKCTPY3UH. DTOT
a¢dexT mposBseTcs MpU OONBIINX YCKOPEHHAX MEYaTaI0IEeH TOMOBKY M MPUBOAUT K HAIIABICHUIO B yIVIaX AeTalen
1 HEPOBHOCTSIM IEUATHOTO cios. YTOOBI MUHHUMM3HPOBATH 3TOT 3(Q(HEKT, B COBPEMEHHBIX CUCTEMaX yNpPaBICHUS
TIPUMEHSIOTCS AITOPUTMBI KOHTPOIIS AuHaMuku Advance. OHaKO Takue HEAOCTATKU KaK HHEPTHOCT, HEOOXOANMOCTh
SKCIEPHMEHTAIBLHOTO OIIPE/IEICHUSI CTEIEHH KOMIIEHCAINH, a TAKKe HEONPEeIeIICHHOCTh BIMSHUS MaTepuala, FTeOMEeTpHI
COILIa M ITapaMeTPOB Ipoliecca Iedary Ha paboTy alropuT™Ma He ITO03BOJISIOT HCIOIb30BaTh JAHHYIO TPYIITY PEIICHHH B
NPOMBINUICHHBIX MaciuTabax. Metoasl. [IpeicTaBieHo ucciejoBaHie BIUSHUS CICAYIOUINX XapaKTePUCTUK TIeUaTH:
TUIIOB MaTepuaja U 3KCTpyAepa; TeMIepaTypbl MaTepuala; FTeOMETPUH CJIO0s U COIUIA Ha MPOSBICHUE AMHAMUKH
9KCTPY3HH IyTEM MPOBEACHHUS CEPUU IKCIIEPUMEHTOB. TecTbl BbINONHEHbI Ha TpexmepHoM npunTepe Creality Ender 3.
IlomydeHHbIe SKCIIEPUMEHTATbHBIE JAHHBIE MO3BOJSAT PACIIMPHTH TOHUMAHUE BIUSHUS JUHAMHUKH SKCTPY3UH MPU
FDM-neuarn, a Takke Haii1yT IpUMEHEHHUE JJIsI MOITU(PHUKAIIMH CYIIECTBYIOMINX alTOPUTMOB YIIPABICHUS JMHAMUKOH.
Ipencrasnena momu¢ukamnus arropurma Advance Ha OCHOBE MallIMHHOTO o0yuenws. [IpeaoxkeHo BHEIPUTH allTOPUTM,
cozeprkamuil [Be o0ydeHHbIe MO HeHpOHHOM ceTn. OQHA MOJENb IPEICKA3bIBACT N3MEHEHHUSI HAIPABICHUS
JIBIDKEHHMSI [1eYaTAIOIICH TOIOBKHY JUISI MUHUMHU3AINH OCTaTOYHBIX Ae()EKTOB 1 MOBBIIICHHS CPEIHEH CKOPOCTH IIeUarH.
Bropast Mozenbs IporHo3upyeT napamMeTp KOMIICHCALMH JJIsi KOHKPETHBIX YCJIOBHH neyatn 06e3 HeoOX0AnMOCTH
pyuHoii kann6poBky. OcHOBHBIE pe3yabTarhl. [Ipeioxkena HelipoHHast ceTh, MO3BOJISIIONIAS ONPEACIATh MapamMmeTp
KOMIIEHCAIMH B 3aBUCUMOCTH OT TUIIA MaTepHUaJa, TONIINHEI CJ10s, TEOMETPUH COILIA U TeMIepaTypsl euat. O6yyeHne
HEWPOHHOI CEeTH BBIIIOTHEHO Ha OCHOBE SKCIIEPHUMEHTAIBHBIX JAHHBIX. Pa3paboTaHHBII arOpUTM BHEPEH B alTOPUTM
Linear Advance cucremsl ynpasienus Marlin u nporectupoBan Ha ycranoBke Creality Ender 3. DxcnepumeHTHI
MOKa3aJId, YTO pa3paboTaHHAS MOJENb CIIOCOOHA YCIEIIHO MPOTHO3UPOBATh TPEOyeMyI0o BEIMINHY KOMIICHCAIIUN U
MOKeT OBITh IPIMEHEHa BO BpeMs nporecca nedatd. [Ipakrudeckast 3HaunMocTs. [Ipeuioxennas Mmoxudukanms
anroput™ma Advance moMoxeT oOJIETYUTh U aBTOMAaTH3HPOBATh MPOIECC KOMIECHCAIMH JUHAMUKY DKCTPY3UH, YTO
PACIIMPHUT BO3MOXHOCTHU IIPUMEHEHHSI TPEXMEPHBIX IIPUHTEPOB B IIPOMBIIIICHHBIX yCIOBUsX. [1oydeHHBbII alroput™
MOJKET IMMOBBICUTH TOYHOCTb U CKOPOCTH N€YaTH, YTO BIIOCJICIACTBUHU IMOBBICUT JKOHOMUYCCKYIO HE3AaBUCUMOCTDL U
KOHKYPEHTOCIMOCOOHOCTh MaNbIX MPOEKTHBIX OPTaHU3alui U Mpeanpuatuii Poccun, npuMeHsIOMMX TpeXMepHbIe
npuHTephl. [lomydeHnslie pe3yabpTaTsl pabOThl PACIIMPST BO3MOKHOCTH OBICTPOrO MPOTOTUIMPOBAHUS U obecreyar
YCKOPEHHE CO3[aHHs ONBITHBIX TMAPTHH.

KiroueBsbie ciioBa
JIMHAMUKA 9KCTPY3UH, TPEXMEpHas 1evaTh, aJJUTUBHOE TIPOU3BOACTBO, advance, skcTpyzaep, Linear advance, Marlin,
fused deposition modelling, fused filament fabrication
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Abstract

This paper discusses the effect called undesirable extrusion dynamics that occur during material extrusion printing or
fused deposition modeling. This effect is revealed during high acceleration and deceleration of printing head and results
in over-extrusion on corners of parts and printed layer unevenness. To minimize this effect, modern control systems use
Advance algorithms for dynamics control. However, such disadvantages as inertia, reduced printing speed, need for
manual calibration, as well as uncertainty of the influence of material, nozzle geometry, and printing process parameters
on the algorithm performance do not allow this group of solutions to be applied on an industrial scale. The paper presents
a study of the influence of printing characteristics, such as material type, extruder type, printing temperature, layer
and nozzle geometry, on extrusion dynamics through a series of experiments. The experiments were carried out on a
Creality Ender 3 printer. The obtained experimental data will allow us to deepen the understanding of extrusion dynamics
influence in FDM printing; they are also used in the present study to modify existing dynamics control algorithms. The
paper proposes a modification of Advance algorithm based on machine learning. It is proposed to implement an algorithm
containing two trained neural network models. One model predicts changes in printing head motion to minimize residual
defects and increase average print speed. The second model predicts the compensation parameter for specific printing
conditions without the need for manual calibration. A neural network model was trained to determine the compensation
parameter depending on the type of material, layer thickness, nozzle geometry and printing temperature. The model
was trained based on experimental data. The developed algorithm was introduced into Linear Advance algorithm of the
Marlin firmware and tested on Creality Ender 3. The experiments showed that the developed model can successfully
predict the required compensation and can be applied during the printing process. The proposed algorithm helps to
facilitate and automate the process of extrusion dynamics compensation which will expand the possibilities of FDM
printers’ application in industrial conditions. The obtained algorithm can improve the accuracy and printing speed which
will subsequently help to increase the economic independence and competitiveness of small design organizations and
enterprises in Russia that use 3D printers. This research expands the possibilities of rapid prototyping and may help to
ensure the rapid creation of pilot batches.

Keywords
3D printing, additive manufacturing, advance, extrusion dynamics, pressure control, extruder, fused deposition modeling,
fused deposition modelling, fused filament fabrication
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BBenenune

Onna u3 Hambosiee pacpOCTPAHEHHBIX TEXHOJIOTHH
aJINTUBHOTO IIPOU3BOJICTBA — TPEXMEpHas Iedarb 1o
METOAY SKCTPY3UN MaTepHaja MM ITOCIOHHOTO HaIlIaBiIe-
uus (FDM, fused deposition modeling), Takyxe n3BecTHas
KakK M3rotoBieHue crnocodom HarmasineHus Hutel (FFF,
fused filament fabrication). IlepBbIii TepMUH OBLT BBEICH
nzobpeTareseM TEXHOJIOTHH U COYYPEUTENIeM KOMIaHUU
Stratasys Ckorrom Kpammom!. TTocne ucreuenus cpoka
JefcTBUS aTeHTa Ha TexHonoruio B 2009 rony cTopoHHHE
KOMITaHUH TIOJTyYHIIH BOSMOXKHOCTB pa3paldarbiBaTh MPHH-
TEpbl Ha OCHOBE 3TOT0 METO/IA, a Il 00X0/1a FOPHIMIECKUX
orpanuueHuil npumMensierca tTepmuH FFF.

Texnonoruss FDM npearnonaraer ¢popmMupoBaHue Tpex-
MEpHBIX 00BEKTOB ITyTEM IT10CIIEJOBATEIILHOTO HarlIaBIIe-
HUSI CIIOEB Marepuala Mo KOHTypaM 33laHHOH nn(poBoit
Mozenu. B kauecTBe redaTHOro Marepuaa UCIoIb3yIOTCs
TEepMOIUIACTHI B )OpME HENPEPBIBHBIX HUTEH. HuTh moza-

I [Dnextponnsiit pecypc]. Pexum goctyna: https://www.
stratasys.com/en/about-us/history/ (nara oopamierus: 20.05.2022).

eTcsl B 9KCTPYJIEP, YCTPOUCTBO ¢ MEXaHMUYECKUM TIPHBOJIOM,
KOTOPOE HAMPABISIET €€ K HarpeBaTeIbHOMY dieMeHTy. OH
pacIuiaBiIsieT MaTepHa, KOTOPBIH 3aTeM BBIBOANUTCS depe3
COIUIO Ha MOAJTIOKKY HITH MPEABITYIINE CIOH.

Onun u3 >pPeKToB, MPUBOAIIIMX K Ae(eKTaM reyaru,
— HeXXeJaTesbHas TUHAMMKA SKCTPY3HHM, BBI3BAHHAS 3a-
na3/bIBaHUEM N3MEHEHHS IaBICHUS MaTepuaa B COIUIE 110
CPaBHEHUIO C I3MEHEHUEM CKOPOCTH NeYaTaIOIEH TOJIOBKH
akcrpynepa [1]. Dddexr nposBisiercs mpu pe3KoM pasroHe
U TOPMOYKEHUU MeUaTaroliel roIoBKU U MPOJEMOHCTPUPO-
BaH Ha puc. 1. [Ipn pe3kom pasrone (yyacTok 2) qaBicHHUE
B COIUIEC HE YCIICBACT YBEIMUYUTHLCS TaK K€ OBICTPO, KaK
CKOpPOCTh NepeMerieHns pabodero oprana, 1 Ha cioe 00-
pazyeTcs yTsKHHA, KOTOPasi TOCTETICHHO YCTPAHSIETCS PU
HOBOM YCTOSIBIIIEHCS CKOPOCTH (YIaCTOK 3). AHAIIOTHIHBIM
00pa3oM MpH TOPMOKEHHH JIaBIICHHE €Ille KaKOe-TO Bpe-
Ms OCTAeTCsl BEICOKMM M 00pa3yeTcsl HAIUIBIB MaTepHaa
(yuactku 4-5). Yarie Bcero Ha nedaru JaHHbBIH dPPeKxT
MPOSIBIISICTCS B BUJIC HAIUIBIBOB B YIJIaX, I/ie OOBIYHO Tpe-
OyeTcst TOpMOXKEHHE, a TAaK)Ke B BHJIE HEJI0IKCTPY3HH TIPH
nepexozie OT MeyaTy BHEIIHUX CTEHOK K 3allOJHEHUIO, I8
MPOUCXOJUT CTPEMUTENbHBINA pa3roH. [Tockonbky onu-
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K.B. 3umeHko, M.A. AdaHacbes, M.B. KonecHukoB
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Puc. 1. TunnuHast kapTHHA Ne(QEKTOB CIIOS TPU YCKOPEHHN/
TOPMOKCHUU

Fig. 1. Typical pattern of layer defects during acceleration/
deceleration

CaHHBIE ePEKTHl CYIIECTBEHHO BIUIIOT Ha MOJTydaeMbIe
JIOTTYCKH 1 Ka9eCTBO MMOBEPXHOCTH, MMOTyUEHHBIC IETAIN
4acTo TPeOYIOT MOCTOOPAOOTKY ISl yIalleHUs JTUIITHETO
Mmarepuana. 1 eciau HamIbIBBI MOTYT OBITH YCTPAHEHBI J10-
MOTHUTETHHON 00pa0OTKOM, TO HEJOIKCTPY3HsI OTHOCUTCS
K KaTeropuu HeMCIpaBUMOro Opaka.

YroObl MUHUMHM3UPOBATH JaHHBIC 1e()EKThI, HE0OXO0-
JIMBI aJITOPUTMBI YIIPaBICHUS SKCTPY3HEH, CIIOCOOHBIC
peryaupoBarh TEMIIbl SKCTPY3HH, B COOTBETCTBHH C U3-
MEHSIOIICHCS CKOPOCTRIO TIEYATAOMICH TONIOBKU, U 3TUM
TTO/ICP’KUBATh TIPABHUIIBHYIO TCOMETPHIO CIIOS.

ITocTanoBka 3agaun

B nacrosiiee Bpems CylIecTByeT IpyIma alropuTMOB
(nmenyemsbix Advance), KOTOpbIE UCIIOIB3YIOTCSI B CHCTE-
Max YHCJIOBOTO IporpaMMHoro yipaeienus (UITY) mis mu-
HUMU3AIMA HETATUBHOTO BIMSHUS JHHAMUKH SKCTPY3HU.
B anroputmax Advance mepen TOpMOKEHHEM TIPOU3BO-
JUTCS TOTIOTHUTENBHBIA PETPAKT (BTATHBAHNE MaTepHalia
00paTHO B COIIIO), a TIepel YCKOPCHUEM — JOTIONHUTEIh-
HBI BBIBOJ MaTepHaia, 9TO CTAOMIN3UPYET JaBICHHC B
COIUIE MTPY U3MEHEHUH CKOPOCTH. PacyeT TOMONHUTENbHBIX
PETPaKTOB U BBIBOJOB MaTepHasia BHIMOIHEH C MTOMOIILIO
KOPPEKILIUH MTepeMEeHHONH 00BEMHOTO pacxo/a IacTHKa,
IIPUMEHSIEMON B CUCTEMaX YIPAaBICHUS [1€4aTblO, CIIELU-
aJIbHBIM [IapaMeTPOM KoMIeHcauu K 4.

JlaHHBIC AJITOPUTMBI HIMCIOT PSIJT CEPBE3HBIX HETOCTAT-
KOB, HE MTO3BOJISIFOIIIX HUCIIONH30BATh UX B IPOMBIILICHHBIX
Macmtabax. Bo-niepBhIX, TpeOyemMoe 3HaYeHUE apameTpa
KOMITCHCAITNH MOYKHO HAHTH TOIBKO AKCIIEPUMCEHTATBHHO,
a TIOCKOJIBKY TTapaMeTp 3aBHCUT OT OOJIBIIOTO KOJUIECTBA
mapaMeTpoB MeYaTH, ero HeoOXOAMMO HaXOIUTh BPYyU-
HYIO JUIS KaKJI0TO KOHKPETHOTO CiIydas, 9TO 3aHUMaeT
MHOTO BpeMEeHHU. B 11es10M oTCyTCTBUE MCCIEI0BAHUN B
9TON 00JACTH MPUBOAUT K HEONPEAEICHHOCTH TOTO, KaK
Ha JWHAMHUKY DKCTPY3UH BIIHUAIOT pa3JHYHBIE Xapak-
TEPUCTHUKH Ipoliecca (BBICOTA CJI0s, MaTepua, TeMIepa-
Typa u reomeTpusi coruia) [1]. Bo-Bropsix, 3¢ dhekTHBHOCTH
QJITOPUTMa CYIIECTBEHHO CHI)KACTCS M3-3a 3a/ICPIKKH, KO-
TOpasi BO3HUKAET MEXK]y IIEPBBIM IOSIBJICHUEM Je(eKTa
¥ eT0 KOMIICHCAINCH, IPUBOASIICH K OCTaTOUYHBIM Je(hek-
TaM U, KaK CIICICTBUE, K CHIDKCHHUIO CPEIHEH CKOPOCTH
TIeYaTH.

Hacrosiast pabora HanpasiieHa Ha UCCIIEIOBAaHNE BIIU-
SIHUSL XapaKTEePUCTHK I1€YaTH, TAKUX KaK THII MaTepuaa,
TeMIieparypa, napamMmeTpsbl CJI0sl U COIUIA, Ha JUHAMUKY JKC-
TPY3HH, a TAKXKE Ha MOIU(UKAIHIo anroputMoB Advance,
KOTOpast II03BOJIUT YCTPAHHUTH CYILIECTBYIOIINE HEOCTATKI
1 yIy4IIUTh KauecTBO U ckopocTh FDM-neuaru.

[pennoxxena momudukarms anroputMa Linear advance,
npumMensiemoro B cucteme ¢ YIIY Marlin, Ha ocHOBe Ma-
IIUHHOTO 00yueHus!. BHeapeHbl aBe Mojean 00y4eHHOM
HelipoHHOU cetu. IlepBas Mozenp NpeacKa3blBaeT U3Me-
HCHUSA HAITPaBJICHUS JBHUKCHUA Heana}omeﬁ T'OJIOBKH, KO-
TOpBIE ITPUBOAAT K U3MEHEHUIO CKOPOCTH, JJIsl YCKOPEHUS
npolecca KOMIEHCAIMH. DTO TI03BOJIUT YMEHBIIHUTh Hera-
TUBHOE BJIMSIHUE MHEPIIMOHHOCTH aJITOPUTMA U YBEIHIHUTD
CPEJTHIOI0 CKOPOCTh Iledatu. Bropast Mozens mporuo3upyer
3HAYCHUE TTapaMeTpa KOMIICHCAIUH TPH KOHKPETHBIX yC-
JIOBUSIX I1€YaTH, YTO ITO3BOJISIET N30€KaTh HEOOXOAMMOCTH
MIPOBEACHUS IKCIICPUMEHTOB.

PesynbpraToM BHEIPEHUS MOJENN CIYXKHUT ONTHMN3a-
IIUsI QITOPUTMOB, HCIIOJIB3YyEMbIX B CHCTEMAX yIPABICHUS
FDM-neuarsio.

Pabora npoBesieHa B paMKax Hay4HO-HCCIIET0BATEIb-
CKOTO mpoeKTa «MeTo/ibl HICKYCCTBEHHOT'O MHTEJICKTa
JuIs Kubeppu3nueckux cucrem». TpeXMepHBIid pUHTEp
SIBISIETCSL OJTHUM M3 SIPKUX NPUMEPOB KHOSPPU3NUECKOI
CHCTEMBI, BKJIIOYAIOIIEH B ce0sl MHTEIUIEKTyaIbHbIE U (PU-
3WYECKHE COCTaBIISIOIINE.

Llens paboThl — BHEPEHNE HHTEIUICKTYJIBHOM cHCTe-
MBI, HAIIPaBJICHHOH Ha yaydIIeHne (PU3MIECKOro mpolecca
TeyaTH.

BrinonHen aHanu3 cyiecTByOMMX UCCIEI0OBaHUN A1-
HaMHUKHU 5KCTPY3HH, a TAK)KE aJTOPUTMOB €€ KOHTPOJIS.
OmnucaHbl TEOPETHUECKUE OCHOBBI AJITOPUTMA U PACKPBITHI
€ro HEA0CTAaTKH. HpI/IBe}leHBI PE3YIBTATHI UCCIICAOBAHUA
BIIMAHUA XapaKTCPUCTUK N€YATH HA JUHAMUKY SKCTPY3UH,
a Tarxke 000CHOBaHUE BBIOOPA UCCIIEAYEMbIX ITapaMETPOB,
TUIaHa YKCIIEPUMEHTOB, TPUMEHIEMOTO 000PYIOBaHHS U
nporpamMMHoro obecrieuenusi. [IpuBeneno odocHoBaHue
npeuIokeHHoM MoauduKkanun anroputMa Linear advance,
a TaKKe aHaJIM3a IMOJTYYECHHOTO aIrOpUTMa Ha OCHOBE HEl-
POHHOH CETH.

O030p mpegMeTHOI 001acTH

O0nacTh aTATHBHOTO MPOM3BOJICTBA ¥, B YACTHOCTH
FDM-nieuaru, B HacTosiiee BpeMs JUHAMUYHO Pa3BUBa-
ercst. CooOIIeCTBO SHTY3MACTOB aKTHBHO BHENIPSICT HOBBIC
METOIUKH, PEXK]IC YeM OHH OYIyT MCCIICIOBAHBI U Harle-
YaTaHbl B HAYYHBIX paboTax.

OmHa U3 TaKUX HOBBIX, ITUPOKO MCIOIB3YEMBIX, HO
eIl He OIMMCAHHBIX, TEXHOJOTHH — TPYIIa aJrOPUTMOB
Advance a1 KOMIEHCAITNH Ie(EKTOB, BEI3BAHHBIX HEXKE-
JIaTeIbHOM JMHAMUKOMN SKCTPY3UH, BOSHUKAIOLIEH P pas-
TOHE/TOPMOXKCHHUH TI€YATAIOIICH TOJIOBKU. B CBs3M ¢ TeMm,
910 paboTa HaJl ITUMH aJITOPUTMAMHK BEACTCS B OCHOBHOM
OTKPBITBIMH COOOIIIECTBAMH, OOJIBITUHCTBO HCTOYHHKOB,

I [Dnektponnslii pecypc]. Pexum nocrymna: http://marlinfw.
org//docs/features/lin_advance.html (gara obpamenus:
05.05.2022).
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KOHTPOJIb AMHaMUKW SKCTPY3UM MPY TPEXMEPHOM NnevyaTn nagenum

HCIIONIb30BAHHBIX B JJAHHOM pasjiene, He OTHOCSTCS K Ha-
YUHBIM paboTaM.

JlaHHBIIT METOJI KOHTPOJISI OJTyYeH OTHOCUTEIBHO He-
naBHO. [1epBblif aITOPUTM € OTKPBITHIM HCXOTHBIM KOJIOM,
MIPUMEHEHHBIN U1 MUHUMHU3AIMN OITUCAHHBIX J1e(eKToB,
pazpabdoran Matrtom Pobeprcom (Matt Roberts) 8 2019 romy
u noyumt Ha3Banue Advance!. TTozke oH ObLI peanu3o-
BaH B cucTeMe ympasieHus Marlin. ATropuTM OCHOBaH
Ha YTBEPXKACHHUH, YTO IVIaBHAS MPUUNHA HEPOBHOCTEH
CJ10 — CKaTHe HUTU BHYTPU DKCTPYAEPA, a TAK)KE Iaje-
HUE JIABJICHUSI B COILIC M3-32 CHJI, BHI3BAHHBIX YCKOPEHHUEM
Matepuana. Onnako nosxe bepuapa Kyouuek (Bernard
Kubiceck) yka3zan, 4to Ha otepro JaBieHus B COILIE B 00JIb-
LIeH CTeNeHH! BIUSIIOT CHIIbI TPEHHUSI, @ HE CHJIBL, BBI3BAaHHBIE
yckopeHneM. Ha ocHoBe mociennei unen pa3padoTauKu
TIpeJICTaBUIN HOBYIO Bepcuio ainroputma JKN-advance
1151 TiporpamMmmHoro obecrieuenus Sailfish?. Ha Gase Tex e
¢dusmueckux npuHIUnoB CedactrsH [Torm (Sabastian Popp)
paspadoTan aIropuTM IS TPOTPaMMHOTO 00eCTIeUeHHUS
Marlin. On Ha3siBaeTcs Linear advance u B Hacrosmiee
BpeMsI ABJIsieTCA HanboJee 9acTo NCIONb3yeMOil BepCHEn.

PackpeiTie Bonpoca, CBSI3aHHOIO ¢ AMHAMUKOHN 3KC-
TPY3UH B aAAUTUBHOM IIPOU3BOACTBE, B HACTOAIIEC BPEMA
CTAJIKMBAETCS C HEXBATKOW Hay4YHBIX pabOT, CBSI3aHHBIX C
FDM-neuarsto. B pabote [2] npuMeHeHO 000pyI0BaHHE
Stratasys a7t pa3pabOTKH CTpaTeruu yIpaBJIeHUs TOTOKOM
Marepuaia. OTMETHM, YTO JIlaHHAsl paboTa 3aKio4yaach
B pa3pabOTKe ICKTPOHHON CXEMBI M OCHOBBIBAJach Ha
TIPEITOI0KEHUH, YTO TEIUIONEepe/ada, a TakKe XapaKTe-
PHUCTHUKH, Ha KOTOPBIE BIUSAIOT CKOPOCTh U TEMIIEpaTy-
pa — OCHOBHAas MPUYMHA TUHAMUKN SKCTpy3uH. Pabora
[1] comepkuT MaTreMaTHYEeCKHE MPUHIIUIIBI aJITOPUTMA
Advance u uccienyeTt 3aBHCUMOCTb MEXKAY TOIIHHON
CJIOS1 ¥ IPOU3BOIMTENILHOCTBIO AJITOPUTMA.

B Poccum takke umeroTcs paboThl, ONMKMCHIBAIOIINE
po0JIeMbl HEPABHOMEPHOCTH 3KCTPY3UH, OJHAKO B HUX
npuuuHOi d(dekra paccmarpuBaroTcs KojaeOaHUs TeM-
neparypsl. Hanpumep, B [3] npuBenena fuHaMuydeckas
cUCTeMa KOHTPOJISI TeMIIepaTypbl AKCTPyAepa, KoTopas
TI03BOJISICT CHU3UTD KOJIEOAHMST TOJIIIUHBI CIIOSI TP MeYaTy.
OnHako 3(GeKThI HETOIKCTPY3UH U IEPEIKCTPY3HH C TOU-
KM 3pCHUS] N3MCHEHHUSI JAaBJICHUS B COIIIC ITPU M3MEHEHUH
CKOPOCTH TeYaTH HE pacCMaTpHUBAIOTCA. TakKe MMEI0TCS
MaTrepHuabl OT MPAKTUKOB-3HTY3HAaCTOB, KOTOPBIE PACIIpoO-
CTPAHSIOTCS Yepe3 COO0IIEeCTBa B COLMATIBHBIX CETAX U
(dopymax3, HO OHU CBOIATCS K ONMMCaHUIO d(PeKra u Ha-
crpoiiku anropurMa Advance?.

Ha ceropnsimiHuii 1eHb HET UCCIIEAO0BAHUN WU pa3-
paboTOK B 00JNACTH YIPABICHUS TUHAMUKON 3KCTPY3HH,
HarpaBJIeHHbIX Ha MOBBIIICHUE YPPEKTUBHOCTH aJITOPHT-

! [Dnexrponnsiii pecypc]. Pexum mocryna: https://reprap.
org/wiki/Mattroberts’ Firmware (nara obpamenust: 15.05.2022).

2 [Dnextponnbiii pecype]. Pexum mocryna: https://web.
archive.org/web/20210120142459/http://makerbot.wikidot.com/
jetty-firmware (mara obpamenus: 28.04.2022).

3 [Dnexrponusiii pecype]. Pexxnm nocryma: https://3dtoday.ru/
blogs/nayuch/get-rid-of-the-sag-on-the-corners-or-linear-advance
(mara obpamenus: 01.06.2022).

4 [DrnekTponHbIi pecypc]. Pexxnm nocrymna: https://3dgram.ru/
nastrojka-linear-advance/?utm_referrer=https%3A%2F%2Fwww.
google.com%2F (nara obpauenus: 01.06.2022).

MoB Advance. Kpome Toro, HeomnpeeieHHOCTh BIMSTHUS
Ha AMHAMHKY Pa3JIMYHBIX MapaMeTpoB Ipolecca MevyaTH
MPUBOJUT K HEBO3MOXKHOCTH Pa3pabOTKHM CHCTEMBI aHa-
JUTHUYECKOTO pacyueTa CTENEeHH TPeOyeMOi KOMIIeHCAIHH.
B pabote [1] ynmomuHaeTcss HEOOXOAMMOCTD TTOTYYCHUS
ABTOMATH3MPOBAHHOTO criocoda pacdera napamerpa K 4,
a TaKKe BAKHOCTD JAJIbHEHINETO MCCIIEIOBAHNS BIUSHUS
mapaMeTpoB Iporecca (Marepuana, TEMIepaTypsbl, FeoMe-
TPHU CIIOS ¥ COIIJIA) HA MPOSBIECHHE e(EKTOB U BIUSIHUS
JUHAMUKH KCTPY3UH HAa TEOMETPUIO U3ICTIHSL.

AJITOPUTM KOHTPOJISI ITMHAMUKHU IKCTPY3HH.
Hpunuun padoThl M HEAOCTATKH

PaccmoTprM prHITUTT pabOTHI METOAA KOHTPOJIS THHA-
MUKH KCTPY3HUH Ha IIpUMepe HanOoIiee pacpoCcTpaHeHHO-
ro anroputMa Linear advance.

JlanHbIe nedopMaliy MMeYaTHOTO CJIOSI MOT'YT BBI3BI-
BaThCS CICNYIOMIUMH SBICHUAMHU: MEPENaoM aBICHUS
B PACIIJIABICHHOM IUJIACTHKE BHYTPHU COIIJIA, BHI3BAHHBIH
YCKOPEHHEM MaTepHaa; OTKJIOHEHHEM IOJO0KEHHUS KO-
Jieca, HalpaBIIAOLEro MaTepuai, OTHOCUTENIBHO COIIa;
JnedopManyeil HUTH MEXIY HaIpaBIIOIIIMU U COTIIOM;
OTKJIOHEHUEM TpyOku boyneHa, HampaBisOMEed HUTH;
3aBHCSIIEH OT HAarpy3Kku (ha30BOH 3aIepKKH B MIATOBOM
JBUTaTEINe dKCTpyaepa [2].

B pabore [1] mano moapoOHOE omrcaHne MaTeMaTHye-
CKHX OCHOB aJTOPUTMA, JJIS TIOJIYYCHUS TPEACTABICHIS
0 MPHUHLHUNAX ero PadOoTHl JaJIUM KPaTKOE OMHCAHHE €TO
(hU3MUECKOTO CMBICIIA U MATEMATHUECKYIO (hOPMYITHPOBKY.

[Ipenmonokum, 4TO CUCTEMA IKCTPYAEP-HUTh-COIIIO
KBa3MCTaTUYECKasl, TO3TOMY CHJIbI, BO3HHKAIOIIUE MEXITY
HaIpaBJISIOIIEeH TPYOKOIH M HUTBIO, PaBHBI CHJIaM, BBI3BaH-
HBIM IIepenajioM JaBleHus B comie. Bkian cuisl TpeHus,
BO3HUKAIOIIEH MEX]y HAIpaBIISIOUUMU U COILIOM, HE
YYUTHIBACTCS, TAK KaK MEXKITy HUTHIO TUIACTUKA U CTCHKAMU
HAIPABJISFONICH TPYOKH OOBIYHO UMEETCSI HaMeTPaTbHBII
3a30p A0 0,25 MM, IpY 3TOM MOCIEIHS, KaK IPaBUII0, UMe-
€T MTOKPBITHE ¢ HU3KUM K03 duitmenTom Tperns. B cuibl,
BO3HUKAIOIIHE B COILIC, BHOCST BKJIAJ CHIIBI TPeHUs F,u
yCKOpeHue Matepuana I,

[Toka)kem, 4TO CHJIBI, BEI3BAaHHBIE YCKOPEHUEM, SBIIAIOT-
cst npeobnazatommmu. Cuity TpeHus F; IOy nM, HCTIONb-
3ys1 ypaBHeHue XareHa—Ilya3eiins, eciu NpuHATh TeUeHUE
Marepuaia B COIUIE JAMUHAPHBIM!

Ef: APonut = TCS“Lvout’

TIe APf— MajJicHUE JTaBJICHUS B COIIJIC, BEI3BAHHOE CHIION
TpeHust; A ,,, — NONEPEYHOE CEYEHUE COILIA; |L — BI3KOCTb
Marepuana; L — JjiMHa BBIXOJHOIO OTBEPCTUS COILIA;
Vo — BBIXOJHASI CKOPOCTB DKCTPY3HUH.

Cuutel, BEI3BaHHBIE YCKOPEHHEM MaTepuaina F,, Hailiem
110 3akoHy bepnysnu:

out

4
out

pv3ut 1- d4
. _ mn
F, a— AP, aAin - ] >
rae AP, — najieHne AaBlICHUs B COILIE; A;, — MONepedHoe

CEYeHUe HUTH; p — IUIOTHOCTh Marepuana; d,,, — Aua-
METp OTBEPCTHUSI COILIA; d;, — JUAMETpP HUTH IUIACTHKA.
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K.B. 3umeHko, M.A. AdaHacbes, M.B. KonecHukoB

B panHell Bepcuu aJroputMa Mpe/osiarajoch, 4To
repenaj JaBjICHUs 10 3aKOHY bepHysun sBisieTcs T0MuU-
HupyrouwM. O HaKo OBLIO ITOKa3aHO, YTO CHJIBI TPCHUS Ha
YeTHIPE MOPSIKA BBIIIE, YeM CHIIBI YCKOpeHus. s Hino-
CTpAIlM{ JAHHOTO YTBEPIKICHHS PACCUUTACM 3HAYCHHS CHII
YCKOPEHHS ¥ TPSHUS IS ABYX TUTACTHKOB, ITUPOKO HUCTIONb-
3yembix B FDM-meqatn: momunakruna (PLA), nveromiero
wiotHocTh 1250 kr/m3 u Baskocts 200—-1000 ITa-c npu
190-220 °C, u ABS-mnactuka ¢ miotHoctso 1080 kr/m3
u BsazkocThio 20004000 ITa-c mpu 220-240 °C. {ns PLA
BKJIaJ cui yckoperust F, = 1,50-10-5 H, a Bkuajg cui
TpEeHUS F = 0,3—-1,5 H. Jliis ABS 3Ha4ueHuUs: cCOCTaBIISIFOT
1,29:10~5 H u 3—-6 H cOOTBETCTBEHHO.

B pesynbrare monydum, 4To 3aBHCUMOCTD MEXKIY CKO-
POCTBIO M CHJIAaMHU, JICHCTBYIOIIMMH Ha COILIO, CYATACTCS
JTUHENHHOH [1]. 3aBUCUMOCTB MEXY CKOPOCTBIO U CKATUEM
HUTH CBSI3aHA C TIOCTOSTHHOM K Wit (pakTOpOM 3ama3/ibiBa-
HUS COOTHOIIICHUEM:

QOMt
2
Ain
rae Q,,, — BBIXOIHOU 00beMHBLI pacxon Marepuaina; A/ —
BEJTMYUHA CXKATHSI HUTH.

CooTHolIeHre MeX/ly CKOPOCTbIO pabodero oprana u
SKCTPY3HH ONPEJEIAETCS MPOrpaMMOi AeTIEHHs TPEXMep-
HOW MOJIEIM Ha CJIOM (Ci1alicepoM) Ha OCHOBE TeOMETPUH
HUTH, 9b€ TOIEPEIHOE CEUCHUE MPEINONAraeTcst Ipsmo-
YTOTBHBIM C TTONYKPYTIBIMU KOHIIaMH [4]. Yike mMeroTcs
PabOTHI IT0 MEUKPOT€OMETPHHA H3ICTHH, TOTydeHHBIX FDM-
TIeYaThio, IJ€ ONPEENACTCs CBsI3b ITapaMeTPOB Iporecca
U IIEPOXOBATOCTH MOBEPXHOCTH, HAIPUMEP MOECINb 3JI-
JIMTITUYECKUX TOMEPEYHBIX CeYeHUH [5], OCHOBaHHBIE Ha
SKCIEPUMEHTAIBHBIX HAOMIOICHUSIX.

Jlis yckopeHust 1 TopMokeHus: ypaBHeHue (1) Moxet
OBITH BBIPQKEHO KaK:

d Al Kd Qout Qin - Qout KQout
dt dt 4;,,° A Ay’
QOL{I + Q()llt (2)
in >
Ain Ain

Al=K (1)

TJIE V;, — BXOIHAs CKOPOCTb IKCTPY3uH; (), — BXOIHOM
0o0beMHBIN pacxon Matepuana; Q,,, — MPOU3BOTHAS MO
BPEMEHH BBIXOHOTO OOBEMHOTO pacxoja MaTepuania;  —
BpeMst; Al — NMPOU3BOHAS CIKATHSI HUTH IO BpEMEHHU.

C npyroit ctopoHsbl, B anroputme Advance BxoaHast
CKOPOCTb V;,, KOPPEKTUPYETCS KaK:

_ - 0 0
Vin = KAvin + Vin (3)

r1e Vo, — TpeGyemas CKOPOCTh SKCTPY3HH (3a1aeTCs B KOJIE

yIpaBIsIOLIel IporpamMmel); K, — napaMeTp KOMIIeHca-

TIUH; \'zl% — MpON3BOIHAS TPEOYeMO CKOPOCTH SKCTPY3UH O

BpeMeHH. BennanHa omnpeiensercs sKCIepuMeHTansHo [ 1].
B pesynbrare u3 ypaBHerni (2) u (3) momydnm:

Qou _ Qo Lour

0
v + K -
Ain in A

- 4
Ain Ain ( )

[Ipu ycnosuu K = K, Belpaxxenue (4) npumer Bui
OoudAin = ng’ 41O TpebyeTcs 1Jisl KOPPEKTHOM TOJIIMHEI
cnos. Tak kaKk Ha nepenaj JaBJIeHUs BIMAET MHOKECTBO

(hakropoB, FDM-mipuHTEp HEOOXOIUMO HACTPAUBATh MH-
JUBUAYAIBHO Ui Ka)KJOTO THUIIA MAllMHBI, MaTepuaia u
napameTpoB redard, 4To0sl anroput™ Advance padoran
KOppeKTHO [1].

HecmoTpst Ha TO, YTO NAaHHBIM aNrOpUTM CHOCOOEH
3 exTHBHO CcTaOUIN3NPOBATH NaBICHHUE, OH UMEET Ce-
PBE3HBIE HEJOCTATKH, KOTOPBIE MOXHO PA3ACINTh Ha JIBE
TPYIIIBL.

I[TepBas rpymnma cBsi3aHa ¢ yHIPaBISIFOLIMM I1apaMeTPOM
komrieHcanuu K. TTockonbKy €ro 3HaueHHE 3aBUCUT OT
6O0MBIIOr0 KOJMYECTBA XapaKTEPUCTHK COILIA, MaTepraia
U CJIOSI, U MOXET OBITh HAWJECHO TOJIBKO AIMIIUPHUYECKH, TO
py JIF000M M3MEHEHUH YCIIOBHH TI€4aTH ero He0OXOMMO
OITpeJIeIIsITh 3aHOBO, YTO TPeOyeT OOJIBILIKX 3aTpar BPEMEHH
u MartepuainoB. Taxke U3-3a OTCYTCTBUSL UCCIIENOBAaHUN B
9TOH 00JacTH COXPAHIETCsl HEONPEICIICHHOCTh TOTO, KaKk
BIIMSIOT XapaKTePUCTHKH Ipolecca, TaKue KakK BhICOTA
CJI0S1, MaTepuall ¥ TEOMETPHS COTIIA HA TPOSIBIICHNE [THHA-
MUKH SKCTPY3UH U Ha paboty anroputma [1].

Bropas rpynma oTHOCHTCS K TIpoOIeMe HHEPIIMOHHO-
ctu anroputMa. [Ipu kanubpoBKe CKOPOCTH IKCTPY3HUH
UMEeT MECTO 3ajiepyKKa MEKIy HauyajaoM HpOSIBICHUS Jie-
(exTa u ero KoMreHcalyen, YTo IPUBOUT K OCTATOYHOM
HEPaBHOMEPHOCTH TIOJIy4YE€HHOTO cJIosi. YTOObI ONTYyYnTh
ciIoi 6e3 0cTaToOYHBIX 1e(EKTOB, KOMIICHCAIIUIO HEOO-
XOIMMO MHMIIMUPOBATh PaHbIIE, 32 HECKOJIbKO IIaroB 10
U3MEHEHHUsI CKOPOCTH Mevararomieil rooBku. OqHaKo ams
9TOTO MOTPEOYIOTCSI U3MEHEHUSI B aJITOPUTME, KOTOPBIE OBl
TIO3BOJIVIIN TIPOTHO3MPOBATH M3MEHEHHE JIABJICHHS B COTIIIC
BO BpeMs revaru. DTa mpobiemMa TakKe OTPULATEIBHO
CKa3bIBACTCS HA MPOM3BOJUTEILHOCTH: YTOOBI yMEHBIINTD
MPOSIBIIEHUE NHEPLUUOHHOCTH, CHIKAETCSI CPEIHSS CKO-
POCTb Ieuarty, a 3Ha4MT, pacTeT BpeMs nedaru. Emie onqHo
CIIEZICTBHE MHEPIIMOHHOCTH CBA3aHO C PEKUMaMHU ITEUaTH.
B FDM-nieuatu ecTh J1Ba pexuMa — redarbh 000J0YKH U
3aI0JIHEHNS, M aJropuTMbl Advance 0ObIYHO IPUMEHSIOTCS
TOJIBKO K 000JI0YKE, YTOOBI CBECTH K MUHHUMYMY yBEJIHYe-
HUe BpeMeHHU nedatu. OpHako cTabuinzanus AaBiIeHHs
IpU Ne4YaTH 3aloIHEHHs TaKXKe BajKHA AJI yIydlIeHUs
KaueCcTBa MOJy4aeMbIX JeTalel.

Taknum 00pazoM, y IPUMEHSEMBIX JUIsl CTAOMIM3ALUH
JTaBJICHMS anropuTMOB Advance nMeeTcs psiji HeIOCTATKOB,
KOTOpBIE MPHUBOAAT K CHIKEHHUIO CKOPOCTH M KadecTBa
nedatu. Hacrosmas paboTa HampaBieHa Ha HX MOJH(HKa-
LU0 C LIENBIO UCIPABIICHUS IJaHHBIX HEIOCTATKOB.

HccaenoBanue BIUSIHUS MApaMeTPOB Me4YaTH
Ha IMHAMHKY dKCTPY3HH

[TpoBenem cepHrio SKCIEPHUMEHTOB, € LENBI0 UCCIEO0-
BaHMS 3aBUCHMOCTH JUHAMUKHU SKCTPY3UH OT TapaMeTPOB
Marepuana u npomecca rnedati. OnuieM Xoz 1 pe3ysbTaThl
IKCTIEPHUMEHTOB.

MeTonuka npoBeeHus! IKcepuMeHToB. Onpenenium
rapaMeTpsl MeyaTh, KOTOpbIe MOTYT BIMATh HA TUHAMUKY
9KCTpy3uu. PaccmMoTpuM: BUA MaTepuaia; TeMIeparypy
neyary, 7; TeMieparypy croia, 1,; tuamerp comna (pusu-
ueckuit), D,;; inamerp comuia (napamerpst), Dg; Tonmuny
cios, h.

Bribepem Tpu Hanbomee mupoxo nmpuMeHsembie B FDM-
neyatu Mareprana: ABS (akpumoHUTpUIOy TaAneHCTHPOIN),
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KOHTPOJIb AMHaMUKW SKCTPY3UM MPY TPEXMEPHOM NnevyaTn nagenum

PLA (mommnaktun) u PETG (nonustunenrepedranar-rim-
KOJIb). ABS-TIIaCTHK HE MOJBEPKEH OBICTPOMY pasioKe-
HUIO, KaK 3T0 npoucxoaut ¢ PLA, BeiepskuBaeT Oospine
yAapHbIe Harpy3Ku 1 00J1a1aeT O0IIbIIeH TEPMOCTONKOCTHIO
[6]. C npyroii croponsl, B ortnaue ot PLA o Tpebyet Ha-
IpeBa MOIOXKKH, & TAKIKE C TPYIOM TTOJIBEPracTCsl MEXaHH-
geckoit oopadotke [7]. PETG coueraeT B ceGe MpOIHOCTE U
nmonroseyHocts ABS 1 HeTokcnunocts PLA, ogHako nmeer
HU3KYIO0 TEPMOCTOWKOCTh U 3aTPYJHEHHOCTh MOCTOOpa-
OOTKH, YTO HE MO3BOJISIET BBIACIHUTH €ro Kak OJHO3HAYHO
ontumansHbIN Marepuan [8]. Tak kak FDM-neuats B pa-
0oTe paccMOTpeHa Kak crioco0 U3roTOBJICHUS IPOTOTHUIIOB
Y TOTOBBIX W3CIHH, a TaKkKe JUIsl TMOJydeHHs OOIIbIIEero
KOJINYECTBA JJAHHBIX, BBIIIOJIHUM DKCIIEPUMEHTHI JUIsl BCEX
TpEX BHUJIOB IUTACTHKA. BrIOpanbl Marepualisl co crangapT-
HbIM cocTaBoM. CoctaB ABS-mtacTika — akpUIOHUTPIIT
(25 %), Oyramuen (25 %) u ctupoin (50 %). PLA-mmactuk
OCHOBAH Ha CHHTE3€ PACTUTEIILHOTO ChIPhsI C TIPIMEHEHNEM
kpaxmana. PETG-mracTik — mpoayKT MOTMKOHICHCATINN
STHIICHIIINKOIIA C TepedTaneBoii KHCTI0TOH. EMMHCTBeHHBIM
IIPUMECHBIM 3JIEMEHTOM SIBIIACTCS KPACUTEb.

st KaK0ro U3 MaTepralioB BBIACIUM CIEAYIOINe
JuanaszoHsl TeMmneparyp nedatu 7 7 p¢ = 230-260 °C;
Tpr 4 =200-230 °C; Tprrg = 220-260 °C. 3MmeHeHue TeM-
neparypsbl nedatu npoucxoaut ¢ marom A7 = 2.5 °C. Tak
KaK TeMIIepaTypa MOATI0KKH 7, OCHOBHOE BIMSHHUE OKA3bl-
BAeT TOJBKO HA aJIF€3HI0 MEPBOTO CJIOS K €€ MOBEPXHOCTH,
nostomy 7, moctosaHa: 110 °C mra ABS, 60 °C i PLA,
85 °C nnsa PETG. Bribpan cranmapTHbIi Gu3ndeckni
muamerp comna Dy, = 0,4 Mm (comto E3D) kak HanGonee
LIMPOKO NpuMeHsieMblid. [lapameTp anameTpa comuia, onpe-
JeNsIeMBIi B HACTPOMKax mpommBky, — oT 0,4 1o 0,6 Mm.
TonmumHa ciost pacnonoxkena B peaenax ot 0,1 10 0,4 mwm.

JUis Ka)k10r0 M3 MaTepHuajIoB MPOBeICHa Cepus dKCIIe-
PUMEHTOB TI0 BBISIBJICHHIO BIIUSIHUS 3HAYSHUI ITapaMeTpoB
(tabum. 1), Ha AMHAMHUKY KCTPY3HH.

Jl1s OIleHKU CTENeHU MPOSIBICHUS AMHAMUKHU dKC-
TPY3UH B DKCIEPHMEHTax NMPUMEHHM ajiroputm Linear
advance, KOTOpBIH onpenesseT ONTHMaIbHOE 3HAYCHHE
rapaMeTpa KoMITeHcauu K, JIIsl KOHKPETHBIX YCIOBUI
nieqaty. Yem OoblIe ero 3Ha4eHHue, TeM OOJIbIIast KOMIICH-
canust TpedyeTcs Ul COXpaHEeHHsI PABHOMEPHOCTH CIIOSI, &
3HAUUT, TeM OOJIbIIast ANHAMUKA IKCTPY3UN HAOIIONAETCS.
B skcnepumeHTax NpUMEHEH HACTOJIBHBIN TPEXMEPHBI
npuntep Creality Ender3 ¢ sxerpynepom Bowden u maroit
ynpagienust SKR E3 mini V2.0.

Jnst Kax1oro coueTaHus BIOPaHHBIX TapaMeTPOB MPo-
BE/IEM IKCIIEPUMEHTANIBHYIO TIe4aTh TECTOBOW TPAeKTOPUH,

CreHEepHPOBAHHOM HAa OCHOBE CTaHJAPTHOTrO MIalJIoOHA U3
JnokymeHTanuu Marlin (puc. 2, a): pa3roH ¢ HU3KOIH CKOpo-
CTH JI0 BEICOKOH M 00paTHO MPH Pa3INYHbIX 3HAUYCHUSIX K 4.
Cxema COIep KT OT/IENIbHBIC OTPE3KH, TAe KKIast TNHUS
COCTOMT M3 Y4acTKa ¢ HU3KOH ckopocThio V) = 20 mm/c,
yckoperreM 4 = 1000 mm/c2 o cropoctn ¥V, = 80 Mm/c u
topmokerrem D =—1000 mm/c2 10 ;. HU3KOCKOPOCTHBIE
Y9acTKH UMeoT [HY 30 MM, a YyCKOpEHHE/TOPMOKeHIE
BMECTE C BBICOKOCKOPOCTHBIM yyacTkoM — 40 mm. C ka-
KIOU CTpOKoM 3Hadenue K, ysenuuusaercs. VcnbITanus
MIPOBEACHBl HAHECEHWEM MaTepuala Ha moaiaoxkKy. Ilo
pe3yapTaTaM KaKJoro TecTa ONpeAesIeHO ONTHMAaJIbHOE
3HaucHue K, Ha OCHOBE BU3yaJIbHOM OLIEHKHU MTOTy4YEHHBIX
JIMHUH.

Pe3ynbTarsl s3xcnepumenToB. Ha puc. 2, b nokaszan
MpUMeEp IMe4aTu TECTOBOW TPaeKTOPUH JJIsl MaTepuaia
PLA npu Temneparype 215 °C u Tonumune cnost 0,4 Mm.
Cpenu HareuyaTaHHBIX OTPE3KOB BBIOpaHa Hanbosiee poB-
Has Ha OCHOBE BU3YaJIbHOH OIEHKH, B IaHHOM CIydae
K,=0,55.

Ha puc. 3 npencrasien rpaduk 3aBUCUMOCTH Tapa-
MmeTpa K, OT MCHOIb3yeMOro Marepualia Uil pa3inuHbIX
TOJIIUH ¢J10s1 IpU Auamerpe comia 0,4 MM 1 Temmiepatype
230 °C. 3na4yeHus A pa3HbIX MaTepHANIOB CYILECTBEHHO
OTJINYAIOTCS, YTO CBSI3aHO C PA3IUYNEM UX (PUIUUECKUX
cpoiicts. [Tnactuk PETG norpeboBan Hanbonbliel Kom-
MEeHCAH. DTO MOXKET OBITH BBI3BAHO €TO BBHICOKOH T'MO-
KOCTBIO U HU3KHM I10Ka3aTesieM TPEHHs, YTO 3aTPyIHsCT
pPeTpakT M ONEepaTHBHOE M3MEHEHUE CKOPOCTH BHIBOJIA
Marepuaia u3 coria.

BrimomHuM ananm3 BIMSIHUS THITA SKCTPYyJepa Ha Ju-
HAMUKY 3KCTpy3uH. [Ipu cpaBHEHUH PE3ysIbTaToB 3KCIIe-
puUMEHTOB B padote [1] BUAHO, YTO TIPHU MEUATH C IKCTPY-
nepom boynena qunamuka nposieisiercs: 6omnpire. B tadm. 2
MIpUBE/ICHBI 3HAUYEHHsI TapamMeTpa At sKkeTpyaepa boynena
(3HaYCHMUS MOJYUYCHBI B HACTOSINCH paboTe) U 3KCTpyAepa
npsimoro tuna (u3 [1]) ans PLA niactuka npu Temmnepa-
type T =215 °C. Jlnametp comia B 000uX Ciiydasix paBeH
0,4 mM. [TapaMeTpbl CKOPOCTH U YCKOPEHUS TaKXkKe OMHA-
koBbL. [lomy4yeHHble 3HaUeHUs TapaMeTpa K, OTIINYaloT-
Csl Ha TOPSAZOK. DTOT (aKT MOKHO OOBSICHUTH OONbIIEH
JUITMHOM TyTH HUTH TIACTHKA OT HANPABIIOLIETO Kojieca
K HarpeBaTeIbHOMY IEMEHTY IPH TIe4aTH C SKCTPYAECPOM
Boynena, gto Bieuet 3a co0oif OorbIee MPOSBICHUE JAH-
HAMUKH SKCTPY3HUH.

Ha puc. 4 npencraBneHs! rpaguku, JEMOHCTPUPYIOIINE
BJIMSTHUE TEMIIepaTyphbl 1iedaT 7 Ha JUHAMHKY SKCTPY3UH
JUI TPEeX paccMaTpUBaeMbIX MaTepuasoB. BuiHo, uTo yBe-

Tabnuya 1. XapakTepUCTUKHU TIEUaTH, BHIOPAHHBIC TSI SKCIIEPUMEHTOB

Table 1. Print parameters selected for experiments

Haspanue napamerpa 3HaueHus MapaMeTpoB
ABS PLA PETG
Temmeparypa nedaru 7 (mpu AT = 2,5), °C 230-260 200-230 220-260
Temneparypa noanoxku 7, °C 110 60 85
Juamerp comna (Qpusnueckuii) D, Mm 0,4
Jlnametp comna (HacTpoeuHslit) Dy, MM 0,4;0,5;0,6
TonmwmHua ciost 7, MM 0,1; 0,2; 0,25; 0,3; 0,4
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Vi Vi Vi

Puc. 2. Cxema skcriepuMenTa (@) v IpuMep HaredatanHoi Tpaekropud (b). Pazmep ydacTka TectoBoil Tpaektopun 120 x 220 mm;
1Pl Ha U300PAXKECHUM COOTBETCTBYIOT 3HAYEHUAM napamerpa K

Fig. 2. Experimental pattern (a) and example of a printed trajectory (b). The size of the test trajectory area is 120 x 220 mm; the
numbers in the image correspond to the values of the K, parameter

—
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Bricora ciost £, MM

Puc. 3. Tpaduk 3aBUCUMOCTH CTENEHHU MPOSBICHNS ANHAMUKH
9KCTPY3HH OT BBICOTHI €104 /1

Fig. 3. Dependence of extrusion dynamics vs. the layer height /4

JIMYCHUEC TEMIIEPATYPhI IPUBOAUT K CHHKCHUIO 3HAYCHUA
K A Tennenuus COXpaHACTCA IJIs BCEX BBICOT CJIOA U BUAOB
Marepuala. DTO MOKET OBITH BLI3BAHO TCM, YTO MaTepural
CTAaHOBUTCS MCHEC BA3KHM ITPU IMOBBIICHUU TEMIICPATYPHI,
YTO YMCHBLIACT MEPLCIiaj JaBJICHUSA U3-3a €TI0 0oJiee BBICO-
KOt TCKY4YCCTH. B 10 xe BpeMs YIyUYIICHHASA TCKYYCCTh

Taonuya 2. CpaBHeHue 3HaueHHI K 4 171 pa3HBIX THIOB KCTPY-

JIepoB
Table 2. Comparison of K, values for different extruder types
ITapameTp xommnencanmm K
Tonuuua cnost i1, Mm DKeTpyep kcTpyaep
Boynena MIPSIMOTO TUTIA
0,3 0,59 0,045
0,2 0,63 0,060
0,1 0,90 0,090

Marepuaia CHIKAeT CONPOTHBIICHUE SKCTPY3UH TIPU TPaHC-
MOPTHPOBKE PACIIIABICHHON HUTH Yepe3 KaHaJl COIlIa, 4To,
B CBOIO O4epe/ib, 00JIeryaeT Mporece peTpakTa U KOppeK-
THPOBKH CKOPOCTHU mojadu. Takxke u3 rpadukos puc. 4
BUJIHA 3aBHCUMOCTH IapameTpa K, OT TOJIIIMHEI cllos /.
Habmonaercst TeneHnns Kk pocty K npu yMEHBIICHNH /1
JUTsE Bcex MarepuaiioB. OCOOEHHO 3aMETHOE IPOSBICHHE
JTUHAMUKA HAOIIOMaeTCs Y MUHUMAIBHOM TONIIIMHBI CIIOS
0,1 MM, KOTOPOE MOYKHO OOBSICHUTH TEM, UTO MPH BHIKJIAKE
CJIOS Ha MOJJIOKKE CYIECTBYET KOHTAKT MEXKJy COILIOM
U PACIUIaBOM KaK BHYTpPH, TaK U CHapYyKH. DTO MPUBOAUT
K pasHHIIe B Nepenajie JaBJIeHHUs 10 BBICOTE CII0sl. TOYHO
Pa3HUIly ONPEJIeINTh 3aTPYAHUTEIHLHO U3-32 CII0KHOHN Kap-
THHBI I0TOKA ¢ KOMOMHUPOBaHHBIMU OTKPBITHIMH, TTOABHX-
HBIMH M CTAI[MOHApHBIMU TpanunamH. [Ipeanonoxum, 4ro
YeM MEHBIIIE BHICOTA CIIOS, TEM OOJIBIIIE ITepernal TaBICHIUS
1 TeM OoJIbIIasi KOMICHCAIHS TPeOyeTCsl, YTO COTTIaCyeTCst
¢ TaHHBIMH B [1].

IIpoBenem aHaMOTHYHBIC SKCIIEPUMEHTHI IS Pa3HBIX
3HAYEHUI HACTPOEUHOro auamerpa coruia D,. JlanHas xa-
PaKTCPUCTHUKA UBMCHICT HIMPUHY CJIOA. TecTh! BBITIONHE-
HBI 771 BBICOTHI ciost 0,4 MM M BCETO paccMaTpuBaeMoro
JIarna3oHa TeMIleparyp JUlsl KaXJI0ro U3 TpeX Marepuasos.
[Tpumep nonyuennoro rpaduka st ABS-mnacruka npen-
cTaBieH Ha puc. 5. Habmonaercst CHIKEHHE CTeNeHH 1po-
SIBJICHHS] TMHAMUKH SKCTPY3HH IIPU YBEINYCHUH JJHAMETpa
COIIA, YTO MOXKET OBITh BHI3BAHO MEHBIIUM IEPENaoM
JTABJICHUS 10 ITHPUHE CIIOSL.

Pesynberarhl uccieoBaHus BIUSHUS ITapaMETPOB I1e-
YaTy Ha JUHAMHUKY IKCTPY3UHU TTOKA3aJIH, YTO KaKaast pac-
CMOTpEHHAs XapaKTePUCTHKA OKA3hIBACT CYIIECTBEHHOE
BIMSHUE HAa TUHAMUKY TI€YaTH.
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[pennaraemasi onTUMHU3AIHUS AJITOPUTMA

[IpuBenem 000CHOBaHUE TIpeITaraeMOl MOTU(PHKAITUH
QJITOPUTMA KOHTPOJISI IKCTPY3HH.

s moBeieHns 3¢ GeKTuBHOCTH anroputMoB Advance
HEOOXOIMMO: OMPEJICIUTh 3aBUCUMOCTH MapameTpa KOM-
MEHCAIUK OT XapaKTEPUCTUK TIe4aTH; pa3padoTars ajiro-

PUTM pacueTa ONTHMAIBHOTO TapaMeTpa KOMIICHCAIUH;
MUHUMH3UPOBATh 3ala3bIBaHUE KOMIIEHCAIIUU BO H30e-
JKaHUE TOSIBJICHUSI OCTATOYHBIX Je(EKTOB CIIOs, a TaKkKe
JUIS YBEITMUEHUSI CpEeTHEH CKOPOCTH MeUaTH.

IlepBast 3amaua pelleHa ImyTeM MPOBEIEHUS SKCIEepU-
MEHTOB. A B Ka4eCTBE PEIICHMsI BTOPOW U TPeThel Npoo-
JeM TpeUIoKeHa onTUMH3anus anroputma Advance Ha
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Fig. 5. Dependence of parameter K 4 vs. nozzle diameter D,

OCHOBE OOy4YEHHBIX HEHPOHHBIX ceTeil. MammHHoe 00y-
YeHHE B HACTOAIICE BPEMS NIPUMEHSETCS B aINTHBHOM
MIPOM3BOJICTBE OT ONTHUMM3AINK JN3aliHA YCTAHOBKHU JI0
KOHTPOJISI KadecTBa NPOAYKIHMH [9] M ONTHMH3ALUK TIPO-
necca nedaru [10]. [Tockompky obmacTu ero mpUMEHEHHUS
OTIpEeNeIISIOTCS pa3HOOOpa3nueM U 00BEeMOM JaHHBIX, BHI-
COKasi pa3MEPHOCTh JAHHBIX aJANTUBHOTO NPOU3BOACTBA
ACJIaCT UX NOAXOAAIMIUMHU IJII TaKUX aJITOPUTMOB, KakK
METO/bl 00yUEHHUS C YUYUTEJIeM, HallpuMep, HeHPOHHbIE
cetu [11].

MHepunoHHOCTh KOMIIEHCAIINY AaBICHHS TIPEIOKEHO
CHH3UTbH C TIOMOIIBIO aJITOPUTMa IIPOrHO3MPOBAHUS H3Me-
HEHHMs HaNpaBJIeHUsI IBM)KEHMs SKCTpyaepa. B cucreme ¢
UITY 3HaHWE 0 MOCIEAYIOIIHNX IMepEeMEIICHUSIX padbode-
TO OpraHa OrpaHMYEHO KOHEYHBIM Pa3MepoM KaJpOBOTO
Oydepa. YacTo 1o XoAy aHamM3a TPACKTOPHH BO3HUKACT
cuTyanus, koraa Oydep HamONHAETCS KOPOTKIMH Kaapa-
MU, HE JAIOMIMMH TOTHOW WHPOPMAIUH O JajdbHeHImeM
nBrkeHun. IlotoMy HanpsaMyro HH(GOPMALIUIO O OCIeny-
IOIIIEM MTOBOPOTE MOJYYHUTh Helb3sl. HeoOXommmo o0yunTh
MOJIelb, KOTOpast OyJeT Npe/cKa3biBaTh U3MEHEHUS Ha-
MpaBJICHUA IBUKCHUS BHE 3aBUCUMOCTHU OT 3alIOJITHEHHOCTH
kaznpoBoro Oydepa. 3a HECKOJIBKO IIATOB JI0 TOBOPOTA
WA KPUBOJMHEHHOTO ydyacTka OyJeT TmepenaBarhCsi CUr-
HaJI K MOJLYJIIO YIIPABJICHHS SKCTPY3UeH, HHUIUUPYIOMNI
KOPPEKTHPOBKY CKOPOCTH TO/Iaul MaTeprasa HeCKOIbKO
paHbIle, BEIpaBHUBaAs cloi. TakuM 00pa3oM, MOXKHO MH-
HUMHU3UPOBATH HHEPIIMIO aITOPUTMA U TIOBBICUTH CKOPOCTh
TIeyarH.

BeImonnuM ananuTuaeckuil pacuer napamerpa K 4, 1ms
3TOTO UCIOJIb3YEM aJITOPUTM Ha OCHOBE HEHPOHHOM CeTH,
IpeACKa3bIBAIOIIEH HCKOMOe 3HaYeHne. Tak MOKHO n30e-
»KaTh HEOOXOIMMOCTH IKCIIEPUMEHTAILHOTO OTIPE/ICIICHUS
napamerpa, 4To COKOHOMHUT BpeMsi U pecypcbl. Kpome Toro,
BMECTO HCIIOJIb30BAaHMS alMPOKCHMAIINH, ITOJTY4YECHHOH Ha
OCHOBE PKCHEPUMEHTOB, TTapaMeTp MOXKET ObITh Hali/IeH ¢
OO0JIbILICH TOUHOCTBIO.

Cxema mpejiaraeMoro ajJropuTMa BMECTe ¢ dTara-
MU aHanu3a Tpaektopuu B UIIY npezacrasnena Ha puc. 6.
Mogenp YIIY ocHoBaHa Ha cucteme Smoothiewarel.
[Tocme uaTepIIpeTaTopa KoMauab! G-Koza mpeodpasyrores
B OTPE3KH TPACKTOPUHU M MEPEAAIOTCS B OJIOKH «AHAIN3
npxkeHus» U «KoHTponb ckopoctu» [12]. B Omoke
«AHaTn3 ABMKEHUS» K TaHHBIM IIPUMEHSIETCS pa3pado-

I [Dnexkrpounnsiii pecypc]. Pesxxum mocryna: https://
smoothieware.org/ (nata obpamtenus: 05.05.2022).

TaHHBIN QJITOPUTM, COZAEPIKAIIUIl MOAENb MPOrHO3a U3-
MEHCHHUS HAIpaBJCHUs IBUKEHUs (Mozaens 1). B ciyuae,
©CJIH KaJIpOBBIN Oy(hep OKa3bIBACTCs 3aMIOTHEH KOPOTKAMHU
y4acTKaMH, HE TIPEI0CTABIISIONINMY TTOJHYIO KapTHHY O
MOCIIEAYIOMIEM TIepEMEIIeHHH paboduero oprana, MOieiIb
OyIeT aHaITM3UPOBATH BEPOSATHOCTH IMOBOPOTA, KOTOPHIH
TIOBJICYET 32 COOOH M3MEHEHNE CKOPOCTH.

3aTeM IaHHBIE TIEPEATOTCs B MOLYITh «VIHTePIONMAIIHD)
1 «YTpaBIeHUE SKCTPYACPOM», T€ PACCUUTHIBACTCS CKO-
pocTh dkcTpy3uu [13]. Ecnu Ob1T0 CIIPOTHO3UPOBAHO M3-
MEHEHHEe HalpaBJICHUs IBUKEHUs pabOvyero opraxa, To
IIPUMEHAETCA MOZEIb IIPOrHO3UPOBaHUs napamerpa Ky
(Momenb 2). Hakoren, nauIuupyeTcs anroput™ Advance,
KOTOPBII Ha OCHOBE ITOJIyYSHHOTO [TapaMeTpa HayHeT Ipo-
[ecc CTadmIM3aluy JaBJICHUS PaHbIIC, M CHIKCHUE CKO-
pocCTH neyaTy He moTpedyercs.

IIpobremoii pa3paOOTKH SBISETCSI OTCYTCTBHE TOCTYII-
HBIX HaOOPOB TaHHBIX Ui 00ydeHHs moxaenen. s 06o-
UX Mofeneil oOyJarommne JaHHbIe HEOOX0MUMO TIOTy9aTh
BPYYHYIO.

3anaua MoNy4eHus: TaHHBIX I IPOTHO3a IBHIKCHUS
MOXET OBITh PelIeHa OTHOCHUTENIBHO MPOCTO. Tak Kak 3Kc-
TPYAEp COBEpIIAET OOJIBIIOE KOJUUECTBO JIBIKCHUI NIPU
TIeyaTy, TO JJaKe MeYaTy HeOOIBIIOro KOTMUECTBA AeTaleit
Oy/ieT JOCTaTOvHO JJIsl MOTYYeHHsI JJOCTaTOYHOTO KOJInye-
CTBA JIAHHBIX TPU PA3JIMYHBIX BUIAX TBUKCHU (IIOBOPO-
THI, INHEHHOE ¥ KPUBOJIMHEIHOE NBIKeHHE). Tak Kak B
cucteme YITY TpaekTopus MPOXOAUT HECKOIHKO ITAIMIOB
aHaIN3a, TJIe JaHHBIC IOTUYECKU TPYIITHPYIOTCS, €€ yIo0-
HO WCTIONB30BaTh ISl 00yUCHHS] MOJICITH.

[TockombKy 3a/1a4a COCTOHT B IMIPOTHO3MPOBAHUH JHHA-
MHYECKUX TapaMeTPOB IBIDKEHHUS, B IOMIOTHEHHUE K CTAaTH-
YECKHUM JaHHbIM, [10JIy4eHHBIM U3 cuctemsl UITY, pemeno
TAKXKC YYUTBIBATH IMOKa3aHUA OT BHCHUIHETO JaTYHKa (aK-
ceJepoMeTpa).

B ciryyae nporuosupoBaHus mapamerpa KOMIIEHCALUH
npoOiieMa OTCYTCTBUSI JOCTYITHBIX HAOOPOB IAHHBIX COYe-
TAETCsI C 3aBUCHMOCTBIO 9TOTO MapaMeTpa OT OOJIBILIOTO KO-
JIMYECTBA XapaKTEPUCTHUK mporiecca. J[ist o0ydeHus taHHOM
MOJIe)TH OBLITH MPUMEHEHBI PE3yIbTaThl IKCIICPUMEHTOB,
OMHCaHHBIX B pasznene «lccrnenoBanne BIUSHUS ITapaMe-
TPOB TICYaTH HA JUHAMUKY DKCTPY3HUM.

HuceTrpymenTsl pa3padorku. Pazpaborka anropurma
OCYIIIECTBJICHA Ha S3bIKe MporpammupoBanus Python 3.5.
Jlst paGoThI ¢ HEHPOHHBIMU CETSIMH BbIOpaHa OMOIMOTEKa
mamuHHOro 00yuenus Tensorflow 2.6.0 B cuiry Ooraroii
(hyHKIMOHAIBHOCTH. JlaHHbIC 17151 00yUYCHHSI HEHPOHHON
CETH IOJYYEHBI U Pa3MEUYEHBI BPYUHYIO 10 pe3yjbraraM
MIPOBE/ICHHBIX YKCIICPUMCHTOB. J[aHHBIC /711 OOyUYCHHS U
TECTUPOBAHUS CPOPMUPOBAHBI U OIyOJIIMKOBAHBI HA TIOP-
tane Kaggle?. Bribpana HelipoceTeBas perpeccus, Tak Kak
OHa TI03BOJISICT MTOTyYUTh JCHCTBUTECIHFHOE YUCIIO.

Texyuiue pe3yiasTarbl. Ha manHoM 3tame paboTsl
MoJTydeHa MOJENb HEHPOHHOW CETH pacueTra mapaMmerpa
KOMTICHCAITNN Ha OCHOBE TaHHBIX, TIOTy9YeHHBIX U3 IKCIIe-
PUMEHTOB.

2 [Dnektponnslii pecype]. Pesxxum mocryma: https://www.
kaggle.com/kseniazimenko/fdm-linearadvance (nara oOparenusi:
14.05.2022).
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+ Pacuer pa3roHOB/TOPMOXKEHHI >
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VYaactkun

+ Pacuer elMHUYHBIX NIEpEMEILIEHUI
+ dopMupoBaHUe YIPaBISIOMNX ITPOTPAMM

Komanpr

TPaeKTOPUU

JUTSI TIPUBOJIOB

AHaJIM3 IBMKEHUS
(npumenenue mooenu 1)

‘YunpagsiieHue 3KCTpyaepomM
(npumenenue mooenu 2)

>
+ IIporHo3 M3MEHEHHs HAIPABICHUS
+ IIporHo3 u3MEeHeHUs1 CKOPOCTH

>

+ Pacuer ckopocTu 3KCTpy3un
+ IIporHo3 napameTrpa KOMIICHCALUH
+ KomneHcanus 1aBiieHus

Puc. 6. Dramnsl q)OpMI/IpOBaHI/IH TPACKTOPHUHU B CUCTEME C YHUCIIOBBIM IPOrpaMMHBIM obecreueHueM ¢ MPEIOKEHHBIM aJITOPUTMOM

Fig. 6. Stages of trajectory generation in a numerical control system with the proposed algorithm

TopmorkeHue

Puc. 7. Ilpumep nevarn: 6e3 KOMIICHCAINH AMHAMHIKH SKCTPY3HH (@); ¢ KOMIIEHCAIMEll Ha OCHOBE Py4YHOH KauOpoBKH (D)
U IIpU KaInOpoBKe HEHPOHHOM ceThio (¢). Pasmep yuacTtka TectoBoii Tpaekropun 100 x 30 MM

Fig. 7. Printing example: without compensation of extrusion dynamics (a); with compensation based on manual calibration (b);
and with neural network calibration (c¢). The size of the test trajectory section is 100 x 30 mm

Certb coctout u3 Tpex cnoes. K cnosim 1 u 2 npumenena
¢byHKIMs akTHBanuy relu, x cioro 3 — curMonga ¢ OMHUM
JINHEWHBIM HEMPOHOM IUIsl ITOJIyYEHUS 1€HCTBUTEIBHOIO
gymcna. Jlanuele mpuBeneHs! K quamnazony ot 0 mo 1. s
BBIXOIHOTO 3HAYCHUS HCIIOIb30BaHa 00paTHas IPOLIenypa.
U oOyuatoasi, ¥ npoBepouHasi BHIOOPKH HOPMHUPOBAHBI
CTaTHUCTHKOM Ha OCHOBE 00y4Yarolieil BBIOOPKH, 4TO M03BO-
JIMJIO BBISIBUTH OIIMOKK TECTOBOM BHIOOpKH! .

Pesynbrarsl 00y4ueHHs TIOKa3ajiy OTKJIOHEHUS B Ipe-
nenax 0,015 B TecroBoii BeiOOpke. [ToydeHHas ceth BHe-
apeHa B anroput™ Linear Advance u nporecTupoBaHa.
Haneuartans!l oTpe3ku Marepuana ¢ U 0e3 NpuMEHEHHs
00y4eHHOI MOZIEH, COCTOSIINE U3 PAa3TOHa /10 BEICOKOH
CKOPOCTH M TOPMOXKEHUS 10 HU3KOH ckopocTu. B skc-
MepUMEHTEe MCToNIb30BaH ABS-mmacTuk ¢ mapamerpaMu
nevdaru h = 0,35 mm, 7= 212 °C, D, = 0,4 mm. B pe3ynsrare
crabunu3anys GOpMbI CII0s IT0 CIIPOrHO3UPOBAHHOMY 3HA-
YeHUuIo napamerpa K, Moka3aHHas Ha puc. 7, ¢, HE yCTy-
MaeT cTabuiIn3alny Ha OCHOBE MTapaMeTpa, ONpeieeHHO-
ro dKCrepuMeHTanbHo (puc. 7, b). bonee Toro, Ha sramne
TOPMOXKEHUSI CIIPOrHO3MPOBAHHOE 3HAYCHHUE MapamMeTpa
TIO3BOJIMJIO TOYHEE BBIPOBHHUTH CIOH M MUHHMH3UPOBATH
OCTaTOYHBIE IE(EKTHI.

[Moxy4yeHHass MOJETh HEHPOHHOMN CETH MOXET OBITH
IpuMeHeHa ¢ anroputMoM Advance Juist cTaOUIN3AUH
JIaBJICHUS B COTLIE KAK TIEPEe/ HA4aJoM II€4aTh C 3alMChIo
pe3ynbrara B yIpasisIOLIy 0 IPOTPaMMYy, TaK U B PEKIME
peaIbHOTO BPEMEHH.

I [Dnekrponnsiii pecypc]. Pesxum mocryna: https://www.
tensorflow.org/tutorials/keras/regression (nara obOparieHus:
08.05.2022).

B naneHeimem mraHupyercss 00yduTh MOAEIH IS pa-
0O0THI ¢ IPYTUMH (HPU3UIECKUMHA THAMETPaMH coTrIa. Taroke
HEOOXOIUMO cOOpaTh HAOOPHI TaHHBIX U O0YIHTH MOAETH
JUTSI IPOTHO3UPOBAHMSI N3MEHEHNST HAIIPABIICHUST TBHYKECHUS
MeYaTHON TOJIOBKH.

3akiaouenue

Paccmotpena npoOiieMa HeXenaTeNbHON TUHAMUKHI
akeTpy3uu npu FDM-neuaru. [IpoananusupoBasbl anro-
PHUTMBI, KOTOPbIE IPUMEHSIOTCS sl PEIICHHsI 3TOH Mpo-
OsieMbl, BBIZICNIEHBI KX HepocTaTKi. OCHOBHBIE TTPOOIEMBI
QJITOPUTMOB — HHEPIUOHHOCTH U HEOOXOAUMOCTH CHYKE-
HUsSI CKOPOCTH II€YaTH, a TaKkKe py4Has KaJuOpoBKa.

HpOBeHeHO HCCJICIOBAHUC BJIMAHUA THIIA MaT€pHajia
W OKCTpYyZAEpa, TOJIIIMHBI CJIOS M TEMIIEpaTyphl IeJaTu Ha
NpOsIBJICHUE HEXeJlaTreabHOH quHaMuku. [lomyueHHble
9KCIIEPUMEHTAIIBHBIE PE3YyJIbTaThl YIIyOIISIOT TIOHUMaHue
BIMSHUS AUHAMUKU dKCTpy3un ipu FDM-nieuatn 1 OTKpBI-
BAIOT BO3MOXHOCTH ISl ONITUMH3AINH CYIIECTBYIOIINX
QITOPUTMOB €e ynpasieHus. [lmanupyercs B naibHEHIIEM
HCCIIEZIOBATh BIMSTHNAE BEJIMUUHBI TIOTOKA, IPYTUX GHU3nde-
CKUX JMaMETPOB U JJIMH BBIXOJHOTO OTBEPCTHS COIUIA HA
JUHAMHKY 9KCTPY3HH.

[Ipennoxena moaudukaius anropurma Advance Ha
OCHOBE MallIMHHOTO 00yueHusi. PaccMoTpeHHoe pelieHue
MO3BOJISIET IOBBICUTH KaU€CTBO MOJIY4aeMOro CJIOsI U CKO-
POCTH IeYaTH, a TaKIKE N30eKaTh HEOOXOJUMOCTH PYUHOM
KanOpoBKH. BrinonneHo oOy4yeHne Moaean HEHPOHHOM
CETH, OIPE/ICIAIONICH BETMUNHY KOMIICHCAIH B 3aBHCH-
MOCTH OT TIapaMeTpPOB IeyaTH, KOTOPYIO PaHbIIE MOXKHO
OBUIO ONPEAETNUTH TOJBKO BPYUYHYIO. DKCIIEPUMEHTHI T10-
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KasajM, 4TO pa3padoTaHHasi MOJEINb CIIOCOOHA YCIIEIIHO
MIPOrHO3UPOBATH TPEOYEeMYIO BEIUYNHY KOMIIEHCAIMH H
MOXKET OBITh IPUMEHEHA BO BpeMsI IIpoLiecca Ie4aTH.

B nanpHeimem rranupyercst 00yduTh HEHPOCEeTh s
paboThl ¢ APYTUMH THIIAMH MaTepUasioB (B TOM 4YHCIE C
rHOKMMHU M KepaMUYECKHMHI) U MapaMeTpaMy IIedaTH, a
TaKKe MOTYYNTh MOJIENb JUIsl TPOTHO3UPOBAHUS N3MEHE-
HUSI HAIIPABJICHUS ABHKEHHS SKCTPyZepa.

IIpennoxennas monudukanus anroputma Advance
CIOCOOCTBYET aBTOMATH3AIMH MPOIECCa KOMIICHCAITNT
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Abstract

Identifying community structures within network dynamics is important for analysing the latent structure of the network,
understanding the functions of the network, predicting the evolution of the network as well as detecting unusual
events of the network. From various perspectives, a diversity of approaches towards dynamic community detection
has been advised. However, owing to the difficulty in parameter adjustment, high temporal complexity and detection
accuracy is diminishing as time slice rises; and recognizing the community composition in dynamic networks gets
extremely complex. The basic models, principles, qualities, and techniques of latent factor models, as well as their
various modifications, generalizations and extensions, are summed up systematically in this study which focuses on
both theoretical and experimental research into latent factor models across the latest ten years. Latent factor model
like non-negative matrix factorization is considered one of the most successful models for community identification
which aims to uncover distributed lower dimension representation so as to reveal community node membership. These
models are mostly centred on reconstructing the network from node representations while requiring the representation
to have special desirable qualities (non-negativity). The purpose of this work is to provide an experimental as well
as theoretical comparative analysis of the latent factor approaches employed to detect communities within dynamic
networks. Parallelly we have devised the generic and improved non-negative matrix factorization-based model which
will help in producing robust community detection results in dynamic networks. The results have been calculated from
the experiments done in Python. Moreover our models methodology focuses on information dynamics so as to quantify
the information propagation among the involved nodes unlike existing methods that considers networks first-order
topological information described by its adjacency matrix without considering the information propagation between
the nodes. In addition, this paper intends to create a unified, state of the art framework meant for non-negative matrix
factorization conception which could be useful for future study.

Keywords
community detection, principal component analysis, orthogonality, non-negative matrix factorization, singular value
decomposition, social network analysis
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AHHOTAIUA
BerisiBrieHHE CTPYKTYp COOOIIECTBA B CETEBOM TMHAMUKE BAKHO JUTS aHAJIN3a CETH OTHOCUTEIIBHO: CKPBITOH CTPYKTYPHI,
NOHUMaHUs (pYHKIMH, TPOTHO3UPOBAHUS Pa3BUTHsI, 0OHAPYKEHNS HEOOBIYHBIX COOBITHIA. B pacCMOTPEHHBIX HAayUHBIX
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An enforced non-negative matrix factorization based approach towards community detection in dynamic networks

HCCIICIOBAaHUSIX PEKOMEH/YETCs UCIIONIB30BATh PA3JINYHbIC TTOAXO0AB! K JUHAMUYECKOMY OOHAPY)EHUIO cOO0IIecTBa.
OjHaKo M3-3a CIOKHOCTH HACTPOIKM MapamMeTpOB, BHICOKOH BPEMEHHOW CIOKHOCTH U CHHUIKCHHS TOUYHOCTH
oOHapy»KeHHs 110 Mepe yBEINUeHHs BPEMEHHOTO MHTEpBaja paclo3HaBaHUE COCTaBa COOOIIECTBA B JMHAMUYECKUX
CeTSIX yCIOXKHAETCS. PacCMOTPEHBI OCHOBHBIE CXEMBI, TIPUHIINIIBI, CBOHCTBA H METO/IBI MOJIEJIeH TATEHTHBIX (JAKTOPOB,
a TaKKe X CHCTEMHBIE MOTU(HUKAIINH, 00001eHns U pacmupenns. OCHOBHOE BHUMaHUE YAEICHO TEOPETHUECKUM H
9KCIIePHIMEHTAIILHBIM HCCIIEIOBAHIAM MOJIENEH JTaTeHTHBIX (PaKTOPOB 3a mocneauue aecsThb neT. CKpbITas pakTopHas
MOJIeIIb — HEOTPHIATeIbHAsI MATPUIHAS (haKTOPU3ALIHsI, CAUTACTCS OHOM 13 HanOoJIee YCIISNHBIX 1T HACHTH(HKAIINH
coo0lIecTBa U HAlpaBIeHa Ha PACKPBITHE PACHPEEICHHOrO TIPeACTaBlIeH s 001ee HU3KOr0 U3MEPEHHUs C LEITbIO
ONpeJIeNICHHs YWICHCTBA B y3J1e coobIiecTBa. Moziel OCHOBaHbI Ha PEKOHCTPYKIIMU CETH U3 MPEACTABICHUIT Y3II0B IpU
YCJIOBHH, YTOOBI NIpe/ICTaBIeHHE 0011310 0COOBIMH JKeJIaTeIbHBIMU KaueCTBaMH (HAaIPUMeEp, He OTPULATEILHOCTBIO).
Lenb paboThl — MOMYYUTh SKCHEPUMEHTAIbHBIN U TEOPETUUECKUI CPABHUTENbHBIE aHAIU3BI TIOJIXOJJ0B CO CKPBITHIM
(haxTOpOM, UCTIONB3YEMBIX JUIsI OOHAPYKEHHUS COOOIIECTB B AMHAMUYECKHX ceTsAX. Pa3paborana obmas u yaydieHHas
HEOTPHIATEIbHBIE MAaTPUUHBIE MOJEIH, OCHOBAHHBIC HA (JAKTOPU3AIMH AT MOTYICHUS HANEKHBIX PE3yIbTaToB
O0HapyKeHHUsI COOOIIECTBA B TMHAMUUCSCKHX CeTX. [lomydeHHbIe pe3ynbTaThl pacCUNTaHbl HA OCHOBE YKCIIEPUMEHTOB,
MIPOBE/IEHHBIX HA sI3bIKe MporpammupoBanus Python. Ilpemnoxennas mertomonorust Mojeneil choxycupoBaHa Ha
JMHAMUKe HH(POPMALUH, ISl KOJIMUYSCTBEHHON OLEHKH PacHpOoCTpaHeHHs HHPOPMALMH MEXIY 3a/1ei{CTBOBAaHHBIMU
y3namu. OTinyne npeyuIokKeHHONH MOJIENTH OT CYIIECTBYIOIINX COCTOHT B MONYYSHUH TOMOJIOTMYECKOH HH(pOpMaIn
CEeTH MEepBOTO MOPSI/IKa, OMUCHIBAEMON ee MaTpHIeil CMEXXHOCTH, 0e3 yueTa pacupocTpaHeHHs: HHPOPMALMN MEKTy
y3namu. [IpeioxkeHo co3aanue e1MHON COBPEMEHHOM CTPYKTYPbI, IPEIHA3HAUEHHON /11l KOHLIENIIMY HEOTPULIATENIbHON
MaTpUYHOI (haKTOPHU3AINH, KOTOPAsk MOXKET OBITh MONe3Ha ATt OyIyIIUX HCCIETOBAHMMA.

KiwueBble ciioBa
06Hapy>x<eH1/Ie COO6H.[eCTBa, AHAJIN3 TJIaBHBIX KOMIIOHCHT, OPTOTOHAJIBHOCTH, HCOTPULATCIIbPHAA MaTpU4YHaA
q)aKTOpI/I?)aHI/IH, Pa3JIOKCHUEC IO CUHTYJIIPHBIM YUCJIaM, aHAJIU3 COUAJIbHbIX cereit

Cebliaka i nutupoBanus: bamup 1., Yaay M.A. [loaxox k oOHapyXeHHIO cO0O0mEeCTBa B TUHAMUYIECKIX
CeTsIX, OCHOBAHHBII HA MPHHYIUTEILHON HEOTPHIATEIBHON MaTPUIHON (hakropusaiuu // HaydaHo-TexHnue ckuit
BECTHHK MH()OPMAIMOHHBIX TEXHOJIOTHH, MexaHuku u ontuku. 2022. T. 22, Ne 5. C. 941-950 (ua anr. s3.). doi:

10.17586/2226-1494-2022-22-5-941-950

Introduction

Community structure regarded as an essential
characteristic of dynamic networks reveals as well as
exposes the underlying connections. There were more
and more studies recently in order to develop methods
for community detection. These studies, on the other
hand, were mostly focused on static networks; hence they
were unable to detect dynamic communities in complex
networks. The construction of the network in real-world
is however dynamic. The structure of community for
most networks, on the other hand, is constantly changing
throughout time. Existing static approaches for community
detection split the community depend on the network static
topology and ignore the interaction between network
structures over numerous snapshots. Owing to their high-
level potentiality for comprehending social phenomena
across time, dynamic community identification in
complex networks has recently gotten lots of attention
and turn out to be a popular study area. Social networks,
protein-protein connection networks and person to person
communication networks are all examples of temporal
networks in the real world. Within network dynamics,
temporal network analysis can uncover potential rules
and essential properties. As a result, developing ways to
identify communities in dynamic networks has become
progressively more crucial. The uncertainty of the solutions
is one of the most significant challenges in recognizing
temporal communities. As a result, we can’t tell if the
change in community discovery is due to the community’s
evolution or the algorithm instability. A variety of strategies
have been offered to address this issue, with the ultimate
goal of smoothing the community evolution.

Our goal to develop a more robust Dynamic Community
Detection (DCD) methodology was achieved by focusing
on information dynamics so as to quantify the information
propagation among the involved nodes. This study also
focussed on the quantitative (statistical) analysis of the
latent factor model based approaches (Non-Negative Matrix
Factorization (NMF)) related to community detection in
dynamic networks so that the user may obtain a general
idea of how the network is organized and a few underlying
experiences of the network structure. Moreover, this
study is organized in the way where introductory section
addresses the fundamentals required for reviewing the DCD
followed by literary section which addresses the findings
and recent research in SNA (social network analysis) related
to detecting dynamic communities. Next section represents
the generic and improved NMF based methodology to
uncover the dynamic communities. Empirical results have
been shown under the result section. Evaluation section
evaluates the framework against the two important existing
NMF based approaches: Community Detection with
Community Structure and Node Attribute (CDCN) and
DPNM (NMF incorporated density peak clustering). Next
section (Applications) provides the utilization of detecting
communities. Lastly, we summarize and conclude the study
with some potential future guidelines.

Literature Review

The recognition of a networks community division
reflects nodes tendency to form clusters based on their
resemblance and hence create communities. Various real-
world networks show that community structure exists
[1]. Community analysis is necessary to understand the
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network structural and functional features. The structural
feature have been applied to a variety of fields, like viral
marketing, epidemic modelling, and detecting important
vertices in power systems wherein their failure could create
a cascading collapse.

In order to cite only and not to overemphasise the
significance of community identification and it’s working
in the perspective of this study, community identification
enables the recognition of few node groupings bearing
the intra-group connections denser, implying that it works
by recognizing those groups of people whose interaction
among them takes place frequently. The detection of
communities will aid in identifying the influential nodes
as well as their subordinates in real-time. This is one of the
rationales wherefore community identification techniques
are being developed, tested, and enhanced.

A large number of algorithms in the literature
focused on vertices characteristics rather than the link
characteristics. For the challenge of dynamic community
discovery in evolving networks, there aren’t many
favourable approaches. However, latent factor models, like
NMF models, are one of the most favourable approaches.
By rebuilding the original data, matrix factorization is an
excellent tool in favour of representation learning. The
constraints forced on the base matrix and the coding matrix
differs among a variety of matrix factorization techniques.
The usage of non-negativity restrictions (constraints)
distinguishes NMF from other types of matrix factorization.
Additional restrictions can be imposed on NMF such as
orthogonality or sparseness that preserves the topological
features [2]. Despite these additional constraints, NMF
differs from the other techniques of matrix factorization
like PCA (principal component analysis) and SVD (singular
value decomposition) because to its non-negativity feature.
Because they only allow additive combinations but not
subtractive combinations, these constraints result in a
parts-based representation. NMF approaches use every
node as a network dimension, and consider community
detection to be the challenge of identifying a low-
dimensional network representation. However, they do
not guarantee that the representation obtained matches
with communities, necessitating some heuristic control to
increase interpretability.

NMEF, which is popularly utilised in pattern recognition
and information retrieval, have recently been employed
to resolve the challenge of community discovery [3, 4].
In terms of DCD several research, workers [5—7] had
included NMF within a temporal framework, resulting in a
plethora of useful DCD models. Wang et al. [4] proposed
a model, namely DCD based on NMF, where the transition
matrix of community membership was included with the
notion of temporal cost so as to smooth out the community
structure alterations. Whereas Yang et al. [7] developed
a DCD approach based on NMF that takes node strength
into account. Their primary premise was that the node
pairs bearing stronger connections have a greater chance
of belonging to the same community. FacetNet [8] is a
well-known method for community analysis together with
their evolution considering network dynamics. It combines
communities altogether with their evolutions in a unified
manner using NMF which differs from standard methods

wherein two-stage processes are treated asynchronously.
The FacetNet technique, on the other hand, necessitates
prior information and the specification of the number of
the community partitions. In many cases, the number of
community partitions is difficult to predict in advance. To
get over this matter, Lu et al. [9] employed singular value
decomposition so as to automatically uncover the number
of community partitions. Though the k is representing
the number of communities may be automatically
collected and a higher grade of community detection
can be achieved, the time complexity is considerable.
Despite the fact that studies [10, 11] suggest that NMF
is the best method for learning object components, it
fails to capture the geometrical data structure space that
is crucial for clustering. Graph regularisation approach
may extract the geometric data structure, according to
manifold learning theory and spectral graph theory [12].
Furthermore, the geometric network structure will not get
changed significantly in a short period of time if temporal
smoothness is assumed. As a result, we suggest that graph
regularisation is to be used to simulate the temporal cost
function which will be intuitively beneficial. Yu et al.
[13] followed a two-stage approach where community
detection and community evolution were studied separately,
hence was not optimal. Though the authors [14] suggested
the efficient approach for community detection yet their
approach was very specific to criminal activities.

Ma & Dong [15] presented 2 frameworks for
Evolutionary Non-negative Matrix Factorization (ENMF)
and demonstrated that evolutionary spectral clustering,
ENMF and evolutionary modularity density are all
comparable. They also introduced sE-NMF, the semi-
supervised technique that adds a priori knowledge to
ENMF. Sun et al. [16] developed a model-DCD that was
comparable to Wang’s [5]. The distinction between them,
though, is the cost of a snapshot. As a cost function of the
snapshot, the earlier adopted standard NMF, while latter
used the symmetric NMF (SNMF). In order to achieve
better interpretability, Yuan & Liu [17] suggested a model-
DCD with node weight matrix and the triple NMF.

Internal connections were used as the graph
regularisation requirement by Wang et al. [18] who
used the triple NMF with the purpose of increasing the
functioning of community identification into networks
of bipartite. Matrix factorization accurately depicts the
network community structure and guarantees the significant
interpretation of the community regardless of the topology
of the network. NMF avoids the limitations of modularity
optimization approaches [19], like resolution of limit
[20], in addition to quantifying how robustly every node
contributes to its community. Tokala et al. [21] employed
NMF along with the cost function namely I-divergence
to present 2 techniques for undirected and directed
networks, respectively. Jin et al. [22] employed NMF to
construct the model which is generative, treating this as the
problem of optimization to identify the linkage formation
of communities, grounded upon the relevance of every
node while establishing linkage to every community. Even
though the study [23] presented a comparative analysis of
the already existing approaches and algorithms employed
to detect online communities in social networks, yet the
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community extraction and community evolution were
treated asynchronously in most of the approaches which
doesn’t make sense in the real environment.

The studies [24, 25] also approached to model
community detection with a significant improvement
from the past studies. Wang et al. [24], in contrast to the
above research studies, employed graph regularisation to
capture classical geometric network structure information.
They created an efficient iterative algorithm grounded
on multiplicative updating principles as well as the proof
method. Despite the fact that their method exceeds the
competition still in respect of overall functioning, the
enhancement on several networks is insignificant. As a
result of this vast research review, it is clear that additional
research is required and expected so as to advance this
field of study.

Methodology

Past works followed a two-stage approach where
community detection and community evolution were
studied separately. However, our framework follows a more
advanced approach by studying the community detection
and evolution simultaneously as described below.

By creating a distinctive network where all snapshot
nodes are all instances of all nodes, and edges can be
regular edges within snapshots or a special sort of edge
that connects nodes between snapshots. Then the NMF is
made to run on this large network to uncover communities
as illustrated in Fig. 1.

Our contribution towards this study mainly consists of
the following steps:

— an effective approach to calculate information
dynamics among the nodes in a targeted network;

— an integrated framework is proposed where
number of communities adopted by NMF is calculated
automatically based on the information flow score among
nodes;

— a model that merely depends on the targeted
network topology to identify true communities is aimed
and formalized.

Our framework that uses social networks to recognize
active communities has four main interconnected phases
(stages) as described below.

Stage 1. We use BFS (Breadth First Search) first
to sample a graph around an initial seed node; then the
adjacency matrix A is constructed based on the targeted
subnetwork having ones depicting links among network
nodes and zeroes depicting unknowns like:

A;={11ifiandj are adjacent to each other; otherwise 0.(1)

Stage 2. Here the similarity matrix B based on
contact strength among nodes of matrix A is computed
first, where contact strength represents the degree of
closeness among nodes of a network. Because the triangle
structure may better characterise the tightness among the
nodes, we employed triangles to formalise the contact
strength definition. It is computed using the following
formula:

N(u) N N
cs,, = M@ N NG)
Tu

2

where Tu is the number of triangles of vertex u, and the
intersection between N(u) and N(v) is the number of
triangles common to node u and node v.

So the strategy is based on the fact that strong ties play
a major part in community formation and information
diffusion. In the network having n nodes, the similarity of
every node pair according to the above described contact
strength formula is computed first and therefore n % n form
of similarity matrix as B = {s;;} is obtained, wherein an
element s;; indicate the contact strength closeness between
i and j nodes.

Stage 3. Here we made an attempt to train our
framework to calculate the number of communities based
on the node information flow. The information about a v
node over ¢ time is calculated as:

L1y = Loy T 2y € Ny (CSy)- 3)

Wherein /,, describes the information of a v node at
t time, and second part of the expression represents the
information which is gained from its neighbours. As may
be seen, information of v node at time 7 + 1 involves the
information over time ¢ plus the information gained from
its neighbours at time ¢ + 1. With the time evolution, the
propagation of information inclines to zero. Ultimately,
the network information will achieve a state of equilibrium
which blocks the further information interaction.

Stage 4. Then NMF is exploited using the similarity
matrix B together with the calculated information flow
thus uncovering the communities. NMF uncovers the
inherent network community composition and improves
interpretability and compression because of its “sparse”
and “parts based” representation with the solely additive
constraint or non-negativity. NMF reduces the matrix
B € R™*n into two nonnegative matrices like V € Rm*k
and U € RF7, such that B = VU. Given an information
node B matrix, we intend to acquire U the matrix of node
membership using NMF as follows:

min
U,V [B-VU|% “)
StU>0.

After obtaining the clusters around the seed nodes, the
quality scores of each node are computed and the node
having highest score in every cluster is selected as the
high quality seed. We illustrate the quality-score of a node

v(0Sy) as:
0S8y = Sim(YG(v), YG(vs)) +
N Xu € Nw)Sim(YG(u), YG(v))
INO)

)

where N(v) is the neighbour set of v; YG(v) is the vector
embedding of v node on G; and Sim represents the cosine
similarity.
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Moreover we summarize our frameworks work flow
in a flow chart (Fig. 1). Four main tasks employed by our
methodology discussed above as well are further elaborated
as follows:

1. Initialization — where adjacency matrix A is
constructed based on targeted network having ones
depicting links among network nodes and zeroes
depicting unknowns. Then initialization of secondary
data structures takes place accordingly.

2. Pre-processing — where matrix B is constructed based
on the information statistics of nodes considering matrix
A as a base matrix.

3. Training — where our framework is made to learn the
no. of communities based on the node information flow.

4. Detecting — where finally the associations between the
nodes and the communities are attained via NMF over
learnt latent factor representations of the nodes of the
network.

The process is repeated until all the snapshots are
visited. Once it is done with all the snapshots a sequence
of multiple communities are obtained.

Adopt BFS (with depth at 3) using seed
node to get first-order, second-order and
third-order nodes

Initialize A according to the targeted
sampled graph by formula (1)

Calculate Information flow score (IFS) of
each node with respect to its neighbors by
formulae (2), (3)

Reconstruction of A according to the IFS
statistics resulting in B

l

Adopt NMF to identify the cluster to
which each node belongs by rule (4)

Compute the quality score of each seed
so as to record the high quality seed for
the next snapshot by formula (5)

!

The sequence of the set of multiple
communities for a high quality seed

No

Whether all snapshots visited

i Yes

End

Fig. 1. Work flow of our proposed framework

algorithm
—

Fig. 2. A simple illustration of the community detection in our
framework

Our framework is capable of uncovering the connected
components in a graph without explicitly specifying
the number and size of communities as was required in
previous studies [8, 15]. Moreover the approach is scalable
enough to accommodate very large networks as often
observed in real data. Fig. 2. shows how communities
are identified in our framework — blue colored nodes
represent community 1 and red colored nodes represent
community 2.

Empirical Results

Using three real-world networks as discussed below, the
effectiveness of the existing community detection methods
based NMF was examined in this study.

Simulated Data

We used the combination of small and large 4 real-
world networks as discussed and demonstrated below in
order to validate the effectiveness of our model.

In 1970s, 34 fellows from a club-karate at an American
university formed a friendship social network known as
the Zachary karate club [26]. The network was broken into
two sets of friendship due to a disagreement involving the
club manager along with the trainer about the charge of
training karate.

In the year 2000, American Football College became
a games network among Division-I Colleges (teams).
Conferences are made up of colleges, with each conference
serving as a ground-truth community. The nodes (115)
represent Colleges (teams) whereas edges (616) denote
games played among teams [1].

Dolphin is a group of 62 dolphins that were spotted in
New Zealand Doubtful Sound between 1994 and 2001.
Two dolphins that were observed together “more often
than the predicted probability” are connected by an edge.
The network was separated into two primary communities
(partition (a) contains 1-20 nodes and partition (b) contains
21-62 nodes), both of which can be subdivided into three
sub communities [27].

Facebook is a network of friendships among Facebook
users, wherein the vertex denotes a user and the edge
depicts that the users represented with the end points are
friends. This is a friendship network (available in SNAP
library also) with 347 vertices and 5038 edges [28].

Visualizing Networks Result by our Model

In this study an attempt has been made to produce
robust community detection results in dynamic networks.
At first our framework was applied on the two fundamental
and important networks (Fig. 3) and fortunately we
obtained satisfactory results compared with the baseline
approaches (Fig. 8).

As shown in Fig. 4 the Dolphin network can be treated
as a network having 4 communities, Wherein the main
two communities are node 1 — node 20 and node 21 —
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Fig. 3. Community structures of the Karate network (a) and American football network (b) as detected by our model where each
color represents distinct community

node 62. Furthermore the community comprising of nodes
from node 21 — node 62 are further split into 3 sub-
communities.

Next our model was applied on Facebook network. For
the sake of expositional clarity, we skip the labels of the
nodes so that the different community structures can be
seen clearly as shown in Fig. 5.

To visualize the relationship strength and the
corresponding relationship score in a better way, we have
plotted the Heatmap wherein nodes are represented by
columns and rows showing which pair of nodes are most
closely related as shown in Fig. 6. Each square shows the
relationship between the nodes on each axis where maroon
color indicates the positive relationship and blue color
indicates the negative relationship. The varying intensity of
color represents the measure of relationship. The stronger
the color is the larger is the relationship magnitude.

Fig. 4. Community structure of the Dolphin network clearly
showing further splitting of 214 community represented by
green, light green and blue color

Finally a brief internal working has been shown in
Fig. 7 for better understanding of the model. A sampled
graph obtained after performing BFS sampling on a simple
graph having 15 nodes by taking seed node as 6, since BFS
is fast in exploring the neighbourhood of a node so was
choosen.

Evaluation Metrics and Performance Comparison

To validate the performance of our model we have
employed NMI (normalized mutual information) and
ARI (adjusted random index), conductance, F1 score
to measure the similarity between the ground truth and
detected community structures, and the results are shown
in Fig. 8. Both the NMI and the ARI are commonly used
similarity assessment standard metrics which are based on
information theory and have been proven reliable. Given
two community network divisions A and B, NMI (A; B)
is computed as:

2I(A; B)

NMI (A; B) = H(ATH(B)

(6)

Wherein / (A; B) represents mutual information of A
with B and H (B) denotes entropy from B. The NMI value
ranges between 0 through 1, wherein 0 means that the
communities detected are totally independent of the ground

Fig. 5. Community structure of Facebook network, each color
represents a separate community
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truth communities, while 1 means a complete match with
the actual communities.

RI — Expected RI
ARI= : ()
max RI — Expected RI

Wherein R/ represents the similarity between
two networks, partitions comprise all sample pairs.
Subsequently, it computes the number of pairs in the
expected and actual partitions of the network which are
allotted to the different or the same network partitions.

Conductance measures the fraction of total edge volume
that points outside the partition. The lower the conductance
value the better is the partitioning. Conductance is
computed as:

fle)=sc/2me + sc). ()

Wherein f{c) is the quality-measure function which
estimates the quality of a given community c; mc is the
number of edges inside the community c¢; and sc is the
number of edges leaving the community c, i.e. edges that
connect the members of ¢ to the other communities within
that network.

F1 Score is the harmonic mean of precision and recall
whose value ranges from 0 to 1 and it is calculated as:

precision x recall

F1 Score =2 ©

precision + recall

Fig. 8 reports the results of our framework on various
networks using the above mentioned metrics, computed
from the formulas (6)—(9).

In order to further compare the performance of our
model with other baseline approaches, such as CDCN
NMF proposed by Ye et. Al [6] and DPNMF proposed by
Lu et al. [25], we used the NMI metric computed from
equation (6) and the results are shown below in Fig. 9.

Model Performance Metrics

0.8
0.4
0.0

Karate Dolphin Football Facebook
= NMI
= ARI

= Conductance
= F1 Store

Fig. 8. Comparison of the different metric values obtained for
the results of our model for the 4 public datasets

Applications

NMF has become an essential technique in multivariate
data study because to the better semantic interpretability
and resulting sparsity in accordance with the non-negativity.
It has a long history of application to the domains
of optimization, maths, neural computing, machine
learning, pattern recognition, data mining, computer
vision and image engineering, spectral analysis of data,
chemo metrics, bioinformatics, criminology, geophysics,
economics and finance. More peculiarly, such applications
cover digital watermark, data mining of text, denoising
of image, restoration of image, segmentation of image,
image fusion, classification of image, image retrieval,
hallucination of face, recognition of face, recognition
of facial expression, audio pattern separation, speech
recognition, music genre classification, microarray analysis,
spectroscopy, blind source separation, classification of
gene expression, cell analysis, processing of EEG signal,
pathologic diagnosis, online discussion and prediction,
email surveillance, network security, stock market pricing,
earthquake prediction, and all that.

a b
Karate Dolphin
- |
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Fig. 9. Performance comparison in term of NMI on Karate (a) and Dolphin networks (b)
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Conclusion

This work presented an improved non-negative matrix
factorization model as well as comprehensive review of
existing NMF methods employed in support of dynamic
community detection. Moreover, this work highlighted the
strengths and limitations of the existing methods in order
to determine the extent to which work in this field is being
done and to identify the significant research gap that exists
as well as to investigate if significant improvement can be
achieved on these existing NMF-based models. Fortunately,
our model produced satisfactory results compared with
the baseline approaches such as CDCN and DPNMF.
Simultaneously there are some issues discussed below
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AHHOTAIUA

ITpenmer ucciaenoBanus. [IpencraBieHa cucTeMa BU3yalbHOIO OTOOPaKEHUSI U3MEHEHUS (HU3HOIOTHYECKOTO
COCTOSIHMS MAIlMEHTOB U MepeJaddl JaHHBIX M0 O0eCmpoBOAHON onTHueckol cBsi3u. CyIlecTBYIONIHE METOABI Ha
OCHOBE NPHUKPOBATHEIX MOHUTOPOB HE NMPEIOCTABIAIOT BO3MOKHOCTh BH3YaTbHOTO OTOOpaskeHUsI HHPOPMALIUT
BOJHM3H 00BEKTA B YCIOBHUSIX BBICOKOW 3arpyKEHHOCTH IEPCOHANA M IMO3BOJISIOT OCYIISCTBIATE Mepeaady AaHHbBIX
I10 2JIEKTPUYECKOMY KaOeJio MM JUCTAaHIMOHHO B PaJioY4acTOTHOM Juara3oHe. [1oqoOHbIe HeoCTaTKN CHIKAIOT
OIIePaTUBHOCTh PEarupoBaHuUs IepCOHANIA U IPUBOJST K OOJIBIIOMY KOJIMYECTBY OIIMOOK B IepeaaBacMbIX JaHHBIX.
Bosnee rdpdexTuBHA ynaneHHas onepaTtuBHas CHCTeMa MOHMTOPHHIA, obecriednBaromnias cOop JaHHBIX C TAaTYHKOB,
0T06pa>1<eH1/Ie C MUHHUMAaJIbHBIM BPEMEHEM 3aJICPKKU U NEpEAavYy NAHHBIX 10 IOMEXO3allUIICHHOMY KaHally CBsA3H
B ONTHYECKOM Juanaszone. [IpocToil u HarmaaHbIi crioco6 oToOpakeHUs: HHPOPMALNHU TT03BOJISIET ONEPATUBHO,
6€30mnO0YHO ¥ TOUYHO paclo3HaTh KpuTHueckue cutyanuu. Meroa. Ilpeqnaraemas cucrema UMeeT JBa KaHala.
ITo mepBoMy KaHay OCYIIECTBISETCS BH3yadbHOE OTOOpa)keHHE M3MEHEHHS (U3MOTOTHIECKOTO COCTOSHUS Ha
HOCHMOM YCTpOHMCTBE B BHAE Opacnera. BTopoii kanan nepenaer qaHHbIe 00 OTKJIOHEHHH B COCTOSHHM MAIlEHTa MO
0eCIIpOBOIHOI ONTHYECKOI CBSA3M B MH(PPAKPACHOM JHANA30HE CIIEKTPa JUIS HOCIESIYIOIEro MOAPOOHOT0 0TOOpaKEHUS
Ha KoMIIbloTepe. BusyanbsHoe oToOpaxkeHHe H3MEeHeHNs (PU3HOJIOTNYECKOT0 COCTOSIHUSI COCTOUT B IIPOTPaMMUPYEMOM
W3MEHEHHH [IBETHOCTH MHIMKATOPHBIX CBETOIMOOB U N3MEHEHHH PEKUMOB HX cBedeHs1. [loyueHHbIe pe3yIbTaThl.
IIpencrapiena cTpyKTypHas cxemMa M KOHCTPYKIIMSI CUCTEMbI BU3YaJIbHOTO OTOOpaKeHMs M NIepe/iauu JaHHbIX. B pamkax
OLIEHKH PabOTOCIIOCOOHOCTH CHCTEMBI BBITIOJIHEHA OI[EHKA HAarpeBa yCTPOUCTBA BU3yalbHOTO OTOOPAKEHUS B Cpejie
COMSOL Multiphysics. [Tokazano, 4To cpeaHss TeMIepaTypa HarpeBa HHIHUKATOPHOW 4acTH, CONPUKACAIOIICHCS ¢
KOXel denoBeka, He mpesbiraeT 24 °C u Oe3zomacHa 1yis manuenTa. [Ipeanoxkena ontudeckas cxema 0oka mpueMa u
niepezaromnero Moxyist. OnTuaeckast MoeIb MOy I pa3paboTana B mporpamme Zemax. [IpeoxkeHa ontuaeckas cxema
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Cuctema BU3yasibHOIo 0T06pa>Keva M3MeHeHUd PU3N0N0rM4eckoro COCTOAHNSA NaLVEHTOB. ..

Onoka npuema u nepezaromiero Moxyist. [Tokasano, uro Tpedyemas cpeiHss ONTHYECKasi MOLIHOCTD paboueii obnactu
criekTpa coctapiseT 235 MKBT npu Hajau4nu 4eThipex HHPPaKpacHBIX CBETOIHOOB U (POTOAMOIOB, PACTIOIOKEHHBIX
Ha paccTossHuM | M Ipyr oT Apyra. PaccMOTpeHO onucaHue padbodero MakeTa ycTpoiicTBa BU3yalbHOTO 0TOOpaKeHNs
U TIiepesadyn JaHHbIX, BKIIOYAIONIEro U(POBOH 1aTYMK Mynbca U YPOBHS KHCIOPO/A B KPOBH, OJIOK YHpaBICHUS
[BETHOCTHIO U 00pabOTKM JaHHBIX, YCTPOHCTBO BU3YalbHOTO OTOOpaKeHUS, OJOK Mepeaadn JaHHBIX. PesknMbl
paboThI CBETOJMOOB M MX COOTBETCTBHE OTKJIOHCHHIO KOHTPOJIHPYEMBIX NMapaMeTpPOB MIPOBEPEHO CIEIHATbHON
nporpaMMoit MuKpokoHTpotepa. IIpakTuueckast 3nHauuMocTb. BHepenne pa3pabarsiBaeMoi CHCTEMBI aKTyalbHO
NIPY MOHUTOPHHTE COCTOSIHUSI 00BbEKTa HAOIIOACHUS B CIy4asx, KOIja MPUMEHEeHNe PaJrHodyacTOTHOTO JHana3oHa
OrPaHUYCHO, M BXKHYIO POJIb UIPAET YCTOHYMBOCTh KaHAJa MIePeadr JAaHHBIX K IEKTPOMAarHUTHBIM ITOMEXaM.

KiroueBnle c1oBa
CHCTEMa BU3YaJIbHOTO OTOOpaKeHUsI, OCCIPOBOIHAS ONITHYCCKAS CBSI3b

Baarogapuoctn

DKCIepUMEHTaIbHOE HCCIIE0BaHNE BBIMOIHEHO B pamkax rpanta PODOU 19-29-01066/2022. ABTOpbI BbIpaaioT
OnaromapHocTh PoccuiickoMy Hay4YHO-HCCIIEIOBATENBECKOMY HEHpOXUpypruueckoMy HHCTUTYTY M. A.JL. [lonenosa
(dbummany HMULL um B.A. AnmazoBa) 3a MOMOIIb U y4yacTHe B HOPMHUPOBAHUM TEXHUYECKOTO 00NMHMKa 00BEKTa
BH3YaJbHOTO OTOOPaKCHUSI.

Ccepbuika s uutupoBanus: Boctpuxosa C.A., [Toropenosa K.O., Ilupses /1.C., Tkauesa E.B., benskos H.A.,
Kosau SI.H., Aunpees 10.C., CmuproBa W.I'., KonapareeBa E.A. Cuctema BU3yanbHOTO 0TOOpaKCHUS M3MCHEHUS
(PU3HOTOTUIECKOTO COCTOSIHUS MAIMEHTOB ¢ XPOHUYCCKUM HapyIIEHHEM CO3HAHHS U Nepeladyd JaHHBIX 10
OecrpoBOIHON onTHYecKoi cBsi3u // HayuHo-TexHHYecKHi BEeCTHUK MH(OPMAIMOHHBIX TEXHOJIOTHUH, MEXaHUKH U
ontuku. 2022. T. 22, Ne 5. C. 951-961. doi: 10.17586/2226-1494-2022-22-5-951-961

Visual display system of changes in physiological states for patients with chronic
disorders and data transmission via optical wireless communication

Svetlana A. Vostrikoval!®™, Kira O. PogorelovaZ, Daniil S. Shiryaev3,
Ekaterina V. Tkacheva4, Nikita A. Belyakov5, Yakov N. Kovach®, Yurii S. Andreev’,
Irina G. Smirnova$, Ekaterina A. Kondratieva®

1.23,4.5,6,7.8 ITTMO University, Saint Petersburg, 197101, Russian Federation

9 Polenov Neurosurgical Institute (Branch of Almazov National Medical Research Centre), Saint Petersburg, 191014,
Russian Federation

9 The S.M. Kirov Military Medical Academy, Saint Petersburg, 194044, Russian Federation

9 Federal Research and Clinical Center of Intensive Care Medicine and Rehabilitology, Moscow, 107031, Russian
Federation

! svetlanadegtiareva@itmo.ru, https://orcid.org/0000-0001-9539-8418
2 pogorelovakira@itmo.ru, https://orcid.org/0000-0002-4455-1117

3 dshiryaev@itmo.ru, https://orcid.org/0000-0001-8612-0297

4 tkacheva@itmo.ru, https://orcid.org/0000-0003-2774-0423

5 belykovna@rambler.ru, https://orcid.org/0000-0002-1271-0195

6 j-n-kovach@itmo.ru, https://orcid.org/0000-0003-4858-4968

7 yura.andreev.98(@mail.ru, https://orcid.org/0000-0001-7806-8652

8 igsmirnova@itmo.ru, https://orcid.org/0000-0001-8357-3987

9 eak2003@mail.ru, https://orcid.org/0000-0003-4715-7585

Abstract

A visual display system of changes in the physiological state of patients and their data transmission via optical wireless
communication is presented. Existing methods such as bedside monitors do not provide the possibility of visual display
of information near the object in conditions of high workload of personnel and allow transmitting data via an electric
cable or remotely in the radio frequency range. Such disadvantages reduce the responsiveness of personnel and lead
to numerous errors in the transmitted data. A remote operational monitoring system is more effective, providing data
collection from sensors, display with minimal delay time and data transmission over an interference-free communication
channel in the optical range. A simple and visual way of displaying information allows to quickly and accurately
recognize critical situations. The proposed system has two channels. The first channel provides a visual representation
of changes in the physiological state on the visual display device in the form of a bracelet. The second channel allows
transmitting data about the deviation in the patient’s condition via optical wireless communication in the infrared range
of the spectrum for detailed display on a computer. The visual representation of changes in the physiological state is
based on programmable change in the color of the LED indicators and on change in their operation modes. The block
diagram and design of the visual display and data transmission system are presented. As part of the evaluation of the
system operability, the heating of the visual display device in the COMSOL Multiphysics was evaluated. It is shown,
that the average heating temperature of the indicator part in contact with human skin does not exceed 24 °C and is safe
for the patient. The optical scheme of the receiving unit and the transmitting module is presented. The optical model
of the module is presented in the Zemax program. It is shown, that the required average optical power of the working
spectral region is 235 uW for the four infrared LEDs and four photodiodes located at a distance of 1 meter. A description
of the working layout of a visual display and data transmission device is presented, including a digital pulse sensor and
blood oxygen level, a color control and data processing unit, a visual display device, and a data transmission unit. The
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LEDs operation modes and its compliance with the deviation of the controlled parameters were checked by a special
microcontroller program of practical significance. The implementation of the developed system is relevant when
monitoring the condition of the object of observation in cases where the use of the radio frequency range is limited and
the stability of the data transmission channel to electromagnetic interference plays an important role.
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visual display system, optical wireless communication
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BBenenue

XpoHUUECKOE HApYILIEHNUE CO3HAHUS — KIMHUYECKOE
COCTOSIHME, Pa3BUBAIOLIEECs MOCIE KOMBI B PE3ylIbTaTe
Pa3JIMYHBIX BHJIOB TPaBM (YepEITHO-MO3TOBON TPaBMBI,
WHCYJIBTA, MEPECOXTAXKICHUS WU Meperpena). Xapakx-
TEpU3yeTCsl BOCCTAHOBJICHNEM OOPCTBOBAHUS MPH MTOJTHOM
YJIH TIOYTH TIOJTHOM OTCYTCTBUH TPU3HAKOB CO3HATEIFHO-
ro moBefaeHus. K XpoHH4ecKoMy HapyIICHHIO CO3HAHUS
OTHOCSITCSI BET€TAaTUBHOE COCTOSIHAE M COCTOSIHHE MHUHU-
MaJbHOTO CO3HAHUS, OTIINYAIOIINECS MEXITy COO0M OTCyT-
CTBUEM WJIU HAJITMIUEM OTUYCTIIMBBIX ITPU3HAKOB CO3HAHUA,
I[EJICHANPABICHHOTO MOBEACHHSI U peakiuil Ha BHEIIHHE
ctuMyisl [1]. JIro6oe U3 3TUX BUOB HAPYIIEHHOTO CO3HA-
HUSI TIPEJICTABIISIET YIPO3BI JUTS JKM3HU MALMEHTa 1 TpeOyeT
MOCTOSIHHOTO KOHTPOJIS OCHOBHBIX MOKa3aTesneil xKu3He-
JIeATEIIbHOCTH OpraHn3Ma B peaOMITNTAIMOHHBIN TIEPHO.

B oraeneHusX peaHMMAlMU U HHTCHCHBHOHN TEparuu
TpeOyeTcsl HeMPEePBIBHBIN MOHUTOPUHT (DH3HOIOTHYECKOTO
COCTOSIHUS TTAlEHTOB, T. €. cOOp MaHHBIX (U3NOIOTHYE-
CKHX MTapaMeTPOB 3a OTPeIeTICHHBII MPOMEKYTOK BPEMEHI
B COOTBETCTBHUH CO CTaHAAPTOM MHUHHMAJIHHOTO MOHHUTO-
pHHTa IPOBEACHHUS HapKO3a, PEAHMMAMOHHBIX MEPOIIPHS-
TUWA ¥ UHTEHCUBHOM Tepanuu. J[aTyuku, 3aKperieHHbIe Ha
TeJle MalueHTa, MOKIIIOYat0TCs K MPUKPOBAaTHOMY MOHHTO-
Py A7l OTOOpaKeHHs JaHHBIX Ha dKpaHe. TpaanMoHHbINA
MeTOoJ| 0TOOpakeHHsI UMEET psiJl HermocTaTkoB. Harpumep,
Ha MPUKPOBATHBIX MOHHUTOPAX IO rpadukam, YACICHHBIM
3HAUEHUSIM U CUMBOJIaM TpeOyeTCsl BpeMsl Ha aHaJIu3 JaH-
HBIX, HO JUTSL OBICTPOTO MIPUHSTHS PEIICHUH B KPUTHIECKON
CUTYallid Ba)XHO MHTYUTUBHO MOHSATHOE OTOOpaKECHUE.
HemnpepriBHOE HAaOMOACHNE B CTAI[MOHAPHBIX YCIOBHIX
MEIUIUHCKAM MEePCOHAJIOM Y MOHHTOpA HE MPeICcTaB-
JSeTCSl BO3MOKHBIM B CBA3U C OOJBIINM KOJIHMYECTBOM
MaleHTOB, y9acTHEM B 00X0aax, padOYnX COBEIIAHHUSX.
OTnenbHOE BHUMaHME YCNAETCS UCCIEIOBAHUIO YPOBHS
[IymMa CUI'HAJI0B TPEBOTH, UCIOJIL3YEMbIE B IPUKPOBATHBIX
MOHHUTOpPAaX B KPUTHUYECKUX cUTyauusx. Jlng mepegaun
CHUTHAJIOB TPEBOTH UCTIOB3YIOTCSI aKyCTHUECKUE CUTHAIBI,
€CIIH TapaMeTp )KU3HEHHO BaXKHBIX ITOKa3aTesIei peBblIia-
€T 33J1aHHbIA opoT. B peansHOM KIIMHUYECKOM IpUMEHe-
HUU 3TO MPHUBOAUT K MpoOIeMaM B BUJIC TAaKUX CUTHAJIOB,
KOTOpBIC TIEPECTAIOT CBOCBPEMEHHO HHTEPIIPETUPOBATHCS
MepCOHAIOM. VX TPOMKOCTh MPHUBOJUT K ITOCTOSTHHOMY
ITyMOBOMY (DOHY, CPaBHIMOTO C IITyMOM TOPOJICKOH YITHIIBL,
oxono 80 1b, a B HEKOTOPBIX CITydask U BOBCE MPEBHIIIACT

nopor Oonee yem Ha 30 1b [2, 3]. [lepconan yrpaunBaeT
CIIOCOOHOCTB BBIICISATH ICHCTBUTEIILHO BaXKHBIE CUTHAIBI,
100 pearupyeT Ha HUX ¢ omo31anueM. Borpoc oTkirode-
HUSI CHTHAJIa TPEBOTH MTPOTHBOPEUUT MEIUIINHCKON 3TH-
Ke. B pesynprare MOXKHO caenarh BBIBOJ, 4TO Ipoliiema
OOJILHUYHOTO IITyMa HE MOXKET OBITh pEIICHa, HO B TO e
BPEMA 3BYKOBBIC CUTHAJIBI HA IPUKPOBATHOM MOHUTOPE HE
MOT'YT CIIY)KUTb NEPBOCTEIICHHBIM WHAUKATOPOM H3MCEHEC-
HUA COCTOSIHUA ITallMCHTA. B ¢Bs3u ¢ 5TMM BO3HUKAET CABUI
OT TPaJULUOHHBIX CIIOCOOOB OTOOPAKECHUSI COCTOSTHHS
K ONEpaTUBHBIM CHCTEMaM yJaJIeHHOIO MOHMTOPHHTA C
HEOOJIBIIMM BPEMEHEM 3aJIePXKKH MEXKJly CUNTHIBAHHUEM
U Tmiepeniadeil TaHHBIX, WM MEX/Y CUNTHIBAHUEM W BH3Y-
AJIIBHBIM O0TOOpaXXEHHEM KPUTHUYECKOW cuTyaruu. B otne-
JCHNAX PEaHNMALMN U WHTEHCUBHOM Tepalmu CKOPOCTh
nepeiady JaHHBIX O MalMeHTaX MOXKET BIHMAThH HAMPSIMYTO
Ha CKOPOCTb TPUHATHS PEIICHUH.

B HacTosimee BpeMs peann3yroTcsi 6eCIpoBOJHBIE
CHUCTEMBbl MOHUTOPHUHTA TAIIMEHTOB Ha ocHOBe Wi-Fi u
npoTtokosna Zigbee, MprUMepbl CUCTEM PACCMOTPEHBI B pa-
6otax [4—7]. OTMeueHO, YTO OCCIPOBOMHBIC TEXHOJIOTUU
Tiepeiauy IJaHHBIX B PaJIHOYaCTOTHOM JIHaIla30He TIPUBOIST
K OTPaHUYEHHUSIM U CHIIKEHHIO TOYHOCTH JJaHHBIX, BbI-
3BaHHBIM YYBCTBUTEIHHOCTHIO YCTPOWCTB MOHUTOPHHTA
K 2JIEKTPOMarHUTHBIM 1oMexaMm. [ToMexn oT MOOMIIBHBIX
TeJIe(OHOB U KOMIIBIOTEPOB TaKXKE MOTYT OJIOKHPOBATH
CUTHaIBI 0T 00opynoBaHusi MoHUTOpHHTA [8]. Ilepenaua
JTAaHHBIX YEPEe3 CBETOIUOMABI B OTACICHUAX MEIUIIMHCKO-
TO Ha3HAYCHHS peIIaeT JaHHyro mpobdiemy. B 2015 romy
yUEHbIEC TPOIEMOHCTPUPOBAIIN IIEPEIady HEUCKa)KEHHOTO
CUrHaja JeKTpodHIedarorpamMmmel Ha paccTostHuu 50 cm
W M3MEPUJIM CKOPOCTh nepenaun nanueix 10 I'out/c [9].
B 2019 roay OecnpoBomHas onTuyeckasi CBsi3b B BUIU-
MOM JIaria3oHe MpecTaBiIeHa Kak Oe30macHast CBsI3b MpH
BO3/1€HCTBUU M3JIy4EHUS] HA HOBOPOXKJCHHBIX C HU3KOU
nMMyHHOH cuctemoit [10].

3a mociietHuEe 5 JIeT MPOBEICHBI UCCIIE0BAaHNS B 00-
JaCcTH YCTPOWCTB MEIUIIMHCKOTO MOHUTOPUHTA, KOTOPBIE
cranu Oonee pasHooOpasHeIMU. Yuensle u3 llBeitnapun
u Urammn paccmorpenn cuctemy MindBEAGLE B Bune
AIIEKTpOHIIEhaTorpadGuIecKoil manku Kak CpeCTBa OLICH-
KM U MeToja obmeHus ¢ nanuentamu [11]. Paspaboransr
HOCHMBIE YCTPOMCTBA 111 peabuiuranuu! 1 BoccTaHoBIIe-

I BrainWatch Tech [Dnexrponnsiii pecype]. URL: https://
www.brainwatch.tech/ (zata oOpamenus: 29.03.2022).
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Cuctema BU3yasibHOIo 0T06pa>Keva M3MeHeHUd PU3N0N0rM4eckoro COCTOAHNSA NaLVEHTOB. ..

HUS MBIILIEYHON aKTUBHOCTH!, YCTPOMCTBA HA OCHOBE JJICK-
TpOHHOTO TeKCTuIs [12—14], u cucTemsbl, ONMUCHIBAIOLINE
OCHOBHBIC NapaMEeTPBhl JKU3HEACSITCIbHOCTH OPraHu3Ma
[15, 16]. HecmoTps Ha MPaKTHYECKYHO 3HAYUMOCTh OIIH-
CaHHBIX YCTPOICTB M CUCTEM, OHH HE MIPEIHA3HAYCHBI JIJIS
OTOOpPaKCHHUS COCTOSHISI MAIICHTA.

Taxum 00pa3om, BO3HUKAET 3a7a49a yCKOPSHUS IPUHS-
TUSI PELLIEHUH U ITOMEXOYCTONUMBON NEpeJaun TaHHbIX C
TTOMOIIIBIO TIOHSATHOW BU3YaJIN3aIliH U3MEHEHUS (prU3nomo-
THYECKOTO COCTOSHMS MAIMEeHTA 151 MTHOBEHHOTO, OJTHO-
3HAUYHOTO U 0e301IMOOYHOrO CYMTHIBAHHS MEIUIIMHCKUM
nepconanom. Heobxonuma pa3padoTka 0€CIpPOBOIHOTO
BBICOKOCKOPOCTHOTO 3aIl[MIIIEHHOT0 KaHaja CBSA3U B ONTH-
YECKOM JIMara3oHe, YTO MO3BOJIUT JOOUTHCS OTCYTCTBUS
9NIEKTPOMArHUTHBIX TIOMEX 10 CPABHEHUIO C YK€ MCIOJIb-
3yEMBIMH TEXHOJIOTHSMH.

Lens paboThl — pa3paboTKa CHCTEMBI BH3YaJIbHOTO
0TOOpaKCHHUS U3MCHECHUS (PH3UOIOTHYCCKOTO COCTOSHHS
TIAIIICHTOB C XPOHWYECKUM HapyIICHHEM CO3HAHHS C BO3-
MOYKHOCTBIO TTePEAavn JaHHBIX 110 TEXHOJIOTHH OECIIPOBO-
JTHOM ONTHYECKOM CBS3U.

Onucanne cUCTEMbI BU3YyaJILHOI'0 0T06pamemm
U nepeaavum J1aHHbIX

PaspabaTpiBacMast crctemMa IpeaHa3HauYeHa IsT MOHH-
TOPUHTA M3MEHEHHS (PU3NOTIOTHIECKOTO COCTOSHUS TaIlH-
€HTOB C XPOHUYECCKIM HAPYIICHHEM CO3HAHMS U TIepeadn
JAHHBIX O €r0 YXYAIICHUU M0 TeXHOJIOTHH OeCTIPOBOTHOMN
onTU4eckoil cBsa3u. CucTema ocymecTBiser cOop u 00-
paboTKy MOJTy4YEHHBIX (U3HOJIIOTHUECKUX 1apaMeTpoB, a
TaKXeE 0T06pa>1<eH1/1e U3MCHCHUS COCTOSAHHUSA ITAILIUCHTOB
MOCPEICTBOM U3MEHEHMsS IBETHOCTU H3JIYUYEHUS CBETO-
JIMOJIOB Ha YCTPOWCTBE BU3YyabHOrO oToOpaxenus. [1pu
N3MEHEHHHU (PU3HOJIOTHYECKOTO COCTOSTHHS MAIlMEeHTa Me-
TUIMHCKUN TIEPCOHAN JTOJDKCH MONYYUTh BH3YallbHO U
yaaJieHHO MH()OpPMAITHIO 0 OOJTBHBIX, HE HAXOISACh B HETIO-
CPEACTBEHHOH ONM30CTH K MAIHCHTY.

O6ocHOBaHHE W3MEPSICMBIX CHTHAJIOB M JHATIA30HBI
HOpPMAaITbHBIX 3HAUEHUH PacCMOTpPEHHI B padote [17].

Ha puc. 1 mpencrasieHa CTpyKTypHasi CXeMa CHCTEMBI
BU3YAJIBHOT'O OTO6pa)KeHI/I$[ " nepeaavyu 1aHHbIX ¢ UCIIOJIb-
30BaHMEM OJHOTO JaT4HKA.

brok-cxema cucteMsl okas3aHa Ha puc. 2.

MenunuHCKUe JaTYuKy TMOAKIIoYeHb! o muHe [2C
K MHKpPOKOHTpoJutepy bioka ynpasieHns: LIBETHOCTBIO U
00pabOTKU NAaHHBIX: JATYUKU TEMIICPATYPhl H MTyIbCOK-
cuMeTpuu. J{aTInK MyThCOKCUMETPUU OTBEYACT 3a JBa
rmapaMeTpa: HachIICHUE apTepUabHOW KPOBHU KHCIIO-
POIIOM M YacTOTy Iynbca. [lapaMeTpsl cpaBHUBAIOTCA B
MUKpOKOHTPOJIIEPE € UAa30HOM HOPMaJIbHBIX 3HAYEHUI
1 B 3aBIECHMOCTH OT COCTOSTHHS TTAIIEHTA (BBIIIIC WA HIDKE
TpaHUIBl HOPMAJbHBIX 3HAYCHUH, COCTOSHHAE B HOpME)
MPEICTABISIOTCS Ha YCTPONCTBE BU3YallbHOTO OTOOpa-
JKEHHsI B BUJI€ IBETOBBIX KoopauHaT RGB u 3agaHHbBIX
PEKUMOB PabOThI CBETOIMO/IOB JIJIsl KaXKI0TO Mapamerpa.
Jast ocytecTBiIeHUs (yHKIMH BU3yaIbHOTO OTOOPayKEHUSI
U3MEHEHHMH (hPU3MOJOTHYECKOr0 COCTOSIHUS MalMeHTOB

I TeslaSuit [Dnexrponnsiit pecype]. URL: https://teslasuit.io/
(mara obpamenus: 24.03.2022).

Puc. 1. CTpyKTypa CHCTEMbI BU3yaIbHOTO OTOOPaXKCHUS U
Iepeiady TaHHBIX:
1 — MeAMUMHCKUI 1aTuuK; 2 — OJIOK yNpaBJIeHUs BETHOCTHIO U
00pabOTKU TAHHBIX; 3 — YCTPOMCTBO BU3yallbHOTO OTOOPaXKEHUS;
4 — OIOK Tepeayn AaHHbIX; 5 — OJIOK MprueMa JTaHHBIX

Fig. 1. Structure of visual display and data transmission system,
where / — medical sensor, 2 — color control and data processing
module, 3 — visual display device, 4 — data transmission module,
5 — data receiving module

UCTIONB3YeTCs OpaciieT, pacnoyiaraeMblii Ha 3aIsiCThe Malu-
eHra (1mopoOHOe OMMCaHNe yCTPOICTBA TPEICTABICHO B
paznene «PacueT OCHOBHBIX 3JIEMEHTOB CHCTEMBI»). B ciry-
Yyae OTKJIOHEHHS 3HAUCHHUS COCTOSIHUS TTAIEHTA OT HOPMBbI
CUTHaJI TpeBOI'M ¢ MUKPOKOHTpoJuiepa rnepeaaercs Ha biok
nepenayyl JaHHBIX, e GOPMUPYIOTCS IMAaKeThl JaHHBIX,
KOTOPBIC OTIIPABJISIFOTCS 110 OSCIPOBOTHOMY KaHATY CBSI3H
¢ momouibto marpuibl nHGpakpacusix (MK) cBeroano-
JI0B 2 x 2 Ha biok mpuema JaHHBIX B BHJI€ ONTHYECKOTO
nHpopMannoHHoro curnaia. Curuan B GOTONPUEMHOM
MOJIyJIe TTOCTYTaeT Ha YCHIIMTEINb, TPe0Opa30BbIBAIOIIUIH
¢oroTok poroaMon0B B HApsHKEHUE MH()OPMALITOHHOTO
curnana. CUrHall Ha BBIXOZIE YCHIIMTEIS! — WHBEPTHUPO-
BaHHBIN. [lanee curnan ot Goroanonos mocne Yeunnurens
Harpasisiercst Ha CymMmarop, 4To0bl CyMMHPOBAaTh CUTHAI,
a TaK)Ke KOMIIEHCUPOBATh MHBEpCHUIO YeuuTens. Ha Bbixo-
ne Cymmaropa HaxomuTcs GUIBTP BEICOKUX dacToT (PBY)
JUTIST ICKJTFOYCHUS TIOCTOSTHHOM COCTAaBIISIIOIICH CUTHAIIA,
a taoke GunpTp HU3kKX yacrtor (GHY) anst nopasneHus
B CHTHaJIe TApPMOHHUK BBICOKOTO Topsiaka. Jlajee curHan
MOCTYyIAeT Ha aHAJIOrOBO-IU(POBOI Mpeodpa3oBaTeIib
MHUKpOKOHTpOIIIEpa, MOCiIe Yero pacimppoBaHHbIE TTepe-
JlaBaeMble JJaHHbIe 0T biioka npueMa JJaHHBIX ¢ TIOMOIIBIO
npeobpaszosaresnss UART unrepdeiica B USB nocrynator
Ha TEepCOHANBHBIA KOMIBIOTEp MU cepBep. OTMETHM,
4TO YCTPOHCTBO BH3yaJIbHOTO OTOOpaskeHHs U biok rme-
pelaun JaHHBIX peau3yloTcs pasaenabHo. biok nmepenaun
JAHHBIX N0 OECTIPOBOJHOMY ONTHYECKOMY KaHAITy CBSI3H
IpeHa3HAueH U1l CANTHIBAHUS JAHHBIX B CTAIIMOHAPHBIX
YCIOBHAX HAOMIONEHNA 32 MAIMeHTaAMU. YCTPOHCTBO BU3Y-
aJBHOTO OTOOpaKEHHSI Ha OCHOBE Opaciera npeIHazHaueHO
JJI0 OTIEPATUBHOT'O MOHUTOPUHI'a UBMECHCHHUSA COCTOSAHUA.
K ycTpolcTBY NpenbsBIsIIOTCS ClIeAyIolue TpeOoBaHus:
JIOKAJILHOE pa3MellleHHe Ha TeJle MalueHTa Ul MUHUMab-
HOTO TETUIOBOTO BO3/ICHCTBYSI, BpeMsI Hadalla BU3yaIbHOTO
0TOOpayKeHUsI ocie 0OHAPY)KEHNSI U3MEHEHHSI COCTOSTHHS
ManueHTa He oosiee 5 CeKyH I, CyMMapHOe BpeMst TIepeiadnt
TIaKeTa JJAaHHBIX He Oosee 2 ceKyH/I. YCTaHOBJICHHbIE 3HAUE-
HHS COOTBETCTBYIOT TPEOOBaHMSM OT/ICICHHS pEaHIMAalUH
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Puc. 2. Briok-cxema CUCTEMBbI BU3YyaJIbHOI'O 0T06pa>1<eH1/1${ U nepeaain JaHHbIX

Fig. 2. Diagram of the visual display and data transmission system

u uHTeHcuBHol Tepanuu PHXUW um. A.JIL. ITonenoBa u
obecriedar cBOEBPEMEHHOE PACIIO3HAHUE KPUTHUYCCKUX
CUTYyaIui.

Crioco0 nepesadn JaHHBIX PEaTN3yeTcsl CIIEYONIM
oOpazom. Mcxonuelie 32 6ura XpaHsT B cebe 3HaYCHUS
HACBHIIIEHHSI KPOBU KHUCIIOPOJOM, TEMIIEPaTyphl M 4acTo-
THI mysbea. [locae ux KOJUPOBAaHMS C MOMOIIBIO KOJa
XsMMuHTa 1 MaHUECTepCKOTO KOJUPOBaHMS MOTydaeT-
Csl BRIXOIHOW TakeT pa3mepom 84 Omrta. JlaHHBIN TakeT
TepenaeTcs ¢ IMOMOIIBI0 aMITTUTYAHONH Momyssun (On-
off keying). biok mepemaun maHHBIX BKIIOYAET MaTPHUILY
UK cBeToanonoB i nepeiayn JOTHIeCKOd eTMHUIIBI |
BBIKJIFOYAET JUIsl TIepeaady JOrMuecKOro HYJIsl Ha OIpe-
JICJICHHOE BpeMSI B 3aBUCHMOCTH OT MCIIOJIb3yeMOH ua-
CTOTBI TE€pe/iauyl JaHHBIX. B 3aBHCHMOCTH OT cUTHala Ha
doronerexkTope, pacnoyioKeHHOM B biioke rpuema 1aHHbIX,
QITOPUTM BOCCTAHABJIMBAET OTIIPABICHHYIO MTOCIIEI0BA-
TEJILHOCTD M JEKOAMPYET B MCXOJHYIO, T. €. B IIepe/IaBa-
emble naHHble. [TonpobHoe onucanue BeIOOpa popmara
TIaKeTa JaHHBIX, CXEMBbI MOYIISIINN U BEIOOPA TapaMeTpoB
repeadyn JaHHBIX C MOCIEAYIOUIEH OLEHKON pe3yabTaToB
OyzeT paccMOTpPEHO aBTOpaMH HACTOSAIIEH pabOTHI B TTOCITe-
JYIOIINX HCCIIEA0BAHMUSIX.

IIpuBenem nmpuMepsl cLieHapueB U3MEHEHUS LIBETHOCTH
U3JIyYCHHUST CBETOAMOMOB U uX paciudposky (puc. 3). 3a
OCHOBY BO3bMEM L[I/I(prBbIe 3HAQUCHUS, MOJYYCHHBIC C 1aT-
YHKOB, KOTOPBIE CBOJISTCS K KOOpAWHATAM IIBETHOCTH. L{BeT
JIaeT MpeJCTaBIeHHe O THUIEe OTKJIOHEHHUS: IIPH BBIXOJE
3HAYEHUH 3a TPEAEIbl HIKHEH IPaHMIBI [BETHOCTH CBETO-
JIOJTBI M3ITy4aloT B TMana30He XOJIOIHBIX I[BETOB, 3a Ipe-
JIeJTbI BEPXHEH TPpaHuUIIbI — TETUIBIX IIBETOB. Pexknm paboThl
CBETO/IMO/IOB JAET MPEICTABICHHUE O TOM, KaKoi rmapameTp
OTKJIOHSIETCSI, IPU 3TOM UMUTHPYETCS (PU3HOIOTHUYECKAs
peaknust opraHusMa (4acToTa Mmyjabca — MEAJICHHAsT MIIN

ObICTpasi 4aCTOTa MUTAHMS CBETOAUONIOB, TEMIIEpaTypa
TCJIa — U3MCHCHNUEC UHTCHCUBHOCTU U3JTYYCHUS CBETOANO-
JIOB, HACBIIIIEHHE KPOBU KHUCIIOPOJIOM — MOCIIEA0BATEIBHOE
BKJIIOUYEHHUE CBETOANO00B). Takum 0Opa3oM, U3MEHEHHE
LBETHOCTH U PEXUM pabOTHI CBETOANOJOB MPEACTABIIS-
eT ABYX(aKTOPHBIN cr1ocod 3aaanus (HU3NOIOTHIECKOTO
COCTOSIHHA TanueHTa. JJaHHBI crtoco0 mpenoTBpamacT
JIOKHOE TIOHNMAaHHUE OTKIIOHCHUH.

CeronmoaHas JeHTa 3a7aeT 6a3ucC B IIBETOBOM IIPO-
CTpPAHCTBE B BUJIC TPEYTOIbHIUKA (PHC. 4), KOTOPHIiT OTpaHH-
YHBAET TaMMY [IBETOB B CICIYIOMNX KoopauHatax: x = 0,7;
y=0,29;x=0,16;y=0,71; x=0,13; y = 0,69. Beibpanusie
LIBETa 3aJal0TCsl MpOorpaMMoil Ha MUKpPOKOHTpOJLIIEpE U
SIBIISIFOTCST OMTUMAJIbHBIMU TI0 YHEPTOMOTPEOICHUIO U 3P-
roHoMuKe. CIIEKTp U3ITyUeHUsI CBETOJJOIOB U KOOPIMHATHI
LBETHOCTH JUIS KaXK/I0TO PeXKUMa paboThl ObIIIM H3MEPEHBI
cnekrpomerpoM UPRTek MK305. KoopauHaTel IBETHOCTH
npejcTaBiaeHsl Ha 1BeToBoM npoctpaHcTBe CIE 1931 n
OTIpeIeIIEHBI B COOTBETCTBHU C YAAJICHHBIMHA JAPYT OT APY-
ra meHTpamu ummncoB Mak Anama. CortacHO TaHHOMY
TIOIXOY, JJIsl TOHSATHOTO BOCTIPUATHS M OHO3HAYHOTO pa3-
JTYeHNS HaO0aTelIeM OTTEHKOB [[BETOB MTPY H3MEHEHUHN
[BETHOCTHU HM3JIyYEHHUS HEOOXOIMMO, YTOOBI KOOPINHATEI
IBETHOCTHU U3TYUCHU CBETOANOJ0B HAXOINIINCh KaK MOX-
HO Jiajibliie ApYT OT Jpyra. B aTom ciyvae nBeTHoCTH JUIst
Ka)/IOTO M3MEPSIeMOT0 napaMerpa OyAayT paziuuuMbl U
JayT 6e301M00YHOE IPECTABICHNE O THIIE U XapaKTepe
OTKJIOHEHWUS.

PacueT 0CHOBHBIX 3JIEMEHTOB CHCTEMbI

ITockosbKy B pa3paboTKe HOCHMOTO yCTPOHCTBA BH-
3yaJbHOrO0 OTOOPaKCHMUS UCTIOIb30BAHBI CBETOANOIHBIC
JICHTBI, HEOOXOIMMO YOeaUThCs, YTO OH OyneT Oe3onaceH
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b

Puc. 3. TIpumeps! CliIeHAPUEB M3MEHEHHMS LIBETHOCTH U3JIy4YCHHUS CBETOAMOIOB Ha 0OBEKTE BU3yaIbHOTO OTOOPAKEHUS JaHHbIX JUTs
rapaMeTpoB: 3a MMpeeaMy HIKHEH IpaHHIbl 3Ha9eHUH (a); B HOpMe (b); 3a mpeaesaMu BepXHel TPaHUIIbl 3HaYCHHH (¢)

Fig. 3. Scenarios of light-emitting diodes on the visual display device: the values are below the normal range (a), the values are in the
normal range (b), the values are above normal range (¢)

JUIS TallUEeHTa. YCTPOICTBO HA OCHOBE CBETOAMOHBIX dJIe-
MEHTOB B TIporecce paboThl BBIACISET HEKOTOPOE KOJIHU-
YECTBO TEIUIOTHI, KOTOPOE 3aBUCUT OT MOIIHOCTU M THUIA
KOHCTPYKIMH. JIOIyCTHMBIi HarpeB TKaHEH YeI0BEYECKOro

y
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5 MacAdam ellipses
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X

0,6 0,8

Puc. 4. 11BeToBoe npocTpaHCTBO ¢ 3iuncamu Mak Anama,
COOTBETCTBYIOHUIMMH LIBETOBBIM KOOPJHHATAM.
T — Temmneparypa tena; SpO, — HaChILIEHHE KPOBU KHCIOPOIOM;
YCC — gacToTa cepeuHbIX COKPAIICHHH;
H — "opmanbHoOe cocTosiHue

Fig. 4. Color space with Mac Adam ellipses corresponding to
color coordinates.

T — body temperature, SpO, — oxygen saturation, HCC — heart
rate, H — normal state

opranusma He 1o/pkeH npesbliats 43 °C [18]. Kpome cae-
TOAMOJHBIX JICHT, 3HAYNTEIbHbIE U3MEHEHHSI B TEINIOBOE
pacripezieieHre BHOCHT HCTIONb3YeMbIl MaTepual opaciie-
Ta, KOTOPBIH ABIIAETCS IPAHNICH MEKTY KOXKeH ManneHTa
Y CBETOMOIHOH JICHTHI.

[ mpeiBapuTENbHON OLIEHKU BEJMYMHBI HarpeBa Mpo-
BEJICHO MOZICTTMPOBAHUE CHCTEMBI B IIPOIPAMMHOM ITaKeTe
COMSOL Multiphysics. B ycTpoiicTBe BH3yajabHOTO 0TO-
OpakeHHsl CIIOJIb30BaHa CBETOMOIHASI JICHTA CO CBETO-
nquonamu tumnopasmepa 5050, ¢ INIOTHOCTBIO CBETOUOAOB
60 /M. B pacuere yuTeHO 3HaUYCHHE TEIJIOBOH MOIIIHOCTH
CBETOAMOHBIX JICHT, OJJHAKO OTPE/ICITUTh €0 OJHO3HAYHO
HEBO3MOJKHO, TaK KaK IPH U3MEHEHUH CHEKTpa M3ITyde-
HUSI, U3BMCHHUTCS ¥ COOTHOILCHHE TIOJIE3HON M TEIJIOBOM
MomHocTH. [ToToMy npy MOAEIMPOBaHUU IPUMEM CpEll-
Hee Juisl cBeToAMOoAHbIX JeHT 3Hauenue KIIJ{ 70 %, npu
KOTOPOM 3HAUEHHE TEIIOBON MOIIHOCTH OyAET COCTABIISATD
12,6 Bt/m. B cocTaB ycTpoiicTBa BU3yalbHOTO OTOOpaske-
HUS BXOJIUT CHJIMKOHOBEIN Opacier mmuHO# 21 cm. [l
OpaciieTa Takoi UTMHBI UCTIONB3YEeM JICHTY JUTHHOH 13 cM.
Br16op matepuana 00yCIIOBICH OCHOBHBIMH TPEOOBAHHMSI-
MH: THOKOCTh (BO3MOYKHOCTh H3MeHEHUs (hopMbI Opaciera
JUIsl pa3MeILeHUs] yCTPOMCTBA BU3yaJIbHOIO OTOOPaYKEHUS
Ha 3aIIICThSIX PA3IMYHBIX TUAMETPOB); IPOYHOCTH (YCTOM-
YUBOCTh K MEXaHMYECKHM M BHOPAI[HOHHBIM HarpysKam,
MPOYHOCTH HA Pa3pblB); CHUKEHHBIH PUCK aJJIEPrUUCCKON
peakuuu (He DOJDKEH BBI3BIBATH Pa3/pakeHUI Ha KOXe
MIPY JUTNTETHHOM HCIIOJIb30BAHHUH, CHITMKOH SIBIISIETCS] TH-
MOAJUIEPTEHHBIM MaTEPHUAJIOM U MOXKET OBITh HCIIOIB30BaH
JIOIBMH, CTPAJAIOIINMK CaXapHBIM THa0ETOM U JPYTHMH
3a00J€BaHUSAMN); IPOCTOTA B U3TOTOBICHUH (TIPOCTOTA
TEXHOJIOTHH TPOU3BOJCTBA OpacieToB, He Tpedyromei
MPUMCHCHUS CJIOKHBIX TEXHOJIOTUYCCKUX OHepaHHﬁ C Impu-
MEHEHHEM HECKOJIbKUX €IHHUI] 000PYIOBaHUS).

[Tocne co3nanust reoOMEeTpUUECKON MOJICNIH 3a1a UM
JUISl KayKJ10TO KOMIIOHEHTa Marepuail 1 He0OXOJMMBbIe Tpa-
HUYHBIE yCIOBUSL.

956

Hay4yHOo-TexHn4eckuii BECTHUK MHDOPMALMOHHbLIX TEXHONOMMIA, MEXaHUKN 1 onTukn, 2022, Tom 22, N2 5
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 5



C.A. Boctpukosa, K.O. lNMoropenosa, A.C. LLUnpses n gp.

OCHOBHBIE TPaHUYHBIE YCIOBUS IJI1 MOJAEIH, MPU-
OJIMKeHHOU K peanbHO# cpene, B nakete COMSOL
Multiphysics:

— TeMIiepaTypa okpyxkaromei cpensl 1, = 24 °C;

— T'pPaHUYHBIA NCTOYHMK TEIUIa — TEIUIOBas MOIIHOCTh
ceeronuonos Py = 0,72 BT, 3a1aHHas U1 TOHKOTO CJIOS
paboueii 06TacTH KaXKI0TO CBETONNOA;

— IOTOK TeIula — TeIUIoNepeaaya OT BEpXHEH U HUKHEN
IPaHUIl CUCTEMBI B COOTBETCTBHH C 3aKOHOM HbroTOHa—
Puxmana

90~ h(Text - T),

e h =25 Br/(mM2-K) — xoa(hHImeHT Termnooradan; ¢, —
YAEIbHBII TEIIOBOM OTOK, BT; 7'— Temneparypa noBepx-
Hoctu, °C.

PeSy_HBTaT B BUJIC TEMIICPATYPHOT'O ITOJIA U 3HAYCHUA
MAaKCUMaJbHOU TeMIIEpaTypbl HA HUKHEU IIOBEPXHOCTH
yCTpOHCTBA, KOHTAKTUPYIOWIEH ¢ TEJIOM YeloBeKa, Mpes-
cTaBileH Ha puc. 5. [Ipu MonenupoBaHuu pemangach cTa-
LMOHAPHAas 33a4a TeMJIONPOBOAHOCTH.

[TosmyueHHble 3HaUEHUS] MAKCUMAJIbHON TeMIEpPaTypbl
Ha HIDKHEM CJIO€ YCTpPOICTBA MOIanaroT B Oe30macHbIi
JUIS 4€I0BEYECKOrO OpraHus3Ma anana3oH. OTMETHM, 4TO
TIPEAIOKEHHAsI CUCTEMa SIBIAETCSl (PMHATIBHBIM TEXHUYE-
CKUM PELIECHUEM, PAHHUE PE3YIBTATHI 10 MOAECTHPOBAHUIO
TETJIOBOTO paclpeeleHust pacCMOTPEHBI B pabote [17],
IIe YyCTPOWCTBO BH3YaJIbHOTO OTOOPAKCHUS OBLIO TaKKe
BBITIOJTHEHO Ha OCHOBE aHanoruuHoi RGB cBeTomnoaHoOM
JIEHTBI B BUJIe onesuia. [Ipeqnaraemoe ycTpoicTBO OTIHU-
4yaeTcst TUIIOM U CBOMCTBaMU MaTrepuasa, IPOCTOTON KOH-
CTPYKIMHU. XapaKTep TEIUIOBOIO paclpeaeIeHUs He3Hauu-
TENIBHO OTIIMYAETCS OT PE3YIIBTATOB MPebIYyIIel paboTHI.

‘“y\ ?Y‘“aa

AN

®duHaIbHOE YCTPOUCTBO COMIACOBAHO C PYKOBOJMUTENIEM
TPYIIbI U3y4eHUs MUHMMaJIbHOrO co3HaHus npu PHXU
uM. A.JL. [ToneHoBa, C KOTOPBIM BEJETCSI COTPYAHHUUYECTBO.

151 moaTBEepKICHUST HEOOXOIUMOCTH HCIIOIB30Ba-
HUS BTOPUYHOW OIITHKH B MPETaraeMoil KOHCTPYKITHH
ONITUYECKON cXeMbI biloka mepenadn JaHHBIX BBIITOTHCHO
ONITHYECKOE MOJICTHPOBAHUE B MPOTPAMMHOM KOMILIIEKCE
Zemax. Moxenu cBetognoaa u (poTonpreMHIKa UMITOPTH-
poBanbl u3 Kommaca-3D B Zemax. B xauecTBe nctouHmka
1 TIPUEMHHKA ONITHYECKOTO U3tydeHus ommxuaero MK nu-
ama3zona BeIOpanbl cBetonuon ARPL-1W-EPL38 B nuana-
30He JuinH BosiH 930-940 HM M KpeMHHUEBBIH (GOTOINON
FDS100 ¢bupmer Thorlabs, kotopsiii 00magaeT HeoOX0aH-
MOIl CIeKTpalbHON YyBCTBUTEILHOCTHIO B COOTBETCTBUU
¢ BeiOpannabiMu MK cBeTonnomamu. Ha paccMarpuBaeMbix
dhoTonmonax ycraHoBIeHa coOuparomias arna3a LA1576
kommanuu Thorlabs, 9To y4TeHO IpH OCTPOSHUU OITH-
4yecKoi cxeMbl. HadanpHas paccMaTpruBaeMast ONTHIECKast
cHcTeMa TIpecTaBiIeHa Ha puc. 6, KOTopas COCTOUT W3
matpunsl MK cBeTonnonos u ¢potoanonos 2 x 2.

B kadecTBe MCTOYHHKA M3IYUYCHHUS 3aJaH OOBEKT
«Source Radial», KoTOpOMy IIPHUCBOEHBI XapaKTEPUCTUKH,
yKa3aHHbIC B CHCHU(UKAIIMN CBETOMMOAA: ONTHYCCKAs
MOIIIHOCTh CBeTOAMOAa 65 MBT 1 quarpamma HampaBJieH-
HOCTH, COOTBETCTBYIOIIAsI [JTYOOKOMY THITY KPUBOW CHIIBI
CBETa C YIIOM PACKPBITHsI CBETOBOTO MOTOKA 60°, a Takxke
JuirHa BoHbl 940 HM. B kauecTBe KBaIpaTHOrO KpUcCTaia
UK ¢orommona ucnomnszoan 00bekT «Detector Rectangley
C pa3MepoM CTOPOHBI 3,6 MM H KOIMYCCTBOM MTUKCEIIOB
1000x1000. dnsa nunszsel LA1576 ucnonb3oBan marepua
N-BK?7.

IIpn HavaTbEHOM PACCTOSHHUH MEXKIY MacCHBaMH CBe-
TOMOA0B U GoToaroaos 100 MM cpeHee 3HaYeHNE OTTH-

20-103 m
A_41,1 °C —— 24°C
38 0.2
31°C
34 =
<
el
S|
=
=
30 0,1
26 y
x ]
Y24 °C 0
[Mupuna, m

Puc. 5. Pactipeienenne TeMmepaTypsl 10 IIOBEPXHOCTH YCTPOICTBA BU3yalbHOTO OTOOpasKeHNS: Ha BEpXHEM (@) 1 HIKHeM (b) cIosx.

31 °C u 24 °C — MaKkcHMaJbHbIC 3HAYCHUS TeMIIepaTypbl Ha HIKHeM cioe; 20103 M — KOoOpAHHaTa 110 OCH z

Fig. 5. Temperature distribution over the surface of the visual display device: on the top layer (a), on the bottom layer (b).

31 °C and 24 °C are the maximum temperature on the bottom layers, 20-10-3 is coordinate along the z axis
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Puc. 6. Ontuyeckas cuctemMa NprUeMoOIepeiaTyiKa CHCTEMBI.

1 — marpuna nH(paKpacHbIX CBETOANOAOB; 2 — (HOTOIHOIbI 2 X 2

Fig. 6. Optical system between receiver and transmitter
1— matrix of IR LED, 2 — 2 x 2 photodiodes

YECKOW MOIITHOCTH, TIPUXOJSIIEH Ha ()OTOIYBCTBUTEIHHYIO
ob6macte porommona, cocrasmio 0,7 MBT. OTmMeTnm, 910
TIPY TIOCIIETYONIEM YBEJINUEHUH MEXLy UCTOYHUKAMH H
MIPUEMHHUKAMH M3IIy4eHHs 10 1 M M3IydeHne mpakTHiecKu
HE JOCTUTAET MIIOCKOCTEeH neTekTopoB. Tak, mpHu KOIU-
YeCTBE PACUETHBIX JIyuel, paBHOM 10 MIIH, MIIOCKOCTH
KaQXKJIOTO JETEKTOpa JJOCTUTAET MOpsiiKa 2,2 ThIC. TydeH.

B pe3synsrare MoenupoBaHus 3aMETHM, YTO JJISL OCY-
IIEeCTBIICHUS pabOTHI pa3padaThIBaeMOi CHCTEMBI TpeOyeT-
sl IPUMEHEHHE JIOTIOJTHUTEIEHOTO ONITHYECKOTO 3JIEMEHTa,
B KaueCTBE KOTOPOTO IPEUIOKEHO NCTIONL30BaTh BTOPHU-
HYIO ONITHKY ISl CBETOIHO/IOB.

IIpu nomoum anropuTMa BCTPOEHHON ONTUMHU3ALUU
Zemax (metox JleBenOepra—MapkBapaTa) HaliieM Tpe-
Oyemoe (OKyCHOE pacCTOSHHE MapaKCHaIbHOW JTHH3EI,
KOTOPOE MO3BOJIUT 3HAUYUTEIBHO YBEIUIUTH OCBELIEHHOCTh
noBepxuoctu poroarona FDS100. [Touck onTrManbHOTo
(DOKYCHOTO PacCTOSTHUS U PACCTOSIHHSI MEXKILY JIMH30H U (ho-
KyCHUPYIOIIEH JTMH3011 BTOPUYHON ONTHKY POU3BEIEM Me-
TOZOM ONTUMH3ALUH «[ paTMeHTHBIN cITycK». BoimomHum
JTAaHHBIM METOJIOM pacueT 3Ha4€HHs OLCHOYHOH (QYHKIINU:

YW(Vi-T)
2

e W;— abconmoTHoe 3HaYeHue Beca onepanna; Vyu T, —
TeKyIlIee 1 HeoOX0IMMOe 3HAYCHUS! OllepaH/Ia.

B nponecce ontummzanyn juist onepanaa NSTR (Non-
Sequential trace), KOTOpBIN OOparmaeTcs K MOIHON OCBe-
IIEHHOCTH HCCIEeNyeMoro (pOTOAETEKTOPa, IPOU3BEICH
UTEPALMOHHBIN pacyeT MF2 pu pasIMYHbIX PACCTOAHUSIX
MEXIy CBETOAMOAOM M (hokycupyromeil auH30ii. B pe-
3yInbpTaTe Hai/leM MOJI0KEHNEe 3JIE€MEHTOB, 00ecTeunBa-
folee MaKCUMAaJIbHYIO OCBEIIEHHOCTh UYBCTBUTEIBHON
obmactu oroauona. s ciaydasi ONTUMH3AIKMA C OTHUM
orepaH/ioM 3HaueHue Beca W = 1 3Hauenue 7 — mosiHas
ONTHYECKast MOLTHOCTh MAacCHBa CBETOANOA0B — 260 MBT,
KOTJa TeKyIllee 3HaUeHHUE }/ pacCUMTHIBAETCS MPU 3aMyCKe
ontumuzauu. Mcxoas n3 nocTpoeHus YMCIEHHON 3a1a4n
BO3MOYKHO TapaHTHUPOBATh, YTO y OLICHOYHOW (QyHKINH Oy-
JICT €IMHCTBEHHBIH MaKCUMYM, KOTOPBIIT HalIeM B pe3yilb-
Tare onTUMu3anuu. TakuM 00pa3zoM, CXOAUMOCTh METO/Ia
TPaJIMeHTHOTO CITyCKa TapaHTHPOBAHA.

Hcnonb3oBaHue npeajiaraéMoil 1o pesysipraraM duc-
JICHHOW ONTMMHU3AllMM BTOPHUYHON ONTHKHU MO3BOJIUT MO-

MF2 =

>

JYYUTh CPCIAHIOK ONTHYCCKYI) MONIHOCTH Ha (OTOUYB-
CTBHUTENILHOU 00nacTu paBHywo 235 MKBT (puc. 7), uro
JIOCTaTOYHO /ISl peanu3aiuu cucteMbl. OIyKTyauuu B
pacnpeeeHud OCBEIIEHHOCTH BO3MOXHO CBSI3aTh CO
CITy4aifHBIM XapaKTepOM YHCICHHOTO MOICITUPOBAHISI, a
YBEJIMYCHHUE OCBEIIEHHOCTH TI0 OKPY>KHOCTH — €O ce-
puueckoii abeppanueii.

BrInoHNM aHATOTHYHBIE UCCIEIOBAHUS IS CHCTEMBI
C €IMHCTBEHHBIM CBETOIMOAOM H (oToxnonom. [Tomryanm
YMEHBIIIEHHOE 3HAYEHNE ONTUIECKON MOIITHOCTH, KOTOPOE
OOBSICHSICTCSI TEM, YTO B CHCTEME, PACCMOTPEHHOU paHee,
Ha (OTOAMOI B MCHBIIICH CTEICHH, MOMAIAOT JIYIH OT
CBETOJIMO/IOB, KOTOPHIE €EMY HE COOCHBI. DTO MPOUCXOMNT,
€CJIM B HACTOSALICH CUCTEME CYILIECTBYET U3TyUEHHUE JIUIIIb
OT CBETOJIMO/1a, PACIIONIOKEHHOIO COOCHO. Pe3ynbraTom
YUCJIEHHOTO MOJEIMPOBAHMSI COOTBETCTBYET ONTHYECKAs
MOIIIHOCTb, paBHast 122 MkBT. OKo0J10 10JIOBUHBI IPUXOIS-
mero Ha K dotonmon u3mydeHns: OTHOCHTCS K COOCHOMY
CBETONINOY, a 3HAYHT, IPH COOPKE CUCTEMBI TpeOyeTcs
MOHTaX [EPEAAIOILEr0 U NPUEMHOIO MOAYJIEH C BBICOKOM
TOYHOCTBIO.

BeimonauMm pacuet GOTOTOKA, MOSBUBIIETOCS TIPH T10-
TJIOLIEHUH OTITUYECKON MOIITHOCTH Ha KaKJIOM M3 YETBIPEX
(dhoromuonos. B pesynbrare mojgydum, 4Tto npu QOTOUyB-
CTBUTENBHOCTH, paBHOit 0,61 A/BT, nonydaemsrii poToToK
Ha ofgHOM (oToamozae coctabmi 143,4 MxA. B onrtuye-
CKOH cucTeMe, I7ie UCIONIb3YeTCsl OJJUHOUHbBIE HCTOYHUK
W TIPUEMHUK W3ITy9CHUS, PE3YIBTUPYIOMHIH (HOTOTOK —
74,4 MKA.

IIpu nporekannyu moiydaeMoro Gpororoxa I, yepes
PE3UCTOp C COMPOTHUBICHHEM R paccunTaeM TaJicHUe Ha-
TIPSDKCHUS:

U= I;Uh}?'

Takum 00pa3oM, B CUCTEME, [JIC UCIIOJIb30BAH OIMHOY-
HBIH (HOTOIMO, TIaJICHAE HAMIPSDHKCHUSI Ha OTHOM PE3UCTOPE
comnpotuBieHreM 5 kOM coctaBut 372 MB, a st cuctemsl,

OCBeIIEHHOCTh, BT/cM?
6,14-107
5,53-10°°
4,92:107
4.30-1073
3,69-107
3,07-107
2,46-1073
1,84-10°
1,23:10°
6,14-10*
0,00

Detector Image: Incoherent Irradiance

28.04.2022

Detector 29, NSCG Surface 1:

Size 3.600 W X 3.600 H Millimeters, Pixels 1000 W X 1000 H, Total Hits = 361047
Peak Irradiance : 6.1441E-003 Watts/cm"2

Total Power 2.3468E-004 Watts

Puc. 7. PactipeniesicHre OCBEIICHHOCTH aKTHBHOM 001acTh
¢doroanona FDS100

Fig. 7. lllumination distribution of the active area of the
photodiode FDS100
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C pacrojioKEeHHBIMU B MaTpuie (oToaroaMu, najieHue
HanpsbkeHus — 717 mB.

MakeT cucTeMbl BU3yaJbHOI0 0TO0paKeHUst
U TepeIavyn JaHHbIX

Ha puc. 8 npencraBieH MakeT CUCTEMBI BU3yaJIbHOTO
0TOOpaXeHUS W Nepenadyu JaHHbIX. MakeT COCTOUT U3
mudpoBoro gardyuka mynsca u ypoas SpO, MAX30102,
0JI0Ka ympaBiIeHHs IBETHOCTHIO U 00paOOTKH JaHHBIX,
0J10Ka BU3yaJIbHOTO OTOOpa)keHus, OI0oKa Tepesadn JaH-
HBIX U3 Marpuisl MK cBeTonnonos u hotonprueMHOro Mo-
nyist. BIok yripaBieHuUsI IIBETHOCTBIO M 00PaOOTKM JAHHBIX
TIPE/ICTABIIEH B BH/IE KOPITyca C KPEIUICHUSIMH Ha TOPHU30H-
TAJIbHOHN TIOBEPXHOCTH, UPKYIISIIMOHHBIMHI OTBEPCTHAMHI
i obecrieueHns (P GEKTHBHON KOHBEKIHH U TUIATHI, OC-
HOBHBIM KOMIIOHEHTOM KOTOPOH SIBIISIETCSI MUKPOKOHTPOJI-
nep STM32H7. KpenneHre oCHOBaHUS ¥ TI€UAaTHOM IJIAThI
YCTpOMCTBA OCYLIECTBIECHO C MIOMOINBI0 BUHTOB M3, a
JIOCTYIIHOCTb I1€4aTHOM ILIaThl — B KPBILLIKE, [I0CAKEHHOMI
Ha BUHTHI C TUIOCKOH TOJI0BKOH pe3nboit M3. JlunenHbIit
CTaOMIIM3aTOp BBIOPAH COTNIACHO IIUTAHUIO ISl MUKPOKOH-
Tposuiepa paBrHoe 3,3 B — monmens LM10841T-3.3/NOPB
Texas Instruments B kopmyce TO-220. Kopmyc pis makera
BBITOJTHEH M3 IUTacTMacchl. B kauecTBe mpaiiBepa Kiroua
BEPXHET0 YPOBHS B OJIOKE TIepeiadn JaHHbBIX UCIIONB30BaHa
cxema IR2110PBF.

C mynbcokcuMeTpa B MU(POBOM BHUIEC CUUTHIBAIOT-
Csl JaHHBIE O MYJIbCE U KUCJIOPOAE MAIMEHTA, N3MEHEHHS
0TOOPaKalOTCs HA CBETOANOHOM JIGHTE yCTPOICTBA BHU3Y-
aJIbHOTO 0TOOpakeHus. [IpoBepka COOTBETCTBUS pexKuMa
paboThI CBETOIMOJIOB C THIIOM OTKJIOHSIEMBIX I1apaMeTpOB
OCYUIECTBIISIETCS TyTeM 3a/1aHusl HUPPOBBIX 3HAYCHUN
YacTOTHI B IPOrpaMMe MUKPOKOHTposuiepa. JIJisi MOHMKeH-
HOTO 3HAU€HHs YaCTOTHI ITyIbCa MPUHATA YACTOTA MUTAHUS
cerouonos 2 ['m. J{ns paznmanumocTty HaOmmoaaTeneMm, aIst
3HAYEHHH BBIIIE TPAHNLBI HOPMAJIBHBIX 3HAUCHHUH, YacTOTa
MHUraHus OblIa 33/1aHa B /1Ba pa3a Oomnbine 4 [

Puc. 8. MakeT cucteMbl

Fig. 8. System layout

3akjoueHue

[IpoBenena npeaBapuTeabHas OLICHKA HArpeBa yCTpou-
CTBa BU3YaJbHOTO OTOOpaKEHIS, TOPOTOBOE 3HAUEHHE KO-
TOPOTO HE NPEBBIIIAET N0IYCTUMBIHM nopor. [TonTeepxkneHa
6e30MacHOCTh YCTPONCTBA MPH KOHTAKTE ¢ KOXKEH TMaru-
eHTa. IIpu skcnmyaranuu cCUCTEMbI TEMIIEPATYPy yCTPO-
CTBa BU3YaJIbHOTO OTOOPaKEHHSI MOYKHO CHU3UTb, U3MEHSISI
EKTPUUECKYI0 MOIIHOCTh CBETOJUOAHBIX JICHT IS 1O-
JIy4€HUs! ONTUMAaJIBHOTO COOTHOIIEHHUS CBETOBOIO MOTO-
Ka U BBIJEISIEMON TEIIOBOM MOHOCTU. OTMETUM, YTO
UIEKTPUUECKast MOIIHOCTh Oy/leT MUHUMaIIbHA Oarogapst
UMITYJBCHBIM CIICHAPUSM OTOOpPaKEHHUS Ha YCTPOMCTBE
BH3YyaJIbHOTO OTOOPaKCHHs, TAKUM 00pa3oM TEIIOBOI
HarpeB OyZeT MUHUMAIbHBIM.

[IpoBeneH pacyeT OCHOBHBIX MIEMEHTOB cucTeMbl. Ha
OCHOBE ONITHYECKOTO MOJICTUPOBAHUS BEIOpaHa KOHCTPYK-
IIUST TIPHEMOTIEPE/IAl0IIero MOy U TTOKa3aHa Heo0X0oau-
MOCTb MCIIOJIb30BaHHsI BTOPUYHOM ONTHKU HH(PPAKPACHBIX
cBeToano10B. OnTHMaabHOE 3HaYeHHe (OKYCHOTrO pac-
CTOSIHUS I CUCTEMBI C MaTPHUIIAMH ONTONIEKTPOHHBIX
KOMIIOHEHTOB COCTABMJIO 9,8 MM IIpU AUAMETPE anepTyphl
JUH3BL 12 MM; U1 CUCTEMBI C OIMHOYHBIMHY KOMIIOHEHTA-
Mu — 10,8 MM ¢ quameTrpoM amepTypsl (poKycHpyromeit
nuH3bl 20 MM. Pemenue 3ajauu yBenMUEHUs] ONTHYECKOM
MOIITHOCTH, TIaaroIeii Ha pOTOUyBCTBUTEIHHBIH YIIEMEHT
B CHCTeMe, 00yCIaBIUBACT aKTyaJbHOCTh HACTOSIICH pa-
OOTBI ¥ TIO3BOJISET MOBBICUTH CTAOUIBPHOCTD U YMEHBIIINTh
PER (Packet Error Rate, makerHsie omubku) pazpada-
THIBAEMOW CHUCTEMBI TIepejadu TaHHBIX. Pe3ynbraTel pa-
00ThI IO3BOJMIIN CHOPMYITHPOBATH PEKOMEH ALK IS
CHCTEM Iepe/iaurl IaHHBIX, OCHOBAHHBIX Ha HH(PPAKPACHBIX
CBETOAMO/IaX U MPUMEHSEMBIX Ul Mepefadyl TaHHBIX Ha
paccrostHust 10 5 M. OJTHO U3 BO3MOXKHBIX PEIICHUM st
COXpaHEHUsI JOCTATOUHOIO YPOBHS MOIIHOCTHU ONTHYECKO-
TO CHTHAJIa — MO/I00P CBETOANOAOB C MEHBIINMHU yIIIaMU
PaCKpBITHS CBETOBOTO ITOTOKA.

Co31aH MakeT U MPOBEICHO TECTHPOBAHUE OTOOpaske-
HUS Ha TIpUMEpEe CUTHANa C MyabcokcuMeTpa. OTMeTnwm,
YTO MUKPOKOHTPOJIJIEP JOKEH YMETh paboTaTh ¢ He-
MIPEPBIBHBIM TTOTOKOM JAHHBIX, 0€30MIHO0YHO OTpeaessa
COCTOSIHHE TaIleHTa ¥ CPAaBHHUBAS C THANla30HOM HOp-
MalbHbIX 3HaYeHUH. J[71s1 3TOoro Tpedyercs 100aBUTH am-
MapaTHbIE MPEPHIBAHUSI — CUTHAJIBI, 110 MIPUXOTY KOTOPBIX
BBINOJTHEHUE MTPOTrPaMMbl OCTAHABINBAETCS U 3aAITyCKAETCS
(yHKIMS 00pabOTKM MpepbiBaHusl. Takoi MeTo ITO3BOJINT
MHUKPOKOHTPOJLIEPY padoTaTh ¢ HanOOJbIIEH CKOPOCTHIO U
TOYHOCTBIO, TTO3BOJISAST OE30IIMO0YHO TIepeaBaTh JaHHbIC
yepe3 HHPpaKpacHYIO CBETOMHUOJHYIO MaTPUIly Ha TPHU-
E€MHUK, a TaK)Ke BU3yalN3UPOBATh JAHHBIC C TIOMOIIBIO
TIPEIYCTAaHOBICHHBIX PEKUMOB PaOOTHI aipeCHOI CBETO-
JIUOJHOM JIEHTHI.

[IpencraBieHHas cucTeMa BU3YaJIbHOTO OTOOPaKECHHS
MTO3BOJISICT OMPEACIATH HECKOIBKO MapaMeTpoB, 0TOOpa-
JKAIOMIMX (PU3HOIOTMYECKOE COCTOSTHUE MAlMEeHTa: YacToTa
CEepJICYHBIX COKPAIICHUH, HACBIIIIEHUE KPOBU KUCIOPOIIOM
U Temneparypa Tena. B cucreme ucnonab3oBaHa TEXHOIO-
rust becripoBoHOM nepenaun ganHbX (Optical Wireless
Communication) ¢ IpUMEHEHHEM HHPPAKPACHBIX CBETO-
JIUOZOB.
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Abstract

A practically effective solution to the problem of automated processing of ice reconnaissance data in high latitudes is
proposed. The intermediate result of ice reconnaissance is huge aerial survey data set consisting of images of low quality;
this is a consequence of the difficult conditions of aerial survey in high latitudes. The goal of the study is to create a
high-level method that can either efficiently process this pre-collected data set or perform real-time processing of similar
images while ensuring high reliability in solving the problem of recognizing ice class distribution on the water surface
with minimal computing resources. In particular, the problem of automatic classification of ice-floe size distribution
(FSD) type for a three-class model based on aerial survey data is solved. The practically important case of low-quality
images is considered, a common situation for the meteorological conditions of the Far North. The proposed approach
is based on the use of machine learning methods, in particular on the well-known multi-class SVM (Support Vector
Machine), which is extremely undemanding to computing resources and therefore can be implemented even by the
onboard computer of an ice reconnaissance UAV. From the input images of low quality some numerical characteristics
of the image are calculated which informatively characterize the image. These characteristics (features) are invariant
to scaling, rotation and illumination as well as have a much smaller dimensionality than the original image. The main
idea underlying the proposed method is to form an original set of features which are implemented in the original feature
space. These features characterize large fragments of the analyzed image and are “stable”, in contrast to the features that
characterize small details. A new method of FSD type classification based on the processing of aerial survey data by
using machine learning methods, which is sufficiently effective for processing low-quality images, has been proposed.
Also, the original feature space for classification was proposed which ensured high practical efficiency of this method.
The method has shown high efficiency when it is tested on a data set composed of low-quality real images (high
blurriness, vagueness, presence of meteorological noises). The developed algorithm can be used for express analysis of
ice reconnaissance data, including an ice reconnaissance UAV on-board software component.

Keywords
sea-ice floe size distribution, ice reconnaissance, image classification, multi-class SVM, image histogram, blurry images,
sea-ice type classification
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AHHOTaLMA
peamer ucciaenoBanus. [IpemioxeHo npakTudecku 3PEeKTHBHOE pelIeHHE 3a1a91 aBTOMaTH3UPOBAHHOI 00paboTKH
JTAHHBIX JE€A0BOH Pa3BEAKN B BBICOKHX IIHUPOTAX. [IpOMEKyTOUHBIN pe3ynbTarT IeTOBOH pa3BeIKi — OOJBIION MAacCHB
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A.V. Timofeev, D.l. Groznov

JIAHHBIX a’pO(OTOCHEMKH, COCTOSIIIMI U3 N300paKEHUI HU3KOTO KauecTBa. Takol pe3yibTaT SIBISIETCS CIECTBUEM
CJIOKHBIX YCIIOBHI a9p0o()OTOCHEMKH B BRICOKUX IIMpoTax. L{enb paboTel — co3nanne BbICOKOA()(HEKTUBHOTO METO/Ia,
KOTOPBIN MPU MHUHUMAJBHBIX TPEOOBAHUAX K BBIYHCINTEIBHBIM pecypcaM crocobeH miu d3gdekTuBHo 00paboTarh
MpeBapUTEIbHO COOPAaHHBI MACCHB JaHHBIX, HJIU BBIIOIHUTH 00paOOTKY MOIXOOHBIX H300paKEHHI B peaabHOM
MaciTade BpeMeHH. MeTojt I0IKeH 00eCeYnTh BHICOKYIO HaIe)KHOCTh PEIICHHUS 3a/1a4H 110 Paclo3HaBaHMIO Kiacca
pacrpe/iesieHHs JIbMH Ha BOJHOM MOBEpPXHOCTH. PellieHa 3a/1aqa aBTOMAaTHYECKOI KIIaCCH(DHKALIMHU TUITA PACTIPEICIICHHS
JBJIUH 110 pa3MepaMm JUIsl TPEXKIACCOBON MOJENIH HAa OCHOBE JAHHBEIX a3po(OTOCHEMKH. PacCMOTpeH MpakTuieckn
BA)KHBIH CITy4ail HU3KOKa4eCTBEHHBIX CHUMKOB, UTO SIBJISIETCS OOBIYHON CHUTYaIHeil It METEOpOIIOTHIECKUX YCIOBHN
Kpaitnero Cesepa. Metoa. [IpeyioskeHHBIH MOX01 OCHOBAH Ha MCIOJIb30BAHUS METOIOB MAIIMHHOTO O0yUYCHHUS,
B YAaCTHOCTH Ha MYJBTHUKIACCOBOM MalllMHE ONMOPHBIX BEKTOPOB, KOTOPBIN SBISAETCS KpailHe HETpeOOBATEIbHBIM K
BBIYMCIUTEIBHBIM PECYpcaM M MOITOMY MOXKET OBITh peann30BaH Jake OOPTOBLIM BBIYUCIUTENIEM OESCIHIOTHOTO
JIETATeNBHOTO armnapara JIefloBoi pa3Beaku. [To BXOIHBIM H300paKeHHUSIM HU3KOTO KaueCTBA BBIYMCIISIOTCS MHOTOMEPHbIE
YHCIIOBBIC XapaKTEPUCTHKH BXOAHOTO H300paykeHMsl, KOTOPbIC ero HHGOPMATHBHO XapaKTepU3YIOT. XapaKTepUCTHKU
(MpU3HAKK) TAaHHOTO THIIA HHBAPHAHTHBI K MacuTady, TOBOPOTY M OCBEIICHHIO, & TAKKE MUMEIOT 3HAYUTEIBHO
MEHBIIYIO0 Pa3MepHOCTB, YeM HCXOHOe n300paxenne. OCHOBHAs Hjes, JiexkKalasi B OCHOBE MPeIaraeMoro MeTosa,
3aKJII04aeTcsl B (pOPMUPOBAHUN OPUTHHAIBEHOH COBOKYITHOCTH NMPHU3HAKOB. [IpHU3HAKN pean3yroTcsi B OpUTHHAIBHOM
MPOCTPAHCTBE MPU3HAKOB, YQPEKTHUBHO XapaKTePU3YIOT KPYIHbIE (pparMeHThl aHAIU3UPYEMOT0 M300pakeHUs U
SABJIAKOTCA ((yCTOi’I'—lHBbIMM)), B OTJIMYHE OT IIPU3HAKOB, XapaKTECPU3YIOIIUX MEJIKUE [NE€TaIH. OcHoBHBIE pe3yiabTarhbl.
TTpensoxeH HOBBII METOA KIacCH(HKALMN THIIA PACHIPEASICHUS JIBIMH Ha BOJIHON MOBEPXHOCTH Ha OCHOBE 00pabOTKN
JTAHHBIX a9PO(POTOCHEMKH C UCIOIB30BAHUEM METOJJOB MAITMHHOTO O0yUYeHHUsI, KOTOPBIH 3(h(heKTHBEH 115t 00padOTKH
HHU3KOKAYeCTBEHHBIX M300pakeHUl GOPTOBBIM BBIYUCIUTEIEM OCCIMIOTHOTO JICTATENILHOTO annapaTa JeaoBoi
pasBeku. [IpeuioKeHO OpUIHHAIBHOE IPOCTPAHCTBO MPH3HAKOB KiIACCH(UKAIIMN, KOTOPOE 00ECIeYnBaCT BHICOKYIO
MIPAaKTHIECKyIo S (PEeKTHBHOCTH JAaHHOTO MeTona. MeTo/ moKa3all BEICOKYIO S (eKTHBHOCT IIPH TECTHPOBAHUH HA
HaOoOpe JaHHBIX, COCTABICHHOM U3 PeaJbHBIX M300pakeHHH HU3KOro KadyecTBa (BBICOKAsl Pa3MBITOCTh, HEUETKOCTD,
HaJIu4Yue MeTeoposornyeckux nomex). [lpakTuyeckasi 3HAYMMOCTh. Pa3paboTaHHBIN alrOPUTM MOXET OBITH
MCIIOJIb30BaH /ISl OKCIIPECC-aHaIn3a JaHHbIX JIEOBOW pa3BEAKH, B TOM YHCIE U KaK KOMIOHEHT IPOTrPaMMHOIO
obecrieyeHns: GOPTOBBIX BBIYUCIUTENCH OSCIMIOTHBIX JIETATENbHBIX allapaToB JISJOBOH Pa3BeIKH.

KiroueBble ci10Ba

pacrpeesneHie pa3MepoB JbJANH, JE0Bas pa3Bejika, Kiaccudukanus n3o0paxenuit, MynprukiaccoBas SVM,
THCTOrpaMMa H300paeHUsI, Pa3MbIThIC H300paKEHHUsI, KIACCU(UKALNMSA THIIOB MOPCKOTIO JIb/ia

Ccepuaka s nurupoBanusi: Tumodees A.B., I'posnos .M. O6paboTka JaHHBIX JIEAOBOW pa3BEIKU MPH YCIOBHH
HH3KOT'0 Ka4eCTBa HCXOAHBIX M300pakeHui // HaydHO-TeXHHYeCKHIA BECTHUK HH(POPMAIIMOHHBIX TEXHOJIOT Ui, MEXaHUKN

n onrtukn. 2022. T. 22, Ne 5. C. 962-969 (na anr. s13.). doi: 10.17586/2226-1494-2022-22-5-962-969

Introduction

Shipping routes in the Northern latitudes, including
the Northern Sea Route, do not have a permanent
geographical reference and are formed based on a set of
hydro-meteorological information which comes to the
ship. As a rule, the total length of the route, in this case,
is a variable value since throughout the route the vessel
is under the influence of various ice conditions. In this
case, the tortuosity coefficient always exceeds unity, and
additional route length increase in old ice due to their
circumvention is 10-30 % [1]. When laying routes in the
Northern latitudes, the concept of a rational route that best
meets some formal criterion (for example: route length,
travel time along the route, fuel economy and others)
plays an important role [2]. The main criterion used when
constructing a rational route in the Northern latitudes is
the total time spent on its passage time. A rational route
is usually laid through the zones where: total ice cohesion
is minimal, young ice forms prevail, and ice torsion is
minimal. All this information can be obtained operatively
only from ice reconnaissance data. Thus, without taking
into account hydro-meteorological information, which is
mainly the result of ice reconnaissance, the construction of
a rational route is fundamentally impossible. Therefore, the
role of ice reconnaissance in the set of tasks for providing
logistics in northern latitudes is extremely important. The
main navigational characteristic to be monitored during
ice reconnaissance is the “ice cohesion” characteristic.

Ice cohesion is the ratio of the area of ice in area X to
the total area of this area expressed in fractions or scores
[3]. Let us denote this parameter by the symbol S(X). It
is the parameter S(X) that cardinally affects the ability to
navigate in a particular area of the sea [3]. More precisely:
the resistance of broken ice increases in proportion to the
value of (2 — S(X))S%(X) [3]. Somewhat different, but close
in meaning, ice cohesion can be described by the concept
of “floe size distribution” (FSD) [4]. There are many
papers devoted to the study of FSD, e.g., [4-11], from
which follows that this FSD is well approximated by the
power law. At the same time, some works consider more
complex models, such as mix of power law and Gaussian
law or the mix of two power laws with different parameters.
Depending on the type of FSD, the ice is classified into
classes according to the N point system. That is, solid ice
gets the maximum number of points (N), and sparse ice gets
the minimum number of points. Different applications of
the FSD concept imply different values of N. For example,
in [12] N=10, and in [4] N = 3. From a practical point of
view, it is the ice cohesion score assigned to a particular area
=, of the sea surface with an ice cohesion value S[=,] that
is important. Let’s denote this value by vy, v; = {1, ... N}.
In practice, the value of y; is calculated using the processing
(manual or automatic) of some image /(Z;) of the surface
area Z,. The image /(E;) can be made in one or another
spectral range, this image can be obtained by one or
another means of aerial photography. The data processing
procedure D, which calculates the value y; based on /(Z)),
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in fact, maps the set of all possible images of different
parts of the sea surface (which form the set =) onto the set
{1, ... N}. That is:

24,8
y=DWE)) e {1, ...,N},I(E) € E.

I

In fact, D is a classifier. Depending on the value of vy,,
the decision is made to include or not to include the section
=, in the ship’s route. It follows from the definition that vy; is
a discrete (otherwise coarse) descriptor of the value S[Z;].

The efficiency of D classifier implementation directly
affects the correctness of determining the value of y, and
consequently, the efficiency of ice reconnaissance data
implementation. Many works are devoted to methods
of construction of the classifier D, for example [13-25].
Different methods of image processing are traditionally
used, but the main accent is made on studying the
boundaries of elements of a scene which represents an
image. In this direction, considerable progress has been
made including the use of the fashionable concept of Deep
Learning [19]. In this work, Deep Convolutional Neural
Network is successfully used to process ice reconnaissance
data.

Against the background of huge recent achievements in
the field of ice reconnaissance data, it remains a problem to
construct such a classifier D which would be able to work
with images of very low quality. Namely, low-quality ice
images are not uncommon when operating in the High
Latitudes using UAVs equipped with visible range sensors
due to the chronically difficult weather conditions of this
region. The images that are practically used to determine y
are often very blurry and highly noisy. As a rule, traditional
image processing methods based on the analysis of image
element boundaries (in fact: local contrast gradients and
hessians) proved to be ineffective when processing blurred
images [26]. In addition, developers are often faced with the
problem of a training corpus of small volume. Also relevant
is the task of ensuring the processing of ice reconnaissance
data directly on board the UAV which imposes additional
requirements for optimizing the computational complexity
of the algorithms for determining y. Therefore, the main
goal of this paper is to develop a classifier D that would
be operable for low-quality image processing, will remain
operable for training on a small volume image body,
and will be adaptable for implementation in the onboard
complex of a small UAV.

Materials and Method

Description of the Features Space used

For automatic classification of images, explicitly or
implicitly, some numerical characteristics of the image are
calculated informatively characterizing the image. Ideally,
they are invariant to scaling, rotation and illumination, and
also have a significantly smaller dimensionality than the
original image. These characteristics are called features.
Typical examples of features are: histograms, image
pixel intensity, contrast gradient, contrast hessian, SIFT-
descriptors (spatial histogram of the image gradients), HOG

(histogram of oriented gradients) and so on. The main idea
underlying the proposed method is to form such features
that characterize large fragments of the analyzed image,
avoiding the use of features that characterize small details.
We will call the feature of the first type — global and the
feature of the second type — local. The main task of ice
reconnaissance is to estimate the FSD type for quite large
fragments of sea surface. This problem can be solved by
different methods that allow you to use both global and
local features. For example, in [8, 11, 21] both types of
features are considered, and in [4, 19, 24] preference is
given to the study of local features. For the case of blurred,
noisy images considered in this paper, the use of fine details
of the image, for example, based on the calculation of
contrast gradients and hessians, is problematic. In other
words, in this case, computing local features involve
unacceptable errors. Local features computed in this way
are uninformative and therefore unsuitable for solving
the problem of FSD classification or other concepts
characterizing FSD, in particular, for determining the
parameter y. On the other hand, global features are less
dependent on the parameters of image blurring (although
such dependence exists). The stability of global features is
largely determined by the correlation radius of the image:
the larger this value is, the more stable the global features
are to the effects of blurring and noisiness factor. That
is why this paper focuses on the use of global features.
Initially, a fairly wide set of features was considered: more
than thirty. At subsequent stages, this set was reasonably
narrowed down by selecting the most informative features.
Several methods were used including three so-called
“filtering” methods: chi-square, Pearson correlation and
analysis of variance (ANOVA), as well as adaptive method
of backward elimination. As a result, the following set of
features was obtained:

J==(E[E)], |E], STU(E)], H,[I{(E)], r=,
E(Az|x > ry), st(A=|x > r2)).

Here
I(E) = {i\Jx € Xz} is image of E, x-coordinates; Xz, is
image /(Z) coordinate set; and i, is intensity in image point
with coordinates x;
E[/(E)]= X iJX;g)/l !, hereinafter, the entry |B| denotes

xeXy=
the power of ]tﬁe set B;
I(E)| = max (i,) — min (i,);

xeXjg) xeXjg)

STE) =4 X (i~ EUEDIXe)™;

XEXI(E)
H,(E) is histogram of /(E) with m bins;
Az(]) is autocorrelation function of the /(Z) (averaged over
different slices), / € (0, d) — pixel shift; d is determined by
the size of the /(2);
rz is correlation radius of the image (averaged over
different slices);

E(dz(Dll € (rz, d) = YA=(D(d-r=);

IEFE

si(Aglx = rg) =

= \j Y A=)~ EAz(DI = r2))X(d - rg) (d—rz— 1)) .

rz
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In numerical studies it was assumed that m = 14. The
features fz are defined in the corresponding feature space
F, consisting of real vectors of length 20.

Description of the Data Set used

To set up and test the proposed classifier, we used
a Data Set specially created for this purpose. This Data
Set included, according to the classification from [4],
images of three FSD distribution classes, namely: “Pack
Ice”, “Marginal Ice Zone” and “Open Ocean” (Fig. 1).
When setting up the problem, the use case of so-called
“background” class has been deliberately excluded. Images
of all three classes were collected from open sources.
Then, in order to simulate the influence of a complex
meteorological situation, the images were subjected to the
procedure of artificial noising by spatially correlated noise
and smoothing by a Gaussian filter.

Data Set was obtained, in which class PI (“Pack
Ice”) corresponds to 96 samples, class MIZ (“Marginal
Ice Zone”) corresponds to 76 samples, class OO (“Open
Ocean”) corresponds to 192 samples. Fig. 2 shows
information about the class “Open Ocean”. Fig. 3 shows
information about the class “Marginal Ice Zone”, and Fig. 4
shows information about the class “Pack Ice”. It can be
seen from the figures that the video material is of very low
quality: ice edges are very blurred, contrast is low. But it
is images of such quality that are typical when using small
UAVs in the difficult meteorological conditions of the High
Latitudes.

Description of the D-classificator used

In practice, the amount of power available to developers
and researchers for training Data Set with aerial survey
data is affected by legal restrictions. In particular, special

0OO-type image intensity frequency histogram
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Fig. 1. FSD types used in this study. This figure is taken from
the article [4]

licenses are usually required to use high-resolution remote
sensing data. A significant number of modern airborne
video sensors fall under this limitation. Thus, the Data Set
with aerial imagery data available to a particular developer-
researcher may by no means always be of significant (more
than a thousand samples per class) power. In the present
work, we assume that for training classifier D researchers
have access to a Data Set of relatively small power. Since
the dimensionality of feature space is relatively small, and
the images in Data Set have a relatively large correlation
radius (8 or more pixels), the samples of the same class will
relatively “smoothly” differ from each other by the metric
of F-space. Under these conditions, it is logical to use a
conventional and very computationally economical Multi-
Class Support Vector Machine (MC-SVM) as a D-classifier
[27]. For comparison, a DL-classifier was also used in
ResNet20 [28]. During training, in order to ensure control
of the generalization ability of the classifiers, the standard
Cross Validation scheme was used, in the LOO (leave-one-
out) variant. For the MC SVM classifier, given the multiclass
formulation of the problem, a one-vs-rest strategy was used.

0O0O-image autocorrelation function
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Fig. 2. Class “Open Ocean” (OO). Typical sample images from the OO-class (a). Intensity histogram plotted over the entire typical
image from the OO-class (b). Typical autocorrelation function of an OO-image (averaged over different slices) (c)
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Fig. 3. Class “Marginal Ice Zone” (MIZ). Typical sample images from the MIZ-class (a). Intensity histogram plotted over the entire
typical image from the MIZ-class (). Typical autocorrelation function of MIZ-image (averaged over different slices) (c)
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Fig. 4. Class “Pack Ice” (PI). Typical sample images from the Pl-class (). Intensity histogram plotted over the entire typical image
from the Pl-class (b). Typical autocorrelation function of PI-image (averaged over different slices) (c)
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Table 1. The basic metrics values on the test Data Set

Image Class Method Precision recall f1-score Support
MC-SVM 1.00 0.96 0.98 24
Open Space (OS)
Resnet20 0.96 1.00 0.98 24
. MC-SVM 0.96 1.00 0.98 24
Marginal Ice Zone (MIZ)
Resnet20 0.92 1.00 0.96 24
MC-SVM 1.00 1.00 1.00 43
Pack Ice (PI)
Resnet20 1.00 0.93 0.96 43
Table 2. Confusion matrices for ResNet 20 and MC-SVM
Image Class Method oS MIzZ PI
MC-SVM 23 0
Open Space (OS)
ResNet20 24 0
. MC-SVM 0 24
Marginal Ice Zone (MIZ)
ResNet20 0 24
MC-SVM 0 42
Pack Ice (PI)
ResNet20 1 2 40

Test results

The results of the numerical studies are summarized in
Tables 1, 2. The main information is contained in Table 1.
Here we accumulate the results which were shown on
the test Data Set by classifiers based on MC-SVM and
Resnet20. A standard set of metrics was used to evaluate
the classification results: precision, recall, and f1-score.
The table shows that in the experiments exactly 24 samples
from each class were used at the test stage.

Table 2 contains the so-called confusion matrix for
classifier implementations by MC-SVM and Resnet20
schemes, respectively. In general, the classification results
are quite good. A more detailed analysis of the results is
given in the Discussion section.

Discussion

As follows from Tables 1, 2, the classifiers built
according to different schemes, taking into account the
low power of the Data Set, showed very decent results.
At the same time, the classifier based on MC SVM is
slightly superior in all parameters to the classifier based on
ResNet20. This is due to the insufficient power of the Data
Set to provide full training of the DL-classifier, ResNet20
in this case. It is known that the training of DL-classifiers,
for example based on Deep Convolutional Neural Network,
requires a Data Set of considerable power (more than 1000
instances for each class). This is due to the fact that DL-
classifier is a very complex model which depends on tens of
thousands (and more) parameters. From machine learning
theory [29] follows that model complexity should grow
“slowly” as the size of the training Data Set increases.
Therefore, on small Data Sets, the DL-classifier simply
does not have time to be trained due to the mismatch in
the complexity of the classifier and the Data Set. Analysis
of confusion matrixes shows that MC SVM made only 1
mistake, confusing classes PI and OO. This is probably

due to the fact that these classes, despite their numerous
differences, have common features: a significant part of the
surface, in both cases, may occupy a coherent, texturally
homogeneous array, for example, a water surface (OO-
class) or a solid ice slab (PI-class). The ResNet20-based
classifier made three errors. All errors are related to
incorrect classification of samples from the PI-class. The
reason for the errors: insufficient capacity of the Data Set
to fully train the ResNet20-based classifier.

Conclusions

The paper suggests a new method for classifying the
sea-ice floe size distribution type based on the use of
low-quality video footage. Low quality of video footage
is quite typical for high latitude conditions where most
of the year a set of complex meteorological factors
negatively affects the quality of aerial photography. That
is why ice reconnaissance data processing should be able
to compensate the negative influence of meteorological
factors on the quality of ice surface imagery. In other
words, ice reconnaissance data processing should be
able to estimate with high reliability the sea-ice floe
size distribution type because this estimation is one of
the main results of ice reconnaissance. The sea-ice floe
size distribution type classification method proposed in
the article has high robustness to noises and distortions
of the source video material which makes it an effective
means of overcoming the negative influence of a complex
high latitude meteorological environment. The simulation
results showed high reliability in solving the task of
estimating the sea-ice floe size distribution type which the
proposed method provides under the condition of highly
noisy and distorted source data. The proposed method is
economical in the computational sense and, therefore, it
can be implemented in software on a medium- and low-
power computing platform placed on board a small-sized
ice reconnaissance UAV.
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AHHOTAIUA

IIpenmet ucciaenoanms. [lossnenue HoBoro kopoHasupyca SARS-CoV-2 sisiercss OCHOBOM pa3BUTHsI MAHAEMUN
COVID-19. [Tangemus npuBesia K pe3KoMy pOCTY HAarpy3KH Ha CHCTEMBI 3APaBOOXPAHEHHs BHICOKOI JICTAIbHOCTH U
CYIIECTBEHHBIM TPYAHOCTSIM B OPraHU3alUU MEAMIIMHCKOH moMomy. st MPOrHO3UPOBAHUS TeUeHUs 3a00/IeBAHUS
1 OTIpeJieTICHUs MOKa3aHus K 0oJiee arpecCUBHOMY JICYCHHUIO MPEUIONKEHO MHOKECTBO PA3IHYHBIX KIMHUYECKUX U
Oouonornueckux Mapkepos. OJHAKO He BCETHA KIMHHUKO-Ta00paTOpHAs OIEHKA COCTOSHHSA TOYHO NPEACKa3bIBACT
Pa3BUTHE TSHKEIIOTO TedeHHs 6oe3HH. B 9ToM cirydae TeXHOIOTHH, OCHOBAaHHBIC Ha HCKYCCTBEHHOM MHTEILUICKTE, MOTYT
CYILECTBEHHO BIIMSTH Ha OL[EHKY IIPOTHO3MPOBAHHS. BBITIOJIHEH CHCTEMHBIN aHaIU3 (paKTOPOB, BIMSIONINX HA TEUCHHE
HH(EKIIMOHHOTO 3a00JIeBaHMs Y NalMeHTOB ¢ auarHoctupoBanHbiM COVID-19, rocnuTani3upoBaHHBIX B CTALOHAD.
Merton. ITpeoxeHHbIH TOX0/] OCHOBAH Ha MPUMEHEHUH MAIIMHHOTO 00y4eHHs [Ulsl IIPOrHO3UPOBAHUS JIETAIILHOTO
HCXO0Jla Y MALMEHTOB ¢ ycTaHOBIEeHHBIM auarHo3omM COVID-19. B ocHoBe moaxona JeKUT aHAMHE3 MMaLUEHTa U
KIIMHUYECKHUE, 1ab0paTopHble U MHCTPyMEHTAlIbHbIE JaHHBIE, OTyYEeHHbIEC B TIEPBbIE 72 Yaca HAXOXKACHUS MalUeHTa
B cranioHape. OCHOBHBIE Pe3yJIbTaThl. AITOPUTM MAaIIMHHOTO 0OydeHNUs AJIsi IPOrHO3UPOBAHNUS JI€TaIbHOTO HCXO/A
y nareHToB ¢ COVID-19 B TeueHne 72 4acoB TOCIHUTANIN3ANNH IPOJEMOHCTPHPOBAIT BHICOKYIO TyBCTBHTEILHOCTh
(0,816) u cermuuanocts (0,865). [IpakTnyeckasi 3HaYMMOCTh. CO3/IaHHBII aITOPUTM MOXET OMOYb YIIYYIIHTh
OKa3aHHe MEJUIMHCKON MOMOIIY Ial[eHTaM, CHU3UTh CMEPTHOCTh U CBECTH K MHHMMYMY Harpy3Ky Ha Bpadel BO
Bpems nangemun COVID-19. IIpu orpaHuueHun pecypcoB B IEpUOJ IaHAEMUH, BKIIHOUas allaparbl HCKyCCTBEHHOM
BEHTWIALNY JIETKUX, TOYHOE [IPOTHO3UPOBAHUE COCTOSHUS MALEHTOB C TSKEIBIM TEUCHUEM M BOBMOXKHBIM JIETAJIbHBIM
HCXOJIOM MOXET JaTh Ba)KHbIE PEKOMEHIAIMN ISl Pa3/iesleHns TPy MalMeHTOB U PAllMOHAIBHOTO PaCIpeieIeHIN
JIe4eOHBIX PECYPCOB.

KiioueBsie ciioBa
MalIMHHOE 00yueHHue, MaTeMaTHuecKas MOJelNb, Kinaccupukanus, MeTpuku Monenn, ROC-ananus, puck-paxrop,
COVID-19
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Abstract

SARS-CoV-2, the new coronavirus underlying the development of the COVID-19 pandemic, has led to a sharp increase
in the burden on healthcare systems, high mortality and significant difficulties in organizing medical care. The aim
of the study was to conduct a systematic analysis of factors affecting the course of infectious disease in patients with
diagnosed COVID-19 hospitalized. In order to predict the course of the disease and determine the indications for more
aggressive treatment, many different clinical and biological markers have been proposed, however, clinical and laboratory
assessment of the condition is not always simple and can clearly predict the development of a severe course. Technologies
based on artificial intelligence (AI) have played a significant role in predicting the development of the disease. One of
the main requirements during a pandemic is an accurate prediction of the required resources and likely outcomes. In the
present study, a machine learning (ML) approach is proposed to predict the fatal outcome in patients with an established
diagnosis of COVID-19 based on the patient’s medical history and clinical, laboratory and instrumental data obtained
in the first 72 hours of the patient’s stay in the hospital. A machine learning algorithm for predicting the lethal outcome
in patients with COVID-19 during 72 hours of hospitalization demonstrated high sensitivity (0.816) and specificity
(0.865). Given the serious concerns about limited resources, including ventilators, during the COVID-19 pandemic,
accurately predicting patients who are likely to require artificial ventilation can help provide important recommendations
regarding patient triage and resource allocation among hospitalized patients. In addition, early detection of such persons
may allow for routine ventilation procedures, reducing some of the known risks associated with emergency intubation.
Thus, this algorithm can help improve patient care, reduce patient mortality and minimize the burden on doctors during
the COVID-19 pandemic.
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BBenenue

OmHO M3 OCHOBHBEIX TpeOOBaHUI BO BpeMs MaHIe-
MHH — TOYHOE TIPOTHO3MPOBAHNE HEOOXOIMMBIX PECYPCOB
1 BEPOSITHBIX PE3YNIbTATOB JICUCHHS. AJTOPUTMBI MAITHH-
HOIro O6y‘-leHI/IH HCIOJIB3YIOTCA JaBHO, B YAaCTHOCTH B pa-
6ote [1] mpoBeCHBI UCCIICAOBAHHUS C EIbIO IPUMEHCHHSI
MoyieJIeil POTHO3UPOBAHUS [UIsl YTOYHEHHUS TOTPEOHOCTH
B MEIMIIMHCKOM Kuciopoje. Pazpaborana Mojieib porHo-
3UpoBaHus, KoTopas onpenenser nanuenta ¢ COVID-19,
HYXKJIAIOIIETOCs B KUCIIOpOie. ABTOPBI HCIIOJIb30BAIN HH-
¢dopmanuro 06 ypoBae C-peakTUBHOTO OeIka, HaJIMInH ap-
TepUAILHON THITEPTCH3HUH, BO3pACTE U ITapaMeTpax KIINHH-
YECKOTO aHalln3a KPOBH B BUE KOTHYESCTBAa HEUTPO(DHIIOB
u muMponnToB y 221 marmenra.

Jst mporao3a HeoOXOTUMOCTH UCKYCCTBEHHON BEH-
TUJISIIUH JIETKUX B pabote [2] ncmonb30BaHa Tpymma u3
1980 mamuentoB ¢ COVID-19. Ananusupyemsbie mapa-
METpbI BKJIIOYAJU JleMorpaduueckne 1aHHble, aHaMHE3
NalMeHTa, MTOKa3aTeH KU3HEACATEILHOCTU B OTACICHUH

HEOTJIO)KHOW TIOMOIIK ¥ JTa0OopaTOpHbIe mapaMeTpsl. Mx
Pe3yNIBTaTHI MOKA3ali, 9YTO BO3PACT M BBICOKAs TEMIIEpaTy-
pa Tena ObUIH CBSA3aHBI C MOBBIIICHHBIM PUCKOM IIEpeBOa
0O0JILHOTO Ha UCKYCCTBEHHYIO BEHTHIALMIO Jierkux (MBJI).
Tak, Moaxo/; MaIMHHOTO 00y4YeHUs ObUT HCTIOIB30BAH JIJIS
nporrozuposanus VBJI y 197 nanuento ¢ COVID-19,
1€ BXOJHbIE JaHHbIE BKIIOYAIU |2 KIIMHUYECKUX Xapak-
TEpUCTHK, coOpanHbIX B 6onmpHuIax CILIA [3]. Ux monens
npezckaszana norpednocts B VIBJI, mpumensis nmokaszarenu
U JIpyTUe TIepEeMEHHbIE, TAKHE KaK apTepHAIbHOE I1aBICHUE
u gactora cepaednbix cokpamiennit (HCC). B padore [4]
MPOU3BEIEH CHCTEMATHIECKHI 0030 POJIN UCIIOJIB30BAHUS
MAIIMHHBIX METOZ0B BO BPEMsI TTaHAEMHH.

B HacTosmeit paboTe npeIokeH MOoIX0/] MAITHHHOTO
00yueHust U151 IPOrHO3UPOBAHHMS JIETAILHOTO UCXO/1a Y T1a-
[IUEHTOB € yCcTaHOBJIEHHBIM uarao3zom COVID-19 Ha oc-
HOBE aHaMHe3a MaleHTa U KIMHUYECKHX, JJADOPaTOPHBIX
U MHCTPYMEHTAJIBHBIX JIaHHBIX, [TOJYYEHHBIX B IIEPBbIC
72 4aca HaxOXAEHUS MMallUEHTa B CTAllMOHAPE.
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[MporHo3npoBaHue neTanbHOro NCX0Aa y NaumeHTOB C YCTaHOBAEHHbIM aarHo3dom COVID-19

OJHO M3 OCHOBHBIX MPEUMYIIECTB MOJYYEHHBIX pe-
3yJIBTaTOB PAOOTHI IO CPABHEHUIO C PaHee OITyOIMKOBAHHBI-
MH — IPOTHO3UPOBAHUE pe3yiibrara (JICTaIbHBII NCXOM) B
HavyaJIbHBI MOMEHT MOCTYIUICHHS TAIeHTa B CTAI[OHAP
ITyTeM OIIEHKH MMEIOIINXCSI CHMIITOMOB M aHAMHE3a Taly-
€HTa, He TpeOys UINTEITHLHOTO HAOIIOACHUS 32 TAIEHTOM
1 JTOTIOTHUTEIHHOW MHPOPMAHA. JTO MOXKET YCKOPUTH
MIPOIECC MIAHUPOBAHUS PECYPCOB, OCOOEHHO BO BpEMs
IIMKa 3a00J1eBaHus, ¥ N30€KaTh BOSHUKHOBEHNUS Ae(ULIUTA.
Jlpyroe npenMyIiecTBo, UMeloliee BaKHOE 3HAYCHHE C
MEJIMIIMHCKOW TOUKH 3peHHs] — yCTaHOBJIEHHE (DaKTOPOB
pHCKa, BIUSAIOMHNX Ha cMepTHOCTH 0T COVID-19, ucnomns-
3ys JaHHbIE, cOOpaHHbIe B HaloHanbHOM MEIUIIMHCKOM
uccnenoBarensckoM nentpe (HMUILL um. B.A. Anmaszosa)
3a TIEpHO/] IIEPBBIX TPEX BOJIH ITaHIEMHU.

[TosryueHHBIE pe3yabTaThl MOTYT ITOMOYb CTAI[OHA-
paM B IPOTHO3MPOBAHUU IOTPEOHOCTH YUPEXKJICHHUS B
HEOOXOINMBIX JISKapCTBaX, 000pyIOBaHUH 1 Y(PHEeKTHBHOM
YIPaBICHUH JAHHBIMH PE3yJIbTaTaMHu.

Onucanne MPEATOKEHHOI0 METO/1a

Perncrpanus nanumentoB. B pabote nuccnenoBanbl
JlaHHbIE MALlMEHTOB, TocnuTanu3upoBanubix B HMUIL]
uM. B.A. Anmaszosa B nepuof ¢ 13 mast 2020 roga no koHer
aBrycta 2021 roma. 3aperucTpupoBaHHBIC TAIIEHTHI BKITIO-
YeHBI B KIIMHIYECKOE UCCIIeIOBAHME TIPH YCIIOBUH, UTO Ha-
00p UX KU3HEHHO BAYKHBIX MTOKa3aTesel 1 1a00paToOpHBIX
M3MEpEHUH BBIMTOJIHEH B TEUEHUE TIEPBBIX 72 4acOB MOCIE
MIOCTYIUICHHUS B CTallMOHAp, U, €CIH MOATBEP)KACH MOJI0-
KUTENbHBIA pesynsTar Ha COVID-19, ycTaHOBIEeHHBIH
C TIOMOIIBIO MONMMMEPa3HOil LenmHoN peakiuu. B oOrmeit
CJIO)KHOCTH TIpOBeJieH aHanu3 JAaHHbx 4071 manueHra,
TOCNUTAIIN3UPOBAHHBIX B T€UEHHUE MEPUOJA UCCIeN0Ba-
Hus (puc. 1), 4TO COM3MEPHUMO C UCCIIEIOBAHUSIMH B pa-
oore [5].

[Ipu mocTyIuieHN: MalMeHTa B OTIACTICHNUE HEOTIIOKHON
TTOMOIITH WJTH CTAIlMOHADP aBTOMATHYECKH HAYMHAETCS cOop
JAHHBIX O JOCTYIHBIX JKHU3HEHHO BAaXKHBIX ITOKA3aTEIAX
1 1ab0paTOPHBIX M3MEpeHUIX. J[aHHbIE, TOyICHHBIE B
TepBhIe 72 Yaca rOCIUTATN3AINN, HCTIONIB3YIOTCS IS CO3-
JaHWA aNTOpUTMa MAIIMHHOTO 00y4YeHMS U pacyeTa pucka
JIETAJIBHOTO McXo/a. Bee maHHBIE aBTOMATHYECKH H3BIIe-
YEHBI U3 DIICKTPOHHOW MEAMIIMHCKON KapThl, HE TpeOys
BMEIIaTeIbCTBA Bpaya.

OTMeTHM, YTO HCCIIEJOBAaHUE MPEACTaBIseT MUHU-
MaJIBHBIM PHUCK IS JIFOJIeH, TIOCKOJIBKY COOp JaHHBIX OBII
MaCCUBHBIM U HE MPEJCTABIISUT YTPO3bI JJIsl yUACTBYIOIIUX
CyOBeKTOB. Bce maHHBIC 0 MAMEHTAaX XPAHMUINCH B COOT-
BeTCTBUH ¢ DepepaabHBIM 3aKOHOM «O TepCOHATBHBIX
JTAHHBIX).

O06paboTka 1aHHbIX. PaccMoTpuM mojpoOHee THITBI
JIAaHHBIX MALMEHTOB TIPH MOCTYIUICHUU B CTallMOHAp.

[TepBrIii THII JaHHBIX: HHOOPMAIUS O COCTOSIHUM U
XPOHUUYECKHX 3a00JIeBaHHSAX MAIMECHTA, KOTOPbIE BHECEHBI
B DJICKTPOHHYIO HCTOPHIO Oose3Hu (Tadim. 1).

Bropoii Tun naHHBIX: KU3HEHHO Ba)KHBIEC IIOKa3are-
7M1, TaKWe KaK AMACTOIIMYECKOE apTepHaIbHOE AABICHUE
(AL, MM PT. CT.), CHCTOIHYECKOE apTepHaJIbHOE TaBie-
aue (CAI, mm pt. c1.), YCC (1/™MuH), Temneparypa (°C),
yacrtora japixanus (Y1, 1/MuH), HaChIIIEHHE KUCIOPOIOM
(SpO,, %), nunexc maccot tena (MMT, kr/m?), gactora
neixatenbubix amxenuit (Y11, 1/mun), C-peakTuBHBIN
oenok (CPb, mr/n) (tabm. 2).

Tperuil TN KaHHBIX — JaHHBIE Ja0OPATOPHBIX aHa-
1130B. HekoTopble aHann3bl BBIOIHSINCH TOJIBKO Y YaCTH
MalMEeHTOB C XPOHUYECKUMH 3a00JI€BaHUSMH 1 HE BOIILIH
B KOHEUHYIO Tabnuiry (Talm. 2).

[IpoBeneHHBIIT KOPPEIAIUOHHBIN aHAJIN3 BBISIBUII 3a-
BHUCHMOCTH MEX/ly IPU3HAKMH W WX BIMSHUE HA MTOCTaB-
JIEHHBIA JHarHo3.

IIpakTyecku He OJIMH U3 NMPU3HAKOB HE UMEET SBHOU
3aBUCHUMOCTH C IIEJICBOM (PYHKIIMCH, YTO MTPEAIOIaraeT Bbl-
MOJTHEHHUE JATbHENIIIET0 aHanu3a nepeMeHHbIX. C moaHon
TabIMIEeN IPU3HAKOB MOYXKHO O3HAKOMUTBHCS 110 CChUIKe! .
B Tabn. 3 npuBeaeHBI OCHOBHBIE KAaTETOPUITHBIEC IIPHU3HAKU
UCCJIEAYEMBIX MAIIMEHTOB JJIsl CO3JJaHuUs aIropuTMa.

JlnarHocTHKa COITyTCTBYIOIIUX 3a00JIEBaHNMN, NMEB-
MIMXCS BO BpeMs NpeObIBaHMS MalKeHTa B CTallloHape,
BKJIIOYAsl XPOHUUECKHE 3a001eBaHNs OPOHXOIErOYHON CH-
CTEMBI, XpOHHUYECKHE 3a00IeBaHMsI 3HIOKPHUHHOM CHCTEMBI
M OHKOJOTHYECKHUe 3a0oieBanus, onenena mo MKb-10.

B kauecTBe LieneBoOii EPEMEHHO, KOTOPasl UCIIOJIb30-
BaHa Npu 00y4eHUN MOJENH, MpUMeHeHo nonsATHe «cxon
3a007IeBaHUN.

W3 Bcex MMEIOMIMXCS MPU3HAKOB ISl YMEHBIICHHUS
OLIMOOK MY PyYHOM BBOJIE IaHHBIX 0TOOpaHo 11 Hanboree
3HAYMMBIX, KOTOPBIE BOILIN B pa3padoTaHHbIi anroputm. B
Ka4ecTBE METO/IOB 0TOOpA MPHU3HAKOB HCIOJIB30BaAHBI AJIT0-
putmbl Boruta u Portable Instant Mining Platform (PIMP),
(uHaNTBHBIC JaHHBIE 0TOOpakeHHbI B Ta0M. 4. [To manHBIM:
BEIMMCAaHO — 2858 manueHToB, U3 HUX JICTAJILHBIA HC-
xom — 196. V3 maHHBIX cirydaliHBIM 00pa3oM oToOpaHo
5 % maruentoB — 153 (140 Beimucansl, 13 meTambHBIH
HCXOJT), KOTOpBIE He OBLTH MCIIONB30BAHEI HU B 00y4eHNE,
HH B TECTHPOBAHUHU MOJICTIH.

I Tabuuia KOppessIUU PU3HAKOB [DIEKTPOHHBINH pe-
cypc]. Pexxum nocryna: https://github.com/ikorsa/prediction
lethal COVID-19/blob/main/Correlation.png (nara obpareHusi:
18.09.2022).

OO011ee 9ncio
MaLKUEHTOB

3a BECh IEPHOJT
4071

JTaHHBIMI
3258

Konudaectro ManucHTOB

KomnuectBo
¢ nemorpaguyecKuMu MaIeHTOB

B ()MHAIIBHOM JaTaceTe
3054

Puc. 1. bok-cxeMa BKIIFOUEHUS MAIIEHTOB

Fig. 1. Flowchart of patients in the study
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Ta6ﬂuz¢a 1. l'[pMMep JIaHHBIX MMallUC€HTA U3 UCTOPUH 60.]'[63]-1]/1, KOTOPBIC OBLIH HCITOJIB30BAHBI npu pa3pa60TKe ajropurma

Table 1. An example of data from the patient's medical history used in the algorithm development

TTone 3anoJIHeHHOCTh, %

Peructpanmonnsrit Homep (ID manuenTa) 100
Bospact 100
[on 100
JlaTa mocTaHOBKHM JUarHO3a 99,3
JlaTa rocriuTanu3anuu nanueHTa 100
Bpewms rocrinTanuzanuy naueHTa 99,9
JlaTa osIBIIeHHS KIIMHUYECKUX CUMITTOMOB 78,3
JlnarHo3 ocHOBHOTO 3aboJeBanus Mo MexayHapoaHo# kinaccuduranuu 6onesneit (MKB-10) npu mocty- 99,3
IICHUH

JlnarHo3 ociIoKHEeHUs IPH MOCTYIUICHHH 35,2
[loarBepxkeH peHTICHOIOTHUECKU 100
AMOys1aTopHOE JIeueHUe 100
BakuuHanus ot rpumma 100
BaknuHanus MHEBMOKOKKOBOW HH()EKITUH 100
[IpotuBoBUpYCHOE JIeueHHE 100
XpoHunueckue 3a00eBaHnsi OpOHXOJIIETOYHOM CHCTEMbI 82,4
XpoHHrueckue 3a00JICBaHUS CEPICIHO-COCYAUCTON CHCTEMBI 51,4
XpoHudeckue 3a00eBaHUs IHIOKPUHHON CHCTEMBbI 12,2
OHKonoruueckue 3a00IeBaHms 2.7
Boresns, BeI3BaHHAsI BUPYCOM HMMYHOJE(DUIINTA YeJIOBEKa 0,02
Ty6epkyie3s 0,07
Jpyrue 3aboneBanus 22,7

Tabruya 2. 3HaunMble TIPU3HAKH, MTOJTyYEHHbBIE B IEPBBIE 72 Yaca rOCIUTAIN3AINY [TAIMEHTOB, Ul CO3IaHusI AITOPUTMA MAITMHHO-
ro o0yJeHus

Table 2. Significant for the machine learning algorithm development features obtained in the first 72 hours of hospitalization

Mprna eperit | suene | Omeioneme | Omnma |3 BERERCLUE

Bospacr, ner 3114 62 14 0,26 61,5
WMT, kr/m2 3114 29,5 5.8 0,10 29,3
®DeppuTHH, HI/I 3086 659 596 11 6379
CPB, mr/n 705 67,5 65,2 2,46 62,7
[IporpomOuHOBOE Bpems, C 2981 14 6,7 0,12 13,7
I'emomo0us, r/u 3113 133 18 0,32 133,1
JlelikouuTsl, 109 1/1 3113 7,8 8,9 0,16 7,5

Heiirpodunsr, 109 1/n 2455 5,9 4,1 0,08 5,7

JIumdonmter, 102 1/1 3099 1,5 6,2 0,11 1,2

CootHoleHne HeUTPOUIBY/ TUMPOIUTHI 2455 6.4 7,7 0,16 6,1

Tpom6GouuTer, 102 1/1 3113 221 99,9 1,79 217,6
OOmuii 6emok, 1/11 1352 67,9 8,6 0,23 67,5
KpeatuHuH, MKMOJIB/JT 3110 89,1 52,6 0,94 87,3
MoueBrHa, MMOJIB/JT 3078 6,4 42 0,08 6,3

uad, 1/mun 3114 19 6 0,10 19,3
[Tynscoxcumerpus, % 3114 96 4 0,08 95,7
[pomenT nopakeHus JIETOYHON TKaHHU, Yo 3114 36 20 0,37 35,6
YCC, 1/mun 3114 78 15 0,27 77,2
CAJl, MM pT.CT. 3114 125 17 0,31 124,7
JAJL, MM pT.CT. 3114 76 11 0,20 75,9
Temneparypa tena, °C 3114 37 0,7 0,01 36,9
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Tabruya 3. 3HaunMBble KaTerOpHUIHbIC IPU3HAKH, [TOTyYCHHBIE B IIEpBbIe 72 Yaca rOCIUTANIN3ANY TAMEHTOB, JUIs CO3aHus ajiro-
pHUTMa MAIIUHHOTO 00yYeHHs

Table 3. Significant for the machine learning algorithm development categorical features obtained in the first 72 hours

of hospitalization
ITpuznaku 3HayeHue Onucanue Konnuectso Jouns, %
ITon 0 JKEHCKHUI 1624 52,2
1 MYKCKOH 1490 47,9
Hcxon 3aboneBanust 0 BBIITHCAH 2915 93,6
1 ymep 199 6,4
3aboneBaHKs OPOHXONEIOYHOM CHCTEMBI 1 HaJu4ue 2591 83,2
0 OTCYTCTBYET 523 16,8
CepeuHO-COCYAUCThIE 3a00IeBaHH s 0 OTCYTCTBYET 1570 50,4
1 HaJIn4ue 1544 49,6
3aboseBaHus SHOKPHHHON CUCTEMBI 0 OTCYTCTBYET 2736 87,9
1 HaJIn4ue 378 12,1
OHnkonornyeckue 3a00IeBaHuUs 0 OTCYTCTBYET 3054 98,1
1 HaJIH4He 60 1,9
CaxapHsIii tuaber 0 OTCYTCTBYET 2891 92,8
1 HaJIM4He 223 7,2

OcTanbHbIC TaHHBIC pa3[elIeHBI Ha JBa Kjacca B CO-
otrnomennu 70/30 %: mannsie mus obydenus (2031 manu-
€HTOB, U3 HUX C JIETAJTHLHBIM UCXO0M — 126) U JaHHBIC
1utst TectTupoBanust (870 MarueHToB, U3 HUX C JIETAIbHBIM
HUCX0IOM — 57), KOTOpPBIE BMECTE COCTABUIU HAOOp IS
¢unanbpHOrO 00YUeHus (Tadm. 4).

Monesb MAIIMHHOTO 00y4YeHusi. Mojenb co3aana ¢
ucronp3oBanueM oudimoreku PyCaret, koTopast mo3Bosmia
IIPOBEPHUTH HECKOJIBKO aITOPUTMOB 3a OJTHO oOparieHue [6].
Pesynprarel 00y4eHHs TIPEICTABICHBI B Ta0II. 5.

B tabn. 6 u 7 npuBeneHsl 3HaueHus MeTpuk RF u
CatBoost (Mozenu ¢ nmyurieit ayBcTBuTeNIbHOCTHIO (Recall))
mpu K-Fold Bammmarmn.

B mpuBeneHHBIX CPaBHHUTEIBHBIX peE3yiabTaTax
(Tabn. 6) BUAHO, YTO y HCCIEAYEMBIX MOJeNeil Halro-
JaeTcsl HeOONMbIION pa3dpoc 3HAYCHUH METpUK TOYHOCTH
u UyBcTBUTEIBHOCTD st 3HaueHuit K-Fold Bamumanun.

[Tony4yeHHBIE pe3yIbTaThl CBUACTEIBCTBYET O TOM, 4TO
NpeJCTaBICHHBII 1aTaceT MPAaKTHYEeCKH OJAHOPOICH U He
UMeeT BEIOPOCOB.

Jis IpOrHO3UPOBAHUS JIETAIBHOTO MCXOda OJHA U3
BOXHBIX METPHK — YyBCTBUTEIBHOCTh METOJIA, B CBSI3H C
BOKHOCTBIO HE ITPOITYCTUTD MAIMEHTOB C OOJIBILINM PUCKOM
aeTanpHOro uexona. i KaxkJoro MeroJa HOCTPOCHBI
rpaMK1 4yBCTBUTEIBLHOCTH (pHC. 2).

PesynbTarnsl

M3BecTHO, uTO HaeanbHas Mojaesb obinamaet 100 %
YyBCTBUTEJIBHOCTBIO M CHCHUPUIHOCTHIO. OqHAKO Ha
MPAKTUKE JTOOUTHCS 3TOTO0 HEBO3MOXKHO, 0OJiee TOrO, He-
BO3MOYKHO OTHOBPEMCHHO TIOBBICUTb M 1yBCTBUTEIIBHOCTD,
U cnenuGUIHOCTh Moieu. KoMIpoMuce MOKHO HaWTH C
MTOMOIIIBIO TIOPOTa OTCEYCHUS, KOTOPBIA HYKEH ISl TIPHU-

Tabnuya 4. CtaTUCTHIECKUE TaHHBIC
Table 4. Statistical knowledge

IIpu3nak Kommgectso Cpennee OTKIIOHEHHE Ommoka f:::}?;ieg?];g

Bospacr, ner 3054 62 14 0,26 61,37
[IpoueHT nopa)eHus JErouHo TkaHu, % 3054 36 20 0,37 35,65
TpomGonmTsr, 109 1/1 3053 222 100 1,82 217,99
CPb, mr/n 682 67,5 63 2,41 62,74
[Tynbcokcumerpus, % 3054 96 4 0,08 95,66
Uad, 1/mun 3054 19 6 0,10 19,28
YCC, 1/mun 3054 78 15 0,28 77,21
KpearuHuH, MKMOJIB/T 3050 89 52,7 0,95 87,11
MoueBrHa, MMOJIB/JI 3018 6,4 42 0,08 6,25

O0mwmii 6emoK, /1 1314 68 8,7 0,24 67,50
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Tabnuya 5. Pe3yasrarel 00y4eHHs

Table 5. Machine learning results

Monens TouynocTts AUC YyBCTBUTENBHOCTD Crenuduanocts
Random Forest Classifier 0,862 0,908 0,816 0,865
SVM — Linear Kernel 0,691 0,000 0,761 0,688
K Neighbors Classifier 0,715 0,692 0,617 0,720
CatBoost Classifier 0,906 0,896 0,616 0,920
Extreme Gradient Boosting 0,927 0,904 0,504 0,948
Light Gradient Boosting Machine 0,929 0,905 0,449 0,953
Decision Tree Classifier 0,908 0,655 0,376 0,934
Ipumeuanue: AUC (Area Under Curve, ROC-miomanpb nox KpuBoi).
Tabruya 6. Metpuku mozeneit RF
Table 6. Metrics of RF Models
Bri6opka TounocTe AUC YyBCTBUTENBHOCTH CrneunduuHocTs
0 0,850 0,905 0,889 0,848
1 0,891 0,926 0,778 0,897
2 0,824 0,893 0,667 0,832
3 0,850 0,887 0,778 0,853
4 0,871 0,949 1,000 0,864
5 0,865 0,906 0,778 0,870
6 0,881 0,927 0,778 0,886
7 0,860 0,962 1,000 0,853
8 0,855 0,783 0,600 0,869
9 0,875 0,944 0,889 0,874
Cpennee 0,862 0,908 0,816 0,865
CraHJapTHOE OTKJIOHEHUE 0,018 0,048 0,124 0,018
Tabnuya 7. Metpuku moneneit CatBoost
Table 7. CatBoost Model Metrics
Bribopka Tounocts AUC UyBCTBUTETHHOCTH Crieriu(huaHOCTh
0 0,876 0,903 0,444 0,897
1 0,927 0,891 0,556 0,946
2 0,886 0,857 0,556 0,902
3 0,891 0,881 0,556 0,908
4 0,917 0,958 0,778 0,924
5 0,907 0,894 0,444 0,929
6 0,912 0,924 0,556 0,929
7 0,922 0,969 0,889 0,924
8 0,902 0,775 0,600 0,918
9 0,917 0,905 0,778 0,923
Cpennee 0,906 0,896 0,616 0,920
CraHIapTHOE OTKIIOHEHHE 0,016 0,051 0,142 0,014
Ipumeuanue: AUC (Area Under Curve, ROC-miomas oy KpuBoif).
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Puc. 2. MeTpuKk# METOJIOB JIJIsl Pa3HBIX «Touek oTcedeHus» (threshold): Catboost (a) m Random Forest (b) Classifiers

Fig. 2. Catboost method metrics for different cut-off points (threshold) (a). Random Forest Classifier method metrics for different
cut-off points (threshold) ()

MEHEHUS MOJIEJIN Ha MPAKTUKE: OTHOCUTH HOBBIE IPUMEPHI
K OIIHOMY U3 JBYX kjaccoB. C OOJNBIIUMU JTOMYIICHUS-
MU MOXXHO CYUTATh, 4TO 4eM Oodbiie nokazarens AUC,
TEM JTy4Iledl MPOTHOCTHYSCKON CHIION 00amaeT MOMIEb.
OtmeTum, uto nokazaresnb AUC npenHa3HayeH s cpaB-
HUTETHHOTO aHaJHM3a HECKOIBKIX MOJICNICH U HE COICPIKUT
HUKaKoH WH(OPMAIINN O IyBCTBUTEIFHOCTH U CTIEIHA(PIY-
HOCTH MOJEIIH.

CormnacHo skcniepTHOM mikane i 3HadeHuit AUC, mo
KOTOPOH MOYKHO CYAUTBH O KauyeCTBE MOJIETH, 3HAUCHUS:
0,6—0,7 CBUAETENBCTBYIOT O CPEHEM KAaueCTBE MOJIEIIH,
0,7-0,8 — xopomem kauyectse, 0,8—0,9 — oueHp xopo-
meM kadectBe U 0,9—1,0 — OTIMYHOM KauecTBe. 3HAYCHUS
Huxke 0,6 MPUHATO MPUHUMATH 32 HEYIOBIETBOPUTEIHHOE
Ka4yecTBO.

BBIMOTHUM OIEHKY MOJIENH MPOTHO3UPOBAHMUS JIc-
TaJTBHOTO MCXOJa Ha ABYX HAOOpaX MaHHBIX: TECTOBBIX —
870 manmenToB u 5 % Habopa — 153 manuenTa, KOTOPHIiA
HE WCIIONH30BAJICS TIPH 00yYIEeHUH MOJIEIH. JI0MOMTHITEIEHO
MIPUMEHNM BHEUTHUE JaHHBIE U3 JIPYTOTO MEIUIINHCKOTO
yapexxaeHus. Beero mis oOydeHuss MOJETH NCTIONBb30BaH
2901 manueHT, y KOTOPBIX OB MOATBEPIKICH AHATHO3
COVID-19.

[Tpu ucnonb3oBanuu anroputma Catboost Classifier
YCTaHOBJICHO, UTO OH 00JIa7aeT XOPOIIeH AUCKpPEeTU3aIeH
Ha BCEX THIAaxX AaHHBIX (4yBCTBHTEIBHOCTH 10 99,2 %),
KpOM€ BHEUIHUX, YTO CBUJIETENBCTBYET O MPEUMYIIECTBAX
€r0 MCIIOTb30BaHUS TONBKO Ha TOW 0a3e, Ha KOTOPOH OH CO-
CTaBJIAJICS U €T0 HU3KOH MPOTHOCTHYECKOM CIIOCOOHOCTHIO
Ha BHEITHUX 0a3ax (4yBCTBHTENBHOCTE 37,5 %). Bmecte ¢
stiMm anroput™ Random Forest Classifier xapaktepusyercst
XOPOIIUM OaIaHCOM M TIOJICKUT JalbHEHIIIEMy HCCIen0-
BaHUIO B Ka4ECTBE aJITOPUTMA JUTSI MOJICTH KaJIbKYJSATOpa
(mmst AUC 0,90 gyBctBUTEensHOCTH 0,816 1 ciermuduy-
Hocth 0,865) (puc. 3).

Ha npaxruxe 3nauenus Tounoctu u IloaHOTEI ropasno
Oosiee ynoOHEH pacCUUTHIBATh C UCIOIB30BAHUEM MaTpPH-
1Ibl HETOYHOCTEH pUC. 4, KOTOpask YaCTO UCIOJIb3yeTCs

JUIsl OnMCcaHus 3(PPEKTHBHOCTH MOJIEIH KiIacCUPUKAINT
Ha HabOpe TECTOBBIX JaHHBIX C U3BECTHBIMH UCTHHHBIMH
3HAYCHUSIMH.

B urore o npoBeneHHBIM TecTaM HanOoJiee TOUHBIM
QITOPUTMOM JUTS 3aJ1a4K IIPOTHO3UPOBAHUS JICTAILHOTO
ucxona nmpu COVID-19 Beopan Random Forest Classifier.

HNurepnperauust pe3yabraroB. B Hacrosee Bpems
y MEIULIHUHCKUX PaOOTHHUKOB COXPAHIETCS HEIOBEpPHE K
HCIIOJIB30BAHUIO IIPOTHOCTUYECKHUX MOJIENIei B MEJHUIIMHE.
B nepByio odepenp, 3TO CBSA3aHO C TEM, YTO HE Bcerja
HOHATHO, I0YeMY MOZIEJIb PEUIOKUIIA TO WK APYTOe pe-
enue. B o0miem cunTaercs, 4To MareMaruueckue MOZIEIH,
UCTIONB3YEMbIE B MEMIIMHE, SIBIISIFOTCS «UEPHBIM SIIIIUKOM.
Bropast nmpobiiema — nHTEpIIpeTanus caMmoro pesysbrara
NpOrHO3a. B 4acTHOCTH, NPOTHO3HbBIE MOJIEIH BBIIAIOT Be-
POSITHOCTB HaCTYIIJIGHHS] TOTO MIJIM WHOTO COOBITHS. Bpauam

=
[od]

=
SN

" VYposenn

" — ROC of class BbInucas,

e AUC=10,90

d — ROC of class neranbHblii HCXOJI,
e AUC=10,90

- - CITyJaliHbIil BBIOOD

=l
[

YacToTa HCTUHHO TTOJ0KUTEIIHBHBIX Ppe3yabTaTOB

0,0 0,4 0,8
YacToTa 10/KHOMONOKNUTETBHBIX PE3YABTATOB

Puc. 3. I'padux ROC-kpusoii
Fig. 3. ROC curve plot
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Random Forest Ha TECTOBBIX JaHHBIX
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Fig. 4. Confusion matrix

e OoJiee MPUBBIYHO TOyYaTh PE3yIbTaT B BUJIE KaTErOprit
PUCKOB: HU3KHUH, CpeJHUI Wi BbICOKHM. Pacnipenenenue
PE3yIIBTaTOB IIOTHOCTH BEPOSITHOCTH MOJIEIU TIPUBEICHO
Ha puc. 5. Ha rpaduke BumHO, 9TO ITpu BeposTHOCTH OT 0,2
110 0,5 pe3ympTaThl MOTYT OBITH KaK C JICTATEHBIM HCXOMIOM,
TaK ¥ He C JIeTaJbHBIM UCXOJIOM, B TO BPeMs KaK IPH BEpo-
aTHOCTH OT 0 10 0,2 MOKHO TOBOPUTH O HU3KOM PHCKE, a
npu BepostHocTH ¢ 0,5 10 1,0 — BBICOKOM pHCKe.

B nmocnennee BpeMs CTaid MOSBIATHCSA aITOPUTMBI,
KOTOPBIE MO3BOJISIIOT MHTEPIPETUPOBATH BKJIA]] B KOHEUHBII
pe3yibTaT KaxJIoro nNpu3Haka. Takue alropuTMel HHTEp-
MIPETUPYIOT HE caMo MpeJICKa3aHue, a OJJHY U3 CIETYIOIIIX
BEJIMYUH:

1) pasHHUIy MEXIy IBYMs IpEICKa3aHUSIMI,
2) pasHUIy MEXIy TCeKYIIUM H YCPEIHEHHBIM IpecKa3a-

HUSMH.
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Puc. 5. Pactipenienenue BepoSTHOCTH JETAIBLHOIO HCXO/1A
(HOPMHUpPOBaHHOE)

Fig. 5. Probability distribution of lethal outcome (normalized)

TTanmeHnTsl

DTO 03HAYAET, YTO AITOPUTM OOBSCHSIET N3MEHEHHE B
NpeJ/ICKa3aHuH, BbI3BAHHOE M3MEHEHHEM BXOHBIX IIPH3HA-
KOB (B IIEPBOM CJlydyae) WJIM MOSIBJICHHEM MH(OpMALUK O
BXOJHBIX ITPH3HAKax (BO BTOPOM Cirydae).

[Ipn 5TOM BO3MOXHO BBIYHCIHTH 8KAAOD KANCOO20
npu3Haka. Takoil moaxox ucmonb3yercs B meroge SHAP
(SHapley Additive explanation) [7] u [8].

Hpyroit mogxon — LIME (Local Interpretable Model-
Agnostic Explanations), cyTs KOTOPOTO B alllPOKCHMAIIHN
MpeICKa3aHusi MOJICJIN B OKPECTHOCTH TECTOBOTO IMPH-
Mepa ¢ 0oJiee MPOCTOil, JIETKO MHTEPIPETUPYEMOH MoJie-
JIbIO, KOTOPasi MCIOJIb3YET YIPOLICHHOE TPECTaBICHNUE.
Hampumep, ecnu Mofens IMHEHHA, TO KaKJIOMYy U3MEHe-
HUIO COIOCTaBIIsieTcsl HeKkuil Bec. Eciim anmpoxcumarust
aJIeKBaTHA, TO UIMEEM HAINYHE M3MEHEHMs, KOTOPOE JIH-
HEHHO BIMSET Ha NpejcKkaszanue Mojaenn. OTMETHM, 9To
MOTYT OBITh CIIy4aH, KOTJ1a MOJICJIb HE CMOXKET OOyUHUThCSI.

B nannOi pabore A HHTEpIpPETAUK PE3yJIbTaToOB 1
OLICHK! BJIMSTHUS IIPU3HAKOB Ha PE3YIIBTAT MOJIEIH UCIIONb-
3oBanbl Onbanorekn SHAP u LIME.

Bri6pannsiit meton Random Forest Classifier moka3zan
CJIE/TYIOLIMIA MOPSIIOK 3HAYMMOCTH NPU3HAKOB: Hanbosee
3HAYUMBIH — «OOIHuil 6eN0K», HaNMeHee 3HAYMMBINA —
UCC (puc. 6).

I'padux SHAP (puc. 6, b) IO3BOJISICT OIICHUTH BIIUSHUEC
MPU3HAKOB HA IPOTHO3 MOEIH, YTO SIBISETCS BasKHOU
4acThlO TIOHUMaHUs BpadoM paboTsl Monenu. Hanbonee
TIOJTHO 3TOT BOIIPOC PAcCMOTpeH B padorax [9, 10]. B nep-
BYIO OY€pe/lb MHTEPIPETALMS MOAEIH ITOMOTAaeT OLCHUTD
ee kauecTBO. Ecii MOTy4nTh NMpaBuia, KOTOPBIMH PyKO-
BOJICTBYETCSI MOZI€TIb NPH MPEICKA3aHUN, TO BO3MOXKHO
OLIEHUTH UX MPABIONOI00HOCTb.

OnuH U3 TOIX0/I0B JUIsl TOHUMAHHUS PabOThI MOJEIH —
MIPOTHO3 JIJIsl KOHKPETHOTO TaruenTa (puc. 7).

Kak npaBuiio, mpyu ManimHHOM 00y4eHUN HEBO3MOKHO
JIOOUTHCS MOJHOM MHTEPIPETHPYEMOCTH, HO JIaXKe ya-
CTHYHAsl HHTEPIPETAIHsI TOMOT'aeT OI[CHUTD €€ KaueCTBO.
Ecnu Mbl BBISICHIM, Kak MIMEHHO f{x) ipeoOpa3yeT BXOHbIE
MIPU3HAKK B BBIXOAHOM pe3yJbTaT U KAKMMH IpaBHIAMH
E[f(x)] pykoBozxCTBY€ETCSI IpH IPOTHO3UPOBAHUH, TO CMO-
JKEM OLICHUTbH IPaBIONOA00HOCTb ITHX MPABUIL.

Ha puc. 7, a nokazan «Waterfall plot», oObscHsrOIIIIt
[IPOrHO3UPOBAHUE JIETAIILHOIO Mcxoja y nanuenta Nels
u3 npencrasieHHoro naraceta. SHAP VALUES nomyuenst
¢ momomipio Metona Tree SHAP. Cxema unraercs cHHU3Y
BBEPX, & NPHU3HAKU YIOPSIIOUYCHBI [0 BO3PACTAHUIO UX
SHAP-3nauenus (values). Hanpumep, SHAP VALUES
+0,64 mis npusHaka «OO0mui 6es1oK» (MMEeLero 3Ha-
yenue 40,9) roBOpHUT O TOM, YTO 3TO 3HAYCHUE Y JAHHOTO
MAlMEeHTa YBEIMYMBACT BEJIMUMHY NPECKa3aHusl MOJIEIH,
10 CPAaBHEHMIO C OTCYTCTBHEM Npu3Haka «O0muii 6eI0K»
TIPY IPOU3BOJILHOM HAJIMYHU APYTUX MPU3HAKOB. KpacHbIi
I[BET CBUJICTEJILCTBYET 00 YBEINUYEHUH PUCKA JIETAIBFHOTO
MCXO/1a MIPY KOHKPETHBIX 3HAYEHHSIX ITOKa3aTelIeH.

Ha puc. 7, b mpuBenens! nannsle narpenTa Nel2, taroke
JIEMOHCTPHPYIOIINE BKJIA/ KIMHNIECKUX 1 Ta00PaTOPHBIX
MPU3HAKOB B PUCK Pa3BUTHUS JETAIBLHOTO nexona. Kak Bug-
HO, 3HaY€HHSI OOJBIIMHCTBA TIPH3HAKOB aCCOIIMUPOBAHBI CO
CHIKEHHEM pHUcKa (0003HAUSHbI CHHUM LIBETOM).

bubnnoreka PyCaret Takxe Mo3BOISET MOCTPOUTH
rpauK 3aBUCUMOCTH BKJIaJla IPU3HAKA B KOHEYHBIH pe-
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PaSMCpHOCTI/I 3HAYCHU I TNPU3HAKOB IIPEACTAaBJICHbI B Tabm. 2

Fig. 7. Waterfall plot (SHAP) charts for patients no.15 (a) and no.12 ()

The dimensions of the feature values are presented in Table 2
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Fig. 8. The contribution of the feature “Age” to the final model and the distribution density of the feature

3yJbTaT, Ha pUC. § MOKa3aHa 3aBUCUMOCTb PE3YNIbTaTa OT
npusHaka «Bospacty».

Oobcy:xnenune

[IpoBeneHHOE HCCIeNOBaHNE TIOCTPOCHO Ha TaHHBIX,
TTOIY4eHHBIX TIpH padoTe MHPEKIMOHHOTO CTaIlMoHapa
HMMUI] um. B.A. AnmazoBa ¢ naruentamu ¢ COVID-19,
HCIIOJB30BaHHBIX JJIA IMIPOTrHO3UPOBAHUSA JICTAJIBHOI'O UC-
xona. Pa3paboTaHHBIi alrOPUTM U KaJIBKYJIATOP, TOCTPO-
€HHBIN Ha ero UCIIOJIb30BaHUH, C BBICOKOM YYBCTBUTCIIb-
HOCTBIO ¥ CIIEIM(UIHOCTBIO TIPEICKA3BIBAIOT BEPOSITHOCTD
JetaiabHoro ucxona y namueHtos ¢ COVID-19, uro otiu-
YaeT ero OT paHee NPEUIOKEHHBIX allTOPUTMOB, yUUTHIBA-
IOILMX PeTpOCHeKTUBHbIE nanuble [11,12].

Bricokast 9yBCTBUTEIBHOCTD U CICIIH(PUIHOCTS, J10-
CTHTHYTBIC aITOPUTMOM, IEMOHCTPUPYIOT, YTO OH CITOCO-
6eH TouHO pa3mmyats mamuerToB ¢ COVID-19 ¢ Beicokum
¥ HU3KAM PUCKAaMH JIETAIBHOTO MCXOMa YK€ B MEPBEIE
72 gaca rocrintanu3anui. Bricokas 9yBCTBUTEIHHOCTD, B
YaCTHOCTH, TIPEIOIAraeT, YTO aJITOPUTM MaJIOBEPOSITHO
JAacCT JTOKHOOTPULATCIIbHBIC TaHHBIC, U YTO MAallMCHTHI,
HY)XJaromuecsa B NOBBINICHHOM BHUMAaHUHN CO CTOPOHBI
MeJIepcoHaia, CKopeil Bcero He OynyT MPOITYIIEHBI.
Kpome Toro, noBbIlIeHHE YyBCTBUTEIBHOCTH aJIrOPUTMa
T10 CPaBHEHHMIO C TPAANIMOHHONW CHCTEMOH MOJICYETa OYKOB
I0KAa3aJI0, YTO aJTOPUTM CIIOCOOEH 0OHapYXUTh OOJIbIIe
MAIEHTOB, KOTOPHIM TPeOyeTCs MOBBIIIICHHOC BHUMAHUE;
YTO JIOJDKHO CIIOCOOCTBOBATH YITYUIIICHHIO MapIIPyTH3AINH
TIAI[CHTOB U PACTIPENIEIICHUIO PECYPCOB.

OTMETHM, YTO AITOPUTM TaKKe MMEET OOIBIIYIO
YyBCTBUTEIBHOCTH MPH O0Jiee BBICOKOW CIeU(UIHO-
ctu 1o cpaBaeHnto ¢ NEWS2 [13]. lnsa 6a30Boit Mmoaenu
(«(NEWS?2 + Bo3pact») TUCKpUMHHALUS ObLITa YMEPEHHOM
npu BHyTpeHHel Banunamu (AUC = 0,764; 95 % nosepu-
TenbHbI uHTEpBa: 0,737, 0,794).

TouHOe 1 paHHEe MPOrHO3UPOBAHNE PUCKA YXY/IIICHHS
COCTOSIHMSI MAIIMEHTAa MOXKET YITyUIIUTh POLETY Pl COPTH-

POBKHM M MapLIPpyTU3ALNU MALUEHTOB U paclpeneiieHne
pecypcos.

3amMeTuM, 4TO MPEIIOKCHHAsT MOJC/Ib IpeIcKasaia
BEPOSITHOCTH JICTAIBHOTO MCXOJIa, UCIOJB3Ys TOJIBKO JI0-
CTYIIHBIC JJAOOPATOPHBIC UCCIICIOBAHUS U TAHHBIC KU3HCH-
HO Ba)XKHBIX MPHU3HAKOB. JleMorpadudeckue TaHHBIC IS
pacdera pucka He TpeOOBAINCh, YTO OTIMUYALCT €€ OT YKe
nmetronuxcs [14, 15]. Mozgens ciocoOHa TeHEpUpPOBaTh
MIPOTHO3 B OTCYTCTBHE OIPEICICHHBIX BXOJHBIX TaHHBIX.
B peanpHOM KIMHUYECKOH MMPaKTHKE HE BCETIa BceM 00JTh-
HBIM TpeOyeTcs IPOBEACHHUE MOITHOTO CIIEKTpa 00cie10Ba-
HUS, 9TO TIPU IMIOCTPOCHUHN MOJIENIEH HEPEIKO MOKET BIUSITh
Ha pe3yibTar. [IpomnyiieHHbIe B 0a3¢ JaHHBIX 3HAUCHHSI HE
BHOCHJIH CYIIIECTBEHHOI'O BKJIa/la U HE UCKAXKAIU PE3Yiib-
Tarkl IpH pacuere pucka. Takum oOpa3om, pazpadboraHHas
MOJICITh MOKET OBITh UCIIOIB30BaHa ISl OICHKH IIPOTHO3a
JTaKe B OTCYTCTBHUE HEKOTOPBIX MTPH3HAKOB.

OTMETUM CIEAYIONIUE BBISIBICHHBIC OTPAHHYCHUS
TpeAcTaBICHHON MojiesT. HecMoTpst Ha TO, 9TO B BEIOOp-
Ky OBLJIO BKIIOYCHO JOCTATOYHO OOIBIIOE KOJHYECTBO
[MaIlMEHTOB, W MCIIOJIL30BaJach BHEIIHSS BaJIuIalds Ha
OONBHBIX M3 APYTUX MEIUIIMHCKUX IEHTPOB, KOHETHASL
oOrmrast BeIOopka mpeacrasieHa 3054 GOIBHBIMM, THE Jie-
TaJBHBIN Hcxof ObLT pencTaBieH B 6,42 % cioydaes. Bee
9TO JUKTYET HEOOXOIUMOCTh TIPOBEACHUS JaTbHEHIIeH
anpobanuy pa3paboTaHHOIO KaJIbKYJIATOpA HAa BHEIIHUX
JAHHBIX C BKIIFOUCHHUEM HOKa3aTeJ'IeI71 TSIKCIIBIX 6OJ'II)HI)IX.
Taxke HEOOXOUMO OTMETHTh, YTO Ha OCHOBAHHH TOJIY-
YCHHBIX PE3yJIBTATOB HEJb3sl CIICJIaTh BHIBOMBI O TIPOM3BO-
JTUTETHHOCTH aJiTOPUTMa B HOBBIX YCIOBHUSX IIPH U3MECHE-
HUW [IITaMMa BHPYyCa U pa3Induil B TeUCHUE 3a00ICBaHNSI.
JIOTIONTHUTENBHO, B CBSI3H C NMPUHATHIM OTPAHMYCHUEM
MAIUEHTOB C MOATBepKIeHHBIM auarHo3om COVID-19,
HEBO3MO)KHO CHETaTh BBIBOJ O MMPOU3BOIUTEIEHOCTH all-
TOPUTMA JJIS MPOTHO3UPOBAHMUS JIETATHFHOTO UCX0Aa B
MIPOCHEKTUBHBIX YCIOBHUIX Y MAIIMEHTOB, HE CTPAIAIOIINX
COVID-19, u y nmaruentoB ¢ nogozperrem Ha COVID-19,
HC HO}ITBGp)K}IeHHBIﬁ B ITOCJICACTBHU.
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3akJjoueHne

AJNTOPUTM MaIIMHHOTO OOYyUYECHHMs JUIsl IPOTHO3UPOBA-
HUS JeTanabHOro uexoaa y nanuentos ¢ COVID-19 B Teue-
HHE 72 9acOB rOCIUTAIN3ALNH IPOJEMOHCTPUPOBAIT BBICO-
Kyto gyBcTBUTENBHOCTH (0,816) 1 cnenmdmanocts (0,865),
U TIpeB30IIe] 00BIYHO MCTIOIB3YEMYIO CHCTEMY OICHKH
paHHETO MpeayTpeKACHUS 3a00IeBaHNsA. AJITOPHTM CIIO-
cobOeH oOHapyxuBaTh Ha 11 % Gosnblle ManMeHToB, YeM MO-
Ju(UIPOBaHHBIN [T0KA3aTENb PAHHETO IPEIYIPEKICHUS
IIPU OJIHOBPEMEHHOM CHYIKEHHH JIOYKHOIIOJIOKHUTEIBHBIX
pe3ynbTaToB. YUNTHIBAsI CEPbE3HBIE ONMACEHUS O MOBOY
OrpaHUYEHHBIX PECYPCOB, BKIIIOYAs allaparbl UCKYCCTBEH-
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HOW BEeHTHJISAIMH JIETKUX, BO Bpems na"gemun COVID-19,
TOYHOE TIPOrHO3UPOBAHKE MAIIMEHTOB, KOTOPBIM, BEPOSITHO,
noTpedyeTcss NCKYCCTBEHHAs! BEHTHIISIHS JIETKUX, MOXKET
MIOMOYb J]aTh Ba)KHbIE PEKOMEH/IAI[MM B OTHOLIEHUH CO-
PTHPOBKH TMAIEHTOB U PAacIpEeNICHNs] PECYPCOB Cpein
TOCTIMTAJIN3NPOBAHHBIX 00NBHBEIX. Kpome Toro, pannee
BBISIBJIGHUE TAKHX JIUI] TO3BOJIUT IIPOBOJUTH MJIAHOBBIE
MPOLELypBl BEHTWIALNH JIETKUX, CHUXKAs U3BECTHBIC PH-
CKH, CBA3aHHBIC C SKCTPEHHON MHTyOanmei. B pesymnprare
peanuzalys NPeACTaBICHHOIO aJrOpUTMa CMOXKET IIOMOUYb
YIAYUILIATh OKa3aHUE MEIUIIMHCKOM TTOMOIIM MTAllMeHTaMHU,
CHHM3UTh CMEPTHOCTH OOJIBHBIX U CBECTH K MUHUMYMY Ha-
rpy3Ky Ha Bpaueil Bo Bpems nanaemuun COVID-19.
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AHHOTALUA

IIpeamer uccienoBanns. CUMBOJIBHOE UCIOIHEHHE — IIUPOKO U3BECTHBIA METOJ CUCTEMAaTHYECKOIO UCCIIEI0BAHUS
IyTeil ucrnoaHeHus nporpaMM. MeToJ| HO3BOJISET PEIUTh Psijl BAYKHBIX 3a/1a4, CBA3aHHBIX C KOHTPOJIEM KOPPEKTHOCTH:
TIOUCK OIIMOOK U YSI3BUMOCTEH, aBTOMaTH4YecKast FeHeparys TecToB U Ap. OCHOBHAs Mjiesi CHMBOJIEHOTO UCTIOTHEHHS —
TMOPOXKACHUE U MCIIOJIB30BAHUE CUMBOJIBHBIX JIOTUYECKUX Bpra)KeHI/lﬁ IpU aHaJIU3€ NporpamMm B IIPAMOM IOPAIAKE,
T. €. OT BXOJHOU TOUKM K TOUKAaM HMHTepeca. XOpOIIo U3BECTEH METOJ] 0OpaTHOTO CUMBOIBHOTO MCIIOIHEHMs, KOTia
YCIIOBUS MOTAAAHUsI B TOUKY MHTEPECa PaclpoCTPAHIIOTCS KO BXOAHON TOYKE MPOrpaMMBI 3@ CUET UTEPATHBHOTO
BBIUUCIICHHS CITa0eHINX MpeaycloBuid. Peann3oBaTs 3TOT METO/, KaKk MPAaBUIIO, HAMHOTO TpyAHEE, IeM MpsiMoe
CHMBOJIFHOE HCTIOJHEHHME, TaK YTO JAake apTe(akThl MOCIEAHETO He YAaeTcs HCIONIb30BaTh Mpu peanm3anuu. Meto.
HccenenoBana CBSI3b MeX/Iy IIPSIMBIM M OOPAaTHBEIM CHMBOJIBHBIMH UCIIOJTHEHUSIMU HA OCHOBE BBIYUCIICHHS CllabeHImmx
npeayciaoBuii. B yacTHOCTH MOKa3aHO, Kak 0OpaTHOE UCIOJHEHHE MOXET OBITh peajTn30BaHO Ha 0a3e MPSIMOTO.
OcHoBHBIE pe3yabTarsl. [IpuBeseHo GopManbHOE ONMUCAaHKWE MPOLETypPbl CHMBOJIBHOTO MCIIOIHEHHUS C JIGHUBOM
WHUIAATU3AIUeH IS MPOTpaMM C IMHAMUYCCKON mamMsAThio. [IpeamoxkeH alropuT™ BBIYUCICHHS CIaOeUIInX
TPy CIOBUH AJIsI MPOU3BONIBHBIX BETBEH HCIIONHEHHUS TPOrpaMMbl. MeXaHU3M JIEHUBOM MHUINAIN3AINN U aJTOPUTM
BBIUMCIICHUS CTa0CUIINX MPeTyCIOBHI pealn30oBaHbl B CHMBOJIBHON BUpTyanpHOM MammHe KLEE, paGoraromeit Ha
0aze mupoko u3BecTHOW TaTGopmbl LLVM. IlpakTnyeckast 3Ha4MMOCTb. [IpencTaBieHHbIN METO TTO3BOJISIET
BBITIOJTHATE OOPATHBIM CUMBOJBHBIM aHAJIN3 MPU ITIOMOIIX TIPSIMOTO CHMBOJIBHOTO MCIIOJHEHHS. JTO Ba)KHO IS
peanu3ayy ABYHAIPABISHHOTO HCIIOMHEHHS IPOTPAaMM, KOTOPOE MOKET OBITh IPUMEHEHO JITsl BEpH(UKAINH TPOTPaMM
1 aBTOMAaTUYECKOTO MOPOXKAECHUS TECTOBBIX OKPBITHU.
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Abstract

Symbolic execution is a widely used method for the systematic study of program execution paths; it allows solving
a number of important problems related to verification of correctness: searching for errors and vulnerabilities,
automatic test generation, etc. The main idea of symbolic execution is generation and use of symbolic expressions
in the program analysis in direct order, i.e., from the entry point to the points of interest. At the same time, since the
time of E.W. Dijkstra, the method of backward symbolic execution has been popular when the conditions for hitting
the point of interest are extended to the entry point of the program due to the iterative calculation of the weakest
preconditions. This method is usually much more difficult to implement than direct symbolic execution, so even the
artifacts of the latter cannot be used in the implementation. In this paper, the relationship between direct and backward
symbolic execution based on the calculation of the weakest preconditions is investigated. In particular, it is shown that
the latter can be implemented using the former. A formal presentation of symbolic execution with lazy initialization
for programs with dynamic memory is given. An algorithm for calculating the weakest preconditions for arbitrary
symbolic executed program branches is proposed. The lazy initialization mechanism and the algorithm for calculating
the weakest preconditions are implemented in KLEE, a symbolic virtual machine for the well-known LLVM platform.
The proposed method allows performing backward symbolic analysis using direct symbolic execution. This is important
for the implementation of bidirectional program execution which can be used both for program verification and for
automatic test generation.
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BBenenue

CHMBOJIBHOE UCTIOTHEHNE — MU3BECTHBI METOI CTaTH-
YECKOT0 UCIIOJIHEHUS TTporpamM. JlaHHBIM METO OCHOBAaH
Ha UCTIOIHEHUH TIPOTPaMM B PAMKaX CUMBONbHOU NAMAMU,
B KOTOPOH, B IPOTHBOBEC aIPECHOMY IPOCTPAHCTBY IIPO-
T'paMMbI, pacriojararorcss CUMBOJIbHBIC, @ HC KOHKPETHLIC
JaHHBIE, T. €. TEPMbI HEKOTOPOTO (OPMAIBHOTO SI3bIKA.
CuMBOJIBHOE MCIIOJTHEHHE MT03BOJISIET Y (PEKTUBHO peniaTh
PsiA 3a1ad, CBA3aHHBIX C MPOBEPKOW KOPPEKTHOCTHU TIPO-
rpamMM: TIOMCK ONIMOOK M ysS3BHMOCTEH, aBTOMaTHIecKas
re’epauusi TecToB, u ap. [1]. K Hacrosiiemy BpemMenu 3apy-
0CKHBIMU B POCCUHCKIMU HCCIICTOBATEIIMA pa3padoTaHO
0O0IBIIIOe KOJTMYECTBO CHCTEM CHMBOJIBHOTO MCIIOTHEHUS,
nanpumep, KLEE [2], Angr [3], Crest [4], Pex [5], SPF [6],
Manticore [7], DART [8], SAGE [9], S2E [10], Sydr [11]
U Jp.

B HayuHBIX paboTax BCTPEYAOTCS IBa OCHOBHBIX
BUJIa CUMBOJILHOTO MCTIOJIHEHUS: TpsiMoe U obparHoe [1].
[IpsiMmoe ocyIecTBIIeT UCIOTHEHUE TPOTPAMMBI OT BXOJI-
HOI1 TOUKH (Harpumep, npoueaypsl main B C-niporpamme) K
TOYKaM MHTEpEeca — TEeM CTPOKaM M OIeparopam mporpam-
MBI, BBITIOJTHEHUE KOTOPBIX MHTEPECYET IIPOrPaMMHICTOB
W TECTHPOBIIUKOB. Takoe MCIOIHCHHUE PEaln30BaHO B
TTOJIABIISAIOIIEM YUCIIE CUMBOJIBHBIX BUPTYaIbHBIX MAIIWH

[1]. Onnako maHHas TexHHKA UMeeT (QyHIaMEHTAIbHOE
orpaHHYeHNe — KOMOMHATOPHBIN B3PBIB IyTeil HCIIOI-
HEHHUS IPOrPaMMBbI, MMOCKOJIBKY YHCIO CUMBOJBHBIX CO-
CTOSTHMI MPOTpaMMBbl pacTeT IKCIOHEHIIUAIBHO OT Yucia
BBITTOJTHEHHBIX HHCTPYKIHH.

OxauH 13 cnoco0OB YaCTUYHOI'O MPEOJOICHHS ITO-
TO OrpaHWYCHHS 3aKII0YaeTcs B 0OpaTHOM HCITOJHEHUH
MHCTpYKIMH nporpaMmsl [12]. OOpaTHOE HCTIOTHEHHE
103BOJIsIET 3(h(PEKTUBHO HAXOANTH BXOAHBIC JJAaHHBIE, TIPHU-
BOZAIINE MCIIOIHEHUE TIPOTPaMMBbI B TOUKY MHTepeca. [Ipn
3TOM OOpaTHBIH MIar TPAAUIIMOHHO ITPOU3BOIUTCS 3a CUET
BBIUUCIICHUS C1abeliuux npedyciosuil, 9To, OJHAKO, OKa-
3BIBACTCS TPYAHOPEATHU3YEMBIM B CYNIECTBYIOIINX HH-
cTpymenTax [13]: mar UCHONHEHHs IPEJCTaBIsET CO00it
BBIUHCIICHHE CabelIero npeaycioBusi OTHOCHTEIBHO
Tekyieit nactpykuuu [14]. Cnabeiimee mpeaycinoBue —
Takoe ciadeiiliee ycaoBue, KOTOPOMY JIOJPKHO YIOBIETBO-
PATH COCTOSTHHE MPOTPaMMBbI, YTOOBI ITOCIIE MCIOTHEHUS
UHCTPYKIMH TOJIYYHUIOCh COCTOSHUE, YIOBIETBOPSIOIIEE
MIOCTYCJIOBHIO.

B nacrosmieit pabote npeuiokeH crnocod BEMYHCICHUS
crabemmx mpeaycIoBUN MPH 0OpPaTHOM CHMBOJIBHOM
UCIIOJIHEHUN Yepe3 NMPsIMOE CHMBOJIBHOE HCIIOTHEHHE.
DTO MO3BOJISET N30ABUTHCS OT HEOOXOIUMOCTH paszpada-
THIBaTh OTACIBHBIN MOIYNb A 0OPAaTHOTO MCIIONHEHHUS
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leHepauusa cnabenwnx NnpeaycnoBnii NPorpamMm ¢ AMHAMMUYECKOW NaMsATbio B CUMBOJIbHOM UCTMOJIHEHUN

HWHCTPYKIIUH, YTO SIBISIETCS OYEHb TPYI0EMKON 3agaueit
Jutst mporpaMmubIx wardopm (JVM, LLVM, NET u mp.)
n3-3a OOJIBIIOrO KOJIMYECTBA MHCTPYKLIUH CO CIIOXKHOM
CEMaHTHUKOM.
[IpencraBieHHbIi cIOCOO paccYUTaH HA MIPOrPaAMMEI
C TUHAMUYECKOH MaMsAThIO, YTO BAXKHO JUISI HeaKa/leMH-
YECKOTO, MMPAKTUIECKOTO MPUMEHEHHSI CHMBOJIBHOTO HC-
TIOJTHEHHSA. DTO OKa3bIBAETCSI BO3MOKHBIM BBUJLY MCIOJIb-
30BaHUS U3BECTHOM TEXHUKU JI€HUBOU UHUYUANUIAYUU
[15], mo3BonAIONMIEH CUMBOIBHO MCIIOIHATH IPOTPaMMBI
CO CJIOXKHBIMHU BXOJHBIMH CTPYKTypaMu JiaHHbIX. B pabore
MIPE/ICTaBJICHA TakKe peaTu3anus MpeIoKeHHOTo MoXoa
B paMKaX M3BECTHON CHCTEMBI CUMBOJIBHOTO MCIOTHEHUS
KLEE [2], koTopas npeqHa3HadeHa AJsl CHMBOJIBHOIO MC-
nosHeHust OaiT-koaa rardpopmel LLVM. B cBoro oue-
peab, LLVM ucrnonbs3yercst KoMImIsiTopamMu 0oliee AecsTi
pasmuYHBIX s3BIK0B, BKitodasi C, C++, Go, Kotlin u mp.
[IpencraieHHas peann3anusi UMEET OTKPBITBIN HCXOIHBIN
KOJl I MOYKET CITY>KATh OCHOBOH JJIs1 CO3MaHUsA YPPEKTHUB-
HBIX HUHCTPYMEHTOB KOHTpOJIs KauecTBa Ha ocHoBe KLEE.
Taxum 00pa3oM, OCHOBHBIMH 33/1a49aMH JAHHOU paOOThI
ABTISIETCA CIIEAYIOIIEe.
1. ®dopmanbHOE ONMUCAHUE CHMBOJIBHOTO MUCTIOTHEHHUS C
JICHUBOM MHULIMATIU3aLUEH.
2. ANTOPUTM BBIYHCIICHUS CIa0CHIINX MperTyCIOBHIA OT-
HOCHTEJIBHO NIPOU3BOJIbHBIX BETBEH MPOrpaMMmBl.
3. MacurrabupoBaHue 1ojIXo/1a Ha CTydan NCTIONb30BaHus
B IIpOrpamMMax JNHAMHYECKOHN MaMsTH.
4. Peanumzanus anropuTMa BBIYUCICHUS clrabeHmux
NpEeNyCIOBUNA B CUMBOJIbHON BUPTYaJIbHON MallnHe
KLEE.

0O0630p

Msuorue pabots! (Hanpumep, [16—19]) HanpasieHs! Ha
yAy4IIEHHE CUMBOJIBHOTO UCIIOIHEHUSI IPOTPaMM C JMHA-
MHYECKOHM MaMsIThIO IIyTeM MPUMEHEHHUsT a0CTpaKIMi 11t
YCKOpEHHS IPOLIECca CHMBOJIBHOTO aHAJIN3a TPOTPaMMBI,
BEIYNINX K 1MOTepe nHpopMannu o nporpamme. Jlennas
MHHULMAIN3a0us, UCIIoIb3yeMas B HacTosmel padore, He
SIBIISIETCS aOCTpakiuen Takoro poaa. [IpeanoxeHHbIi mo-
XOJ1 OKa3bIBACTCSI OPTOTOHATIBHBIM BBIIICYTTOMSIHYTHIM U
MOYKET HCIIOJIb30BAThCSI COBMECTHO C HUMU.

B [20-22] ucnonp3oBaHa aHAJIOTHYHAs OCHOBA, KaK U
B HacTosieil padore. B padorax [20] u [21] npemioxkeHO
OTCEKaTh IyTH B IIPOrpaMMe, KOTOPbIE MOTYT OBITH I10-
IJIOLIEHBI C MOMOILBIO PE3IOME YK€ MOCEILICHHBIX MTyTeN.
B [21] pe3rome cunTaeTcs Npu MOMOLIM HUHTEPIOISAILNHY,
a B [20] — myTeM BBIYHCICHUs CIIa0eHIIero mperyciio-
BHS MyTH. Brraucnenue ciabelmmx mpemrycioBuil B TO-
CIIETHEM CIlydae MOoJIaraeTcsl Ha TPYAHO peaIn3yeMyo
TpaHC(hHOPMAIINIO IPOTPaMM, KOTOpast JOJHKHA OBITH HE-
TPUBHUAIBHO PACIIUPEHA JJIsl HOJIEPKKN HOBBIX SI3BIKOBBIX

Program ::= (N: Statement)*

KOHCTpYKIMil. Takol mpoOiaemMbl HET B MPEIIOKEHHOM
TMO/IX0/Ie, TaK KaK clabeiIine mperyCiioBHs IIOPOXKIat0TCsI
U3 CYILECTBYIOLINX apTe()aKTOB CHMBOJILHOTO UCTIOITHEHHSI.
B pabote [21] npu oMoy MHTEPHONISAINH HEBBITTOIHH-
MOH (hOpMyJIBI, BBIpAXKAIOMIEH JOCTHKHUMOCTE OTIEIbHO-
TO TyTH, BEIYUCIICHBI aHHOTAIINH, AIITPOKCUMHPYIONINE
MHOKECTBO JOCTHKUMBIX COCTOSIHUH MPOTPaMMBI CBEPXY.
[TomyyaeMbIif HHTEPIIONSHT B O0IIEM cCiTydae Tpyodee cia-
Oeiiiero mpeycinoBysl MyTH, a TIOTOMY Ha TPAKTUKE Iie-
JIeco00pa3Ho paccMaTpUBATh CHMBOJIBHBIC My TH, KOTOPBIE
MOYKHO OBLIO ObI OTCEYb, MOIB3YSACh TOAXO0I0M HACTOSIIIEH
pabotel. B [22] paccMoTpeHbl HEKOTOPBIC (opMaTbHBIC
ACHEKTH! JICHUBON MHUIMANIM3AUN U alTOPUTMBI IS e
BBIYMCIIEHN. B nipesicTaBieHHol paboTe npeyioxkeH cro-
€00 NpUMEHEHNS JICHUBOI MHUIIMAIM3ALMH JUTS BBIYHCIIC-
HUS CITA0SHIINX MTPeTyCIOBHH.

Craleiimme mpeaycloBus TaKKe HCIOJIB3YIOTCS B Jie-
JTYKTHBHOH BepU(UKAIIIN IPOTPaMM, B METOZIE 0OPAaTHOTO
CHMBOJIBHOTO aHaJIM3a, OCHOBAaHHOTO Ha uaesx D.B. Jlelik-
ctpsl [14]. aHHBIA METOX IPUMEHEH I JOKa3aTelb-
CTBa KOPPEKTHOCTHU TPOEK Xoapa U MO3BOJIAET OPOKAATH
MIPOMEKYTOYHBIC JIOTHYECKHIE aHHOTAIINH, KOPPEKTHOCTh
KOTOPBIX 3aT€M MPOBEPEHA CUCTEMOM MPOBEPKHU J0Ka3a-
TeNBCTB. [IpH 3TOM LUKIIBI M PEKYPCUBHBIE BBI30BBI MOXKHO
aNMpPOKCUMUPOBAThH MOJIb30BAaTEIbCKUMH UHIYKTUBHBIMU
uHBapuaHtamu [23]. B HeKOTOpBIX ciaydasx AeJyKTUBHAs
BepuduKanus cnocoOHa J0Ka3bIBaTh KOPPEKTHOCTH BCEX
TIOBEJICHNH IPOTpaMMBbl, OJTHAKO, KaK IPaBHIIO0, OHa TpeOy-
€T CyIIECTBEHHBIX YCIIINH OT 1osb30Baresis. OTMETHM, 4To
OOJBIITMHCTBO JEAYKTUBHBIX BEPU(PHUKATOPOB TTOIIEPKIBA-
FOT JIAIIH (PPATMEHTHI S3BIKOB IPOTpaMMHUpPOBaHU [24, 25].
B nmanHOit paboTe mpeanokeH anbTepHATHBHBIA METO/I,
KOTOPBIN SIBIISIETCS] TOTHOCTHIO aBTOMATHUECKUM, peallu-
30BaH B BupTyanbHoi MamnHe KLEE u nopnepxusaer Bce
nHeTpykuuu LLVM.

JleMOHCTPALMOHHBII SI3BIK

OnuieM AeMOHCTPANMOHHBIN SI3BIK IPOTPaAMMHUPO-
BaHUS C BO3MOXHOCTBIO U3MEHEHHS] TUHAMHYECKH BbI-
JessieMoit maMsaTu. B kauecTBe MpUMEPOB PacCMOTPUM
MIPOTPAMMBI Ha 3TOM SI3bIKE IPOTPAMMHUPOBAHHS.

CHHTAaKCHC 1eMOHCTPAIIMOHHOIO SI3bIKA MTPECTaB-
neH Ha quctunre 1. [Iporpamma — HymepoBaHHas Hoce-
JIOBaTeNbHOCTh MHCTpYKLUi. UHCcTpykuuu fail v halt Bb1-
3BIBAIOT OCTAHOBKY ITPOrPaMMBbI C OLIMOKOW 1 03 OmiOKH
COOTBETCTBEHHO. J[EeMOHCTPALMOHHBIN SI3bIK HE COAECPIKUT
(DYHKIMI ¥ IMKIIOB, OJJHAKO BKIIIOUAET B CeOs yCIOBHBIH
Hepexojl Ha MHCTPYKIHUIO gofo. B ycnoBHOM nepexoze ciie-
Ba OT CTPEJIKM 3alUCHIBACTCS YCIOBHE, a CIIpaBa — HOMEP
WHCTPYKILUH, Ha KOTOPYIO Oy/leT OCYIIECTBIEH MEpexo,
ecJiu yciioBue BbInmonHeHo. Korna B mporpamme BETOK yc-
JIOBHOTO II€PEX0ia MHOTO, TO OHH IPOBEPSIIOTCS OHA 3a

Statement ::= fail | halt | Location = Expr | goto {Expr — N}*
Expr ::=true | false | 7 | Expr BinOpExpr | UnOp Expr | Location | alloc N

Location = ident | * Expr

Jlucmune 1. CHHTaKCUC JEMOHCTPALIIOHHOTO S3bIKa

List. 1. Demo language syntax
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A.B. MuconmxHuk, H0.0. KocTiokos, M.IM. KoctuupiH, [.A. MopasuHos, [1.B. Ko3HoB

OJIHOM B TOM IIOPSI/IKE, B KOTOPOM OHHM HJIYT B TEKCTE MPO-
IpaMMBl, U TIEPEX0J] TPOMCXOAUT TOJIBKO MO OJTHOI U3 HUX.
Ecnu Hu o11HO ycrioBHe He OBUIO BBIITOJIHEHO, HCIIOJIHSIET-
Csl CJI/IyIOIIas IOCJIE YCIOBHOTO MEPEX0aa HHCTPYKIIHUSI.
Omneparop NpUCBAaUBAHUS := UMEET Ty K& CEMAHTHKY, YTO
u B s3pike C++. JIpyrumu ciioBamu, €Clii clieBa OT IpH-
CBAaMBaHMs HAXOIUTCS IIEPEMEHHas1, TO 3aIUCh BEACTCS B
[IaMATh, BBIACJICHHYIO IIO]] 3Ty IIEPEMEHHYIO, a €CIIH CJIeBa
OT IPHCBaMBaHUS CTOUT Pa3bIMEHOBAHHE BBIPAXKEHHUS, TO
CHayaJsa BBIYUCISIETCS! UMEHHO OHO, @ 3aTeM POUCXOUT
3aIUCh 110 aJPecy, COOTBETCTBYIOIIEMY BBIUHUCICHHOMY
BBIPAXKEHUIO.

JleMOHCTpaIlMOHHBIN S3BIK COACPIKUT OMHAPHBIC U
yHapHbIe apuMeTHuecKue 1 OyieBsl oneparopsl BinOp u
UnOp. Oneparop alloc BbiaensieT B NaMsITH 3aHYJICHHbII
MaccUB (PUKCHPOBAHHOTO pa3Mepa, He TIepeCeKaronHnCst C
MIPEX/IC BBIICICHHBIMUA MaCcCHBAMH, a TAK)KE BO3BpALIACT
yKasaTelsb Ha ero Hayaso. /s oOparieHust K HaMsTH B Mac-

CHUBE HCIIOJIb3yEM CJIEAYIOIIYIO HOTALUIO, TPUMEHSIEMYIO B
def

Ctt:ple] = *(p +e).

B si3bIke mMeeTcs iBa THUIIA JaHHBIX: OyJICB U YUCEI.
PaccMoTpuM TONBKO KOPPEKTHO TUMU3UPOBAHHBIE MPO-
TpaMMBI: OTiepaTopam, OXKHUIAFOIIIUM Jrcia/OyIeBhl 3HAYC-
HUS, TIEPEIAIOTCS, COOTBETCTBCHHO, TOJIBKO YHCIIA/OyICBBI
3HadeHus. [ 000 BeTKH omeparopa gofo, BCTpedaro-
LIErocsl B MPOrpaMMe, BCErja CyIECTBYET HHCTPYKLUS C
COOTBETCTBYIOIIIMM HOMEPOM, a IMEHa HACHTH(HUKATOPOB
1 KJTIOYEBBIC CIIOBA SI3bIKA HE MEPECEKaroTCs. 3alMuch 1Mo
KOHCTAHTHBIM aJJpecaM, B TOM YHCJIE 110 HYJIO (HarpuMep,
#* 42 =1, % :=2), s IPOCTOTHI U3JIOKCHNUS OyIEM CUUTATh
KOppekTHOU. Takum 00pa3zoM, UMEETCs JIMIIb OJUH BH/]L
OIKOOK B MPOrpaMMax — JOCTUKUMOCTh MHCTPYKIIHH

Sail.
SI3bIK npeayc/ioBUiA M OCTYCI0BUIA
def
[yctp X = (Z,%4%,) — curnarypa apupmMeTnKH, pac-

mupeHHast QyHKIIMOHATBHBIM CUMBOJIOM Pa3bIMEHOBAHUS
*:/ —17,Te€.

def def
Zf = {+7 X) ) *}3 Zp = {:? <9 S3 >7 Z}'

CemanTtrka apupmMeTHdecKuX HYHKIUH U MPEIUKaTOB
SIBJIICTCS CTAHAAPTHOW; CeMaHTHKa (DYHKIIMU Pa3bIMEHO-

1. p[0] =1

2. gql0] := 2

3.1 :=0

4. goto { !(i < n) -> 9}

5. goto { p[i] == g[i] -> 8 }
6. 1 =1 + 1

7. goto { true -> 4 }

8. fail

9. halt

Jlucmune 2. Tlpumep nporpammbl Ha JJEMOHCTPALTHOHHOM
SI3bIKE, KOTOPAsi MPOBEPSICT, UTO B IBYX MACCHUBAX MO UHICKCY
C OTHUM U TEM KE HOMEPOM JIC)KAT Pa3TMIHbIC 3HAYCHUS

List. 2. An example of a code snippet in the demo language.

The code checks that all indices of two arrays contain different
values

BaHUs * HE (PUKCHpOBaHA. Pa3piMeHOBaHME TIEPEMCHHOMN
3aMuIeM KakK * X, OlmycKas CkoOku (kak B si3pike C++).
CumBonamu T u L 0003HaYMM UCTHHY U JI0XKb. [Ipen- u
MTOCTYCJIOBHSI BRIPa3uM OCCKBAaHTOPHBIMHU (popMylaMu B
UCIOJB3yeMOM si3biKe. J[Jisi aBTOMAaTHYECKON MPOBEPKHU
BBIMIOTHUMOCTHU ()OPMYJT B 3TOM SI3IKE MOT'YT OBITh UCTIONb-
30BaHbl SMT-pemareny, Takue kak Z3 [26].

Caabeiinue npeaycioBust

Cornacno [etikctpe [14], 4acTo BayKHBIM OKa3bIBAETCSI
HE TTOJTHAsi CEMaHTHKA MTPOTPAMMBI, & JINIIh BO3MOKHOCTb
o0ecIeYynTh NCTUHHOCTh KOHKPETHOTO MOCTYCIIOBUSL, pajiid
KOTOpPOTO mporpamma pazpadorana. Tak Kak BEIYHCICHUE
ciabeiero mpeyciioBUs sl BCeil TPOTpaMMEI cpasy
OKa3bIBAETCSA Ha MPAKTHKE CIMIIKOM TPYJOEMKOH 3a1a-
geii [13], HeoOxomnnmo 06ecnednTs HCTHHHOCTD MTOCTYCIIO-
BHS TIOCJIE UCTIONTHEHUS KOHKPEmMHO020 Nymu B IpOrpamMMe.
[Tytem B mporpamme OyaeM Ha3bIBaTh KOHEYHYIO MOCIe-
JIOBAaTEJIbHOCTh METOK, CIEIYIOIUX APYT 3a JPYTOM B HC-
XOJTHOW TporpaMMe MHCTPYKIIHH, KOTOPbIE MOTYT OBIThH
BBITIOJTHEHBI BBIYHCIIUTENIEM B XOJI€ UCIIOIHEHHUSI TPOTpam-
MBI 3aMETHM, YTO TaK KaK MyTb — KOHeYHAs MOCIe0Ba-
TEIBHOCTB, €T0 BBIYMCIICHUE BCEI/IA 3aBEPILIUTCS, a TIOTOMY
HE HYXHO Pa3/IeysiTh IIOHATHS CBOOOHOTO U HECBOOOHOTO
TPy CIOBHSL.

Tpoiika Xoapa omuocumenbHo nymu 6 npozpamme
ONPEIENSIETCS] AHAJIOTUYHO KJIACCUYECKOM Tpolike Xoapa
OTHOCHUTENIBHO Bceil mporpamMmmbl [23]. A UMeHHO, TpoHKa
{P}path{R} sBiseTcs koppexmHotl, KOTIa KaxKJI0€ COCTO-
STHHE MPOTPaMMBI, YAOBIETBOPSIOIIECE MPEAYCIOBHIO P,
TIOCJIE UCTIOJTHEHHSI HAa HEM UHCTPYKIMH Ty TH path naet co-
CTOSTHHE, YIOBJIETBOpIOLIee mocTycaoBuio R. Hanpumep,
JUISL TIPOTPAMMBI C JIMCTHHTA 2 KOPPEKTHA Cleaylomas
Tpoiika Xoapa: {n =0Ai>42}3,4,9 {n>0}. 3ameTnm,
4TO BCsIKas Tpoiika Buaa {L}path{R} Bcerna siBusieTCs
KOPPEKTHOH, a 3HA4uT, L SBISETCS MperyclOBUEM JIIO-
00ro MyTH OTHOCHTEIBHO JFOOOTO ITOCTYCIOBHS, OJTHAKO
He HeceT B cebe mHpopMmarm o mporpamme. [Toromy Ha
MIPaKTHKE BOCTPEOOBAHO crabetiiee npedyciosue nymu.

[TycTs mMeeTcss HEeKOTOPBIHN My Th path B IporpamMme H
’KeJaeMoe TOCTyCIoBUe R, Torna ciadeiiiiee mpeaycioBue
9TOTO MYTH OTHOCHUTEIBHO MOCTYCIOBUSI 0003HAYUM KaK
wp(path, R). OHO IOJIKHO YIOBICTBOPSITH ABYM OTPaHU-
YEHUSIM.

Bo-nepBbIx, [1s1 1100010 1yTH path n noctycinoBust R
KOppeKTHa Tpoika {wp(path, R)}path{R}, 1. e. wp(path, R)
JICHCTBUTEIILHO BBIUHCIISIET MIpeyclioBye myTH. Hampumep,
JUTS TIPOTPaMMBI C JINCTUHTA 2 MOYKHO ITPOBEPHTh, KaKHe Ha-
YaJIbHbIE COCTOSHUSI IOCIIE UCTIOIHEHUS] MHCTPpYKLUMid 3, 4, 9
JAgyT COCTOSTHUS, YIOBJICTBOPSIONINE yCIOBHIO 1 > 0:

wp([3,4,9],n>0)=wp([3,4],~(<n)An>0)=
=wp([3l, G <mAnz0)=wp([ 1,~(O0<m)Anz0)=
== 0<nAn>0<n=0.

JIpyruMu ClioBaMu, TOJIBKO €CJIU B HA9aIbHOM COCTOSI-
HUH 71 OBLIIO PABHO HYJIIO, TO MOCJIE UCIIOIHEHUS] HHCTPYK-
nuii 3, 4, 9 3HaYeHHE 11 BCe elnle OyAeT HeOTPUIATEITBHO.

Bo-BropsIx, aiis 100010 npeayciosust P, eciu Kop-
pekrtHa Tpoiika {P}path{R}, to P = wp(path, R).
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[Tpn nomoinu crnabeiero NpeayciioBrs IyTH MOYKHO
HalTH OMIMOKHU B IPOrpaMMe M JI0Ka3aTh UX OTCYTCTBHE.
Hanpuwmep, 11 nporpaMmsl ¢ JINCTUHTA 2 IPOBEPUM J10-
CTHKMMOCTbh MHCTPYKIHNHU fail, paccuntas crnabeiimee
IIpe/lyCcI0BUE MY TH U3 HadaJla MPOTrPaMMBbI:

wp([1,2,3,4,5,8], T)=p=gAr0<n.

OT0 npeycIoBre yTBEpKJaeT, UTO MaJeHne Porpam-
MBI B UHCTPYKIHIO f@il BO3MOXKHO, €CII U3HAYAJIBHO p U g
yKa3bIBaJIM Ha OJIHY M Ty e namsith. Tak Kak ota ¢popmyra
BBINOJIHUMA, TO MHCTPYKIMS fail OKa3pIBaeTCs 1OCTHKHU-
Mo#. C npyroif CTOpOHBI, MOKHO TIPOBEPHUTH, UTO HEIB3S
JIOCTHUYb WHCTPYKINU fail TakuM 00pazoM, 9TOOBI pa3mep
MacCHBOB JIaHHBIX 71 OKa3aJICsi MeHbIIe [ — 1:

wp([1,2,3,4,5,8],n<i—1)=1.

CHMBOJIbHOE UCTIOJTHEHHE TPOTPaMM
C JUHAMHYECKOIi MaMATHIO

HpeﬂCTaBI/IM CUMBOJILHOE HCIIOJTHEHHUE C JIEHUBOU MHU-
LHuanu3anue mporpaMM ¢ IMHaAMUYECKOI mamsThi0. DTO
IIMPOKO M3BECTHBIN MOAXOJ, KOTOPHIH MPUMEHSIETCS JIIst
ABTOMATHUYECKOTO ITOMCKA OMIMOOK B iporpamme. OCHOBHas
niest CAMBOJIBHOTO MCTIOJTHEHUS COCTOUT B TOM, YTOOBI HC-
TIOJTHSITH MHCTPYKINH TTPOTPAMMBI Ha CUMBOIbHOU NAMSAMU.

CHMBOJIbHOII MaMATHI0 HA30BEeM KOHEYHOE 0TOOpa-
YKEHHE U3 CHMBOJIBHBIX JIOKAllMH /0c B CHMBOJIbHBIE TEPMBbI
term, otnipeneneHuble Ha nuctunre 3. [lycts X — MHOXKe-
CTBO BCEX TAKMX OTOOPAXKEHHI, € € X — MyCTasi CHMBOJIb-
Hasl MaMATh (IIyCTOe OTOOpakeHue).

CUMBOJIBHOE COCTOSIHHE ITAMSTH I103BOJISET npeacras-
JISITh (MIOTEHIIUAIBHO OSCKOHEYHOE) MHOXKECTBO KOHKPET-
HBIX COCTOSIHUI mporpammbl. Hanpumep, rocie cuMBOIIb-
HOTO HMCIIOJIHEHHSI IPOTPaMMBbI C JIMCTHHTA 4 Ha MyCTOH
CHMBOJIbHOM TTaMSITH €, CAMBOJIbHAS TAMSITh OyJeT BBIIVIS-
JIETh CICAYIOIUM 00pa3oM:

x= 42y zpox(z+10) 7+ 0;
*(r+ 1)y u;*(r+2)-0}.

Dta CUMBOIIbHAS MAMSTH MPEJCTABISIET OECKOHEUHOE
YHCIIO KOHKPETHBIX COCTOSHHMN, KOTOPBIE MOTYT OBITh MO-
Jy4eHBI U3 HETO, HAPUMED, MOJICTAHOBKOW KOHKPETHBIX
YUCEN BMECTO Z WIIH 1.

Y10oOBI UMETH BO3MOXXHOCTh CHMBOJIBHO HCITONHSTE
MIPOU3BOJIbHBIC HHCTPYKIHH, TPEOYIOTCS CIICAYIOIINE OIIe-
paroper: [ ] :X X term — term — MOACTaHOBKH B TEPM
3HAYEHHI U3 CUMBOJILHOM namsiTh; read : X X loc — term —
YTEHUSI U3 CUMBOJILHOIO MMAMSTH; write: X X loc X term —
— ¥ — 3aIlUCH B CUMBOJIBHYIO TIAMSATH TI0 HEKOTOPOU JI0-
KaluK HeKoToporo tepma; alloc : X x loc x N — X — Brize-
JICHHSI CHMBOJIBHOM MaMsTH (PUKCHPOBAHHOTO pa3Mepa o
HEKOTOPO#l JIOKAIIUH.

term = true | false | N | term BinOp term | UnOp term | loc
loc ::=ident| * term

Jlucmune 3. [paMMaTHKa CHMBOJIBHBIX BBIPKEHHN

List. 3. Symbolic expressions grammar

1. x = 42

2.y 1=z

3. p :=yl[10] // *(y + 10)
4. r := alloc 3

5. r[l1l] :=u

Jlucmune 4. @parMeHT NporpaMMsl, MEHSIOLIECH AUHAMUYECKYIO
namMsThb

List. 4. A fragment of a program that changes dynamic memory

OTH omepaTopsl UMEIOT €CTECTBEHHBIE CBOWCTBA.
Hanpumep, a1 cMMBOJIBHON NMaMATH G € X, JIOKaALUHH
X, y € loc, unentuduraropa z € loc, aucen i, n € N u cum-
BOJIBHBIX TE€PMOB £, 1|, t, € ferm, CIIPaBEJIMBO CIICTYIOIICE:

x € dom(c) = read(c, x) = o(x),
x & dom(c) = read(c, x) =x,

read(write(c, x, t), X) = t,

X #y = read(write(c, y, t), x) = read(c, x),

o[z] = read(o, z),
o[[¢; BinOp t,] = o[[t,1BinOp o[t,],

o[[*t] = read(o, * o[[t]),

0 <i<mn=read(alloc(c, x, n),* (x + 1)) =0.

Ha nuctuHre 5 npeicTaBieH ajllfOPUTM CHMBOJIBHO-
r0 UCHONHEHUs. [[gemom videnena moougpuxayus 0s
UCNONHEHUS 8bIOENEeHHO20 NYMU 8 NPO2PAMMeE, KOMOPAs.
b6yoem ucnonvsosana ¢ pasoeie « Cnabeiuiue npedycio-
8USL 6 CUMBOTILHOM UCNONHEHUUY OJIs 8bIYUCTIeHUs cllabeli-
wezo npedyciosus. AITOPUTM ONIEPUPYET CUMBONbHBIMU
COCMOosHUsMU — TPOUKaMH (S, T, Iy, TA€ s — (hparMeHt
CHUMBOJIEHOW IaMSTH, T = C.pC — YCIIOBHE IIyTH (aHIJ.
path condition) u r = c.path — CIIFCOK UCTIOJIHCHHBIX UH-
CTpyKUMil. Yenogue nymu siBnsiercsi, ¢ OAHON CTOPOHBI,
(hopMyIT0ii B SI3BIKE TIPE/I- U MIOCTYCIOBHH, a C JPYTOH CTO-
POHBI — CUMBOJIBHBIM TepMOM OyinieBoro Tuna. B ycnosun
MYTH HAKaIUTMBAIOTCS JIOTHUECKUE OTPaHUUYCHUSI U3 Olle-
paTopoB BETBIIEHNUS Z0tO, T. €. YCIOBHUS, KOTOPBIE TOJKHBI
OBITH BBINOJHEHBI JJIsl TOTO, YTOOBI TEKYIEE COCTOSHHS
OBLIO TOCTHKUMO.

CHMBOJIBHOE HCIIOJIHCHHE PadoTaeT CIIEAYOIIUM 00pa-
3oM. [lognepxnuBaercst ouepesb CUMBOJIBHBIX COCTOSTHHH,
KOTOpBIe TpeOyeTcst HCIOJIHUTB. 113 3T0i ouepeu BbIONpa-
eTCsl CIEyoLIee CUMBOIBHOE COCTOSHHE COIIACHO CTpa-
TETHH BBIOOPA, peali3oBaHHON B searcher.pick (Harmpumep,
BBIOMPATH COCTOSIHUE C HAMMEHBIINM WIIM HAHOOJIBIIUM
YUCIIOM TPOWICHHBIX HHCTPYKIUH). J{71s1 BRIOpaHHOTO CO-
CTOSIHUSL HCIIOJIHSCTCS clleyromias HHCTpykiws. [1lar cum-
BOJIBHOTO MCIIOJIHEHHS MOTEHIUAIBHO MOXET ITOPOAUTD
OoJtbIle OJIHOTO CUMBOJILHOTO cocTosiHus. Harpumep, Kor-
Jla MCTIOJTHSIETCS ONIepaTop BETBICHUS goto, TO B OTIINYNHU
OT OOBIYHOTO UCIIOJIHEHHSI, TJIE TIEPEXO0/] IPOU30MIET B 00HY
MHCTPYKIIMIO, B CHMBOJIBHOM HCIIOJITHEHNH OY/IET BBITIOJIHEH
TIEPEXO]I 10 BCeM 6emKAM UCTIONHEHMs cpa3y. OJJHaKo ecTbh
U JPYroil NOTeHHATbHBIH HCTOYHUK HEICTCPMUHU3MA!
UHCTPYKILMH, U3MEHSIOIINE THHAMUYCCKYIO aMsTh.

Hampumep, HecMOTps Ha TO, 4TO B POrpamMMe C JIH-
CTHHTa 6 OTCYTCTBYIOT KOHCTPYKIIMU BETBJICHUS, y Hee
€CTh JJBa Pa3JIMYHBIX CLICHAPHS IOBEICHUS, 3aBUCSIIINX OT
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function ExecuteSymbolically (state-)
— HayaJbHOE CHUMBOJIEHOE COCTOSHME

Beon: state

searcher.queue = {state}
while searcher.queue is not empty do
s = searcher.pick (-)
children = step(s)
for all ¢ in children do
if c.pc is sat then

else searcher.add(c)

Jlucmune 5. AropuT™M CUMBOJIBHOTO UCTIOJHEHHUS C (BBIACICHHOW IBETOM) MOIH(UKALIMEH ISl HCTIOIHEHHUS BBIICICHHOTO My TH
B IIpOrpaMme

List. 5. Symbolic execution algorithm with a (highlighted) modification for specific program path execution

TOTO, YKa3bIBAIOT JIU P U  HAa OAHY U Ty K€ NaMATbh WU
HeT. [loToMy, eciu CUMMBOJIBHO HCIIOJIHUTH 3TY MpOrpam-
MYy Ha IIYCTOM CUMBOJIbHOM COCTOSIHHMU, TO MCIIOJTHCHUE
NepBON MHCTPYKIMM AAcCT OJHO HOBOE COCTOSHHUE, a MC-
MTOJTHEHNE BTOPOW MHCTPYKIIMH Pa3BETBUT CHUMBOJBHOE
HCIIOJTHEHUE, KaK [T0Ka3aHO Ha PUCYHKE.

Koppekrras nojyiepxka 3Toii (popMbI HeJleTepMUHI3MA
MPOTpaMM C TUHAMHYECKON MaMATHIO BOSMOXKHA B CHM-
BOJIBHOM HCIIONHEHUH Ojaromaps MEXaHHU3MY JEeHHBOii
uHunuaan3anuu. OH paboTaeT cieayromuM odpazom.
[lycTb B CHMBOIBHOM COCTOSIHUH €CTh /1 CHMBOJBHBIX
sokauuil. Toraa npu 1ocTyne K HOBOM CUMBOJIBHOM JIOKa-
WU TOPOXKIaeTCst 7 + 1 CHMBOJIBHOE COCTOSIHHE: B /1 U3
HUX HOBasg CUMBOJIbHAA JIOKallWs IMpUpaBHECHA OZ[HOﬁ u3
CTapbIxX J'lOKaIII/Iﬁ B YCJIOBHU ITYTH, 1 B OTHOM CUMBOJIbHOM
COCTOSTHUM HOBasl JIOKAIMsl MPUHUMAETCS OTIMYHOH OT
Bcex crapbix. Takum oOpazoM, HarpuMep, MOTyUYaroTCs
CHMBOJIbHBIC COCTOSIHUSI HA PUCYHKE, COOTBETCTBYIOLIHE
nuctuHry 6. [lpumensiss MexaHu3M JIEGHUBOM MHHUIMATU-
3aI[id, MOXXHO 00paboTaTh Bce BOSMOXKHBIC COCTOSHUS
MaMATH IPOTPAMMBI U moavko ux. Ha mpakTuke neHU-
BYIO HHUITHATN3AIHIO TTPOBOST C YIETOM THITOB TaHHBIX,
JOCTYITHBIX PECYpCOB H T. ., YTOOBI YMEHBIIUTH YUCIIO
nepedbupaeMbIX JTOKAITHH.

Jlucmune 6. JInHeHHbIN GparMeHT mporpaMMBI ¢ JINCTHHTA 2,
TpeOyIOImMii pa3BETBICHUS] CHMBOJIEHOTO MCIOJTHEHHS
List. 6. A linear fragment of the program from Listing 2, which
requires symbolic execution branching

JI71st KaXKJI0TO COCTOSIHMSI, MTOPOXKIECHHOTO 1IarOM CHM-
BOJILHOTO MCTIOJIHEHUSI, TIPOBEIEM MTPOBEPKY BBHITOJIHUMO-
CTH yCToBUs My TH. EciM ycioBue MyTH HEBBIMOIHUMO (KaK
(hopMyIia JIOTUKHU TMIEPBOTO MOPSIIKA), COCTOSHIE HETOCTU-
JKUMO, U OHO OoTOpackIBaeTcs. Eciin yciioBUe My TH BBITION-
HUMO, COCTOSIHUE JJOOABIISACTCS aITOPUTMOM CHMBOJIEHOTO
UCTIONIHEHUS B ouepenb 00padoTku cocrostHuii. [IpoBepky
BBITIOJTHUMOCTH YCJIOBHUS IIyTH MOXKHO IPOBOJAUTD MIPH TO-
MOIITH JIOTHYECKOTO permnaress, Hanpumep SMT-pemarens
73 [26].

Taxum 006pa3oM, B X0I€ CHMBOJIFHOTO MCTIOTHEHHUS T10-
JIy4€Hbl CUMBOJIbHBIE COCTOSIHUSA, KOTOPBIE MTPECTABIISIOT
KJIACCHl PA3TUYHBIX CIICHAPUEB TTOBEACHUS MPOTPAMMBI.
ITokaxkeM, KaK 3TO CBOMCTBO CUMBOJILHBIX COCTOSHUM MO-
’KeT OBITh MCIOJB30BAHO IS BHIYMCICHHS CAa0CHINX
Mpe1yCIIOBUH.

Caa0eiimue npeaycoBus B CAMBOJIBLHOM
HCIIOJTHEHHUH

PaccMOTpuM HOBBII aNTOPUTM BBIYUCICHUS Clabeii-
IIeT0 MPeaycIoBUS MyTH B mporpamMMe. OH OCHOBaH Ha
POCTON MOAM(UKALNYU AITOPUTMA CUMBOJIBHOTO HCIIOJI-
HEHHUSI, 8bl0CNeHHO Y6emom Ha INCTHHTE 5, TO3BOJIAIONICH
CUMBOJILHO UCHIOJHSTH OT/JCNBHBIN MyTh B IpOrpamMmme.
Mopudukanus npespamiaer aropuTM B COIPOTPamMMy,
JTAIOIYI0 CUMBOJIBHBIE COCTOSIHUS, YbH ITyTH COBIIAIAIOT
¢ Tpebyromumucs. s 23ppexTuBHON pabOTHI aNropuT™Ma
cleyeT Takke Moau(UIpoBaTh searcher Takum 00pa3om,
9T00BI MeTOx pick BEIOMpAIT TONBEKO T€ COCTOSHHUS, KOTOPBIC
UAYT 10 TpeOyeMoMy MyTH (T. €. IIyThb BHYTPH KOTOPBIX
ABIseTCA mpedrukcoM TpedyeMoro myTH).

(& T.[D

lp[O] :

({rp = 13, T, [1D)

1

({#pP2,9Ppl,p=q.[1,2])

({xp = Lxg =2}, = (p=9),[1,2])

Pucynox. I'pad pa3BeTBICHUS] CHMBOJIBFHOTO MCIOIHEHHS HA IPOTPaMMe C JIHCTHHTA 6

Figure. Symbolic execution graph for the program from Listing 6
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function wpSE (path, R):

BBogm: path — cHMCOK HOMEPOB MHCTPYKLMM IIPOIDaMME

R — mocTycisoBue
BrEOX :

cyabernnee OpenycyoBue MyTu path oTHOCHMTEBEHO R

states := ExecuteSymbolically ({¢, T,[]), path)

return (m A s [R])
(s, m, )€ states

Jlucmune 7. AMTOPUTM BBIYUCIEHHS CTA0EHIIIET0 MPeTyCIOBUS MPH MOMOIIH CHMBOJILHOTO HCTIOTHEHHUS

List. 7. Algorithm for calculating the weakest precondition using symbolic execution

[Tony4yeHHBIH anropuT™ BBIYKCICHUS cliabeiiiero
TIPE/IyCIOBUS IIYTH TIPH TIOMOIIM CHMBOJIEHOTO HCIIOJTHE-
HUSI [IPE/ICTABIICH Ha JINCTUHTE 7.

DTOT alIrOpUTM IPUHUMAET CITUCOK HOMEPOB HHCTPYK-
LW TPOTPaMMBI M TIOCTYCIIOBHE M BO3BpAILacT cradeiiniee
MIPEIYCIIOBHE TIOTyYSHHOTO ITyTH OTHOCUTEIIHHO ITOIYICH-
HOTO TIOCTYCJIOBHUS. Ha mepBoMm Immare airoputM, mocpen-
CTBOM BBI30Ba CONporpaMmMsl ExecuteSymbolically
Ha MyCTOM CHMBOJIbHOM coctosiuuu (€, T, [ ]) u BXox-
HOM IIYTH, TTOJTy9YaeT MHOKECTBO CHMBOJIBHBIX COCTOSTHUI
states. JlaHHO€ MHOXKECTBO MPEJCTABISAET BCE BOZMOXK-
HBIC JOCTUIXUMBIC COCTOSAHUA ITPOrpaMMbl, KOTOPBIC MO-
TYT OBITH MTOJyYEHBI B Pe3y/bTaTe OOBIYHOTO HCIOTHEHUS
WHCTPYKIWMH 3aJJaHHOTO MyTH. /lajsiee anropuT™ BbIUHKC-
JISIET IM3BIOHKIIMIO 110 BCEM CUMBOJIBHBIM COCTOSHUSIM
(s, M, ) € states KOHBIOHKIUI U3 YCIIOBHS MYTH T U TIOJ-
CTaHOBKH § [[R] 3Ha4eHMI MEpPEMEHHBIX M3 COCTOSHHUS § B
nocryciosue R.

Hanpuwmep, Beraucnenne ¢pyuaknun wpSE([1,2,3,4,5,8],
T) ans mpuMepa ¢ TUCTUHTA 2 TacT MHOKECTBO M3 OIHO-
T'0 CUMBOJIBHOTO COCTOSIHUS states = {(s, m [1,2,3,4,5,8])},
rae

s={spr2qgrpim 0},
T=p=qAN0<nA2=2.

Torma wpSE([1,2,3,45.8], ) =n As[T]=a AT <
T, TIC 2=2mu TMOJIYYCHO MYTEM ITOJACTAHOBKH B YCJIOBUEC
pli] = q[i] u3 Kona 3HaYEHUI COCTOSTHHUS S:

s[x(p+i)=x(g+ D] =s*p + D] =s[+(g + )] =
= s(x (s[p] + s[iDD)) = sCx (s[g] + s[)) =
=s(x(p+0)=s(x(p+0)=2=2.

Takum o6pazom, Gyskius wpSE Bo3Bpamaet hop-
MyJy, 3KBUBAJCHTHYI Cla0elIIeMy HpeaycCloBUI0
wp([1,2,3,4,58], T) =Ep=gAr0<n.

[Tpu MOMOIIIH TOTO K€ CUMBOJILHOTO COCTOSTHHS § MOX-
HO BBIYHCIIUTH PEIYCIOBHE IIyTH U3 IPYrOro IpuMepa:

wpSE([1,2,3,458], n<i—-1)=nAs[n<i-1] =
=p=qAN0<nA2=2An<0-1< 1.

Taxum o6pazom, anroput™ wpSE BEUHUCISET crladeii-
mee MpeayciaoBHe IMyTH MPOTpaMM ¢ AHHAMUYECKOH Ia-
MSTBIO.

Teopema 1. ITycts path — mocnaen0BaTeNbHOCTD Me-
TOK Koza 1 R — mocTtycioBue. Toraa anroput™m wpSE u3

JIUCTHUHTA 7 BBIYHCISICT ciiabeiiiee npeaycioBue path
OTHOCHUTENBHO R. [Ipyrumu cioBamu,

wpSE(path, R) < wp(path, R).

DTOT (aKT JIETKO J0Ka3bIBACTCS pa300poM CiIyuyacs
aHajoruyHo [27].

[Ipocrora anropurma wpSE yka3bpIBaeT Ha TO, UTO BCSI
colieprKaTeIbHasl YaCTh BBIYMCICHUN OCYIECTBISACTCS
AJTOPUTMOM CHUMBOJIBHOTO UCIIOJIHCHHS. DTO SBISCTCS
[IAaBHBIM MPENMYIIECTBOM IIPE/IIaracMoro Moaxo/a 1o
CPaBHCHHIO C ITOAXOIaMH, PEaTH3YIOIIUMHU BHIIHCICHUE
ciabeiero mpeaycioBUs HETIOCPEICTBEHHO 10 TEKCTY
MPOTPaMMBI. AJTOPUTM CHMBOJIBHOTO MCTIOTHEHUS IS
MIPOTpaMM C JHHAMHYECKON ITaMSTHIO TIPOIIE Peaii30Barh,
YeM BBIYHCIICHHUE CIa0eHIIero mpemrycioBus HAPSIMYIO,
TaK Kak MMOCIeIHUN TpeOyeT 0b6pamuoeo NCTIONHEHHS TIPO-
rpaMMBbl, 4TO BECbMa 3aTPYAHUTEIILHO P€AJIN30BaATh IJId
MPOrpaMM C AMHAMUYECKOH mamMsAThi0. CUMBOJIBHOE XKe
UCTIOJTHEHHE MOJIPAa3yMEBaET 1psiMoe UCTIONHEHHE HHCTPYK-
[UH, IPU ITOM BCE BO3MOXKHBIC IMOBEACHHUS MTPOTPAMMBI
KOPPEKTHO OTCIICKUBAIOTCSI TIPU ITOMOIIU MEXaHU3Ma Jie-
HUBOI nHUIMAM3amy. bonee Toro, ecian Kpome paboThI ¢
JTUHAMIYECKON MAMSTHIO TOTPeOyeTCs TTOIePKATh APYTHE
BO3MOXHOCTH SI3BIKa, TAKUE KaK paboTa CO CTaTHIeCKOi
MMaMATHI0, BUPTYaJIbHBIMA BBI30BAMH, UCKIIOUCHUSIMHA U
T. I1., peayu3anus 00paTHOTO aHAIN3a CTAHET eIle CIIOKHEE,
B TO BpeMsI KaKk CHMBOJIFHOE HMCTIOTHEHHE BCe eImie OyzeT
JIETKO pacUIpsieMO Ha 3TH ciIydau. TakuMm obpasom, pesn-
JIO)KEHHBIN aJrOPUTM MOYKHO JIETKO PACIIUPUThH Ha Ooee
CJIOKHBIC BHUABI ITPpOTpaMM C ZlPIHaMPI‘-IeCKOﬁ naMATBIO,
UCIIOJIB3Ysl CYIIECTBYIOIINE PACIIMPEHUS CUMBOJIBHOTO
WCTIOJTHCHUSL.

Peammzanusa B KLEE

KLEE — cuMBoibHas1 BUPTyallbHAsl MallIMHA, I0CTPO-
€HHasi Ha OCHOBE MH]pacTpyKTypbl Kommnuisitopa LLVM.
Juist peanuzanuy anropuTMa BHIYUCICHHS clladeilmnx
npeaycioBuii B BupTyanbHyto Mamay KLEE BHecem nBa
KIIIOUEBBIX U3MCHECHUSL.

1. JloGaBUM BO3MOXXKHOCTH UCHOJNHATH JIFOOYIO MOCIICHO-
BaTENbHOCTh MHCTPYKIUH B n3oasuuu. [[is sToro B
KLEE peanu3oBaHa JIeHUBas MHULMATU3ALMS PETU-
CTPOB 1 OOBEKTOB B IMHAMUYECKOH mamsTu. JlennBas
WHUIMAIN3alHs PETHCTPA BBI3BIBAETCS, €CIH TPU UC-
MOJIHEHUHY MHCTPYKLIHU B M30JSALUH B YATAEMOM pe-
TUCTPE €lIe HET 3HAYEHUs, a JCHUBAsI MHULUAJIN3a1Us
00BEKTOB MPOUCXOAUT MPH Pa3bIMEHOBAHUH CHMBOJIb-
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Horo ykazatest. [locne nepebopa Bcex 00bEKTOB B Ta-
MSITH TIPOBEPSIETCS BBINOIHUMOCTD YCIIOBHS ITyTH, IPU
KOTOPOM CHMBOJIBHBIH yKa3aTelb He MOXKET YKa3bIBaTh
HU Ha OJIMH U3 00bEKTOB B namstu. Ecim ycioBue BbI-
MIOJTHUMO, B TAMSATH JOOABIISAETCS. HOBBI CHMBOJIBHBIH
OOBEKT C aJIpecoM, PaBHBIM a/IpeCy yKa3aTelIsl.

2. Jlns BBIYMCIHCHUS clabeiIero mpeaycioBus pean-
30BaH OINEpPaTOp MOACTAHOBKH B TEPM 3HAYCHUH W3
cuMmBosibHOM namsatu. B KLEE cumMBoisibHBIE 3HaAUe-
HUA PETUCTPOB MOACTABIICHBI U3 3HAYCHUU PETUCTPOB
B CUMBOJIbBHOM COCTOSHHUMU. ]IJ'[H IIOACTAHOBKU CHUM-
BOJIBHBIX 06’I)eKTOB U3 namMsTu HeO6XOIlI/IMO CHaydaJia
MO/ICTABUTh 3HAUCHHSI B TEPM yKa3arelisl Ha 0OBEKT, a
3aTeM pa3bIMEHOBATh ATOT yKa3areslb B CUMBOJILHOM
COCTOSIHUH.

3akaouenune

B pabore npeutoxeH aJIrOpUT™M BBIYHUCIICHUS ClIa0eH-
IIETO MPEYCIOBUS IMyTH B IPOTPAMME OTHOCHTENBHO 3a-
JTAHHOTO TIOCTYCJIOBHSI, TIOCTPOCHHBII Ha 0a3e CHMBOJIBHO-
TO MCIOJIHEHNS C JICHUBOW MHUIMANN3alNel JAHHBIX. DTOT
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pEe3yIbTaT BaXCH IS peaji3al[iil CUMBOJIBHBIX MAIIIWH,
KOTOpBIC MOXKHO HCITIOJIb30BaTh Ha MpakTuke. Takas cum-
BOJIbHASI MAIITTHA MOXKET UCIIOJIb30BaTh KaK MPSMOU, TaK 1
00OpaTHBIN aHaIH3, TaK KaK ITOCIICTHAN MO3BOJISICT aHAIH3H-
POBarh MPOrpaMMbl, HEJIOCTYITHBIE IS IPSIMOTO aHAJIN3A.
Hanpumep, o0parHbIil aHAINU3 XOPOIIO 3aPEKOMEH/I0BAI
ce0st B pelieHur 3a/1a4 aBTOMATHYECKOTO TECTUPOBAHUS 1
BaJIMAIAIAN OIINOOK.

[IpoGiema 0OpaTHOTO aHaIM3a 3aKII0YAETCS B TOM,
YTO €TI0 TAKEIIO P€AJIM30BaATh TaK, I{TO6I:.I OH IOAJACPKUBAJT
peasibHbIC MIPOrPaMMBbI, TaK KaK CJIOKHO OMKCATh 00pat-
HYIO0 CCMAaHTUKY 60J'II)IIII/IHCTBa CYHIECTBYIOIHNX A3BIKOBBIX
KOHCTPYKIIUH, TAKUX KaK, HAIIPUMEp, ONCPaIiu ¢ THHAMU-
4eCKOil mamsThio. B pesysibrare paOboThl cieliaH BaXKHBIN
IIar Jyisi IOCTPOCHUS PEaTMCTHYHBIX CUMBOJIEHBIX MAIIIHH:
MOKA3aHO, KaK OCYIIECTBIATh O0OPATHBIN aHAJIH3 IIPU ITOMO-
IIY TPSIMOTO CUMBOJILHOTO aHAJH3a MPOrPaMM.

B panbHelineM mIaHupyeTcst HCCIIeI0BAaHNE CTPaTeruit
JIBYHAIPABICHHOTO CHMBOJIBHOTO HCTIOIHEHUSI ITyTeM CO-
BMECTHOT'O IPUMEHEHHSI ITPSIMOTO U 0OPATHOTO CUMBOJIBHO-
ro aHaiu3a. DPHEeKTUBHAS CTPATETHS TIO3BOIUT OOPOTHCS
¢ IpoOIEMOii B3phIBa MyTEH MCIIOHEHUS Ha TIPAKTHUKE.
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AHHOTALHUA

Ipeamer ucciegoBanus. IIpencTaBIeHbl pe3ynbTaThl HCCIEAOBAHNS BO3MOKHOCTH PACIINPEHHS] AUHAMHIECKUX
JIMaTNia30HOB TEPMOAHEMOMETPHUECKIX METONOB. AKTYaJIIbHOCTE paboThl 00yClIOBIEHa BOCTPEOOBAHHOCTEIO HOBEIX
METOJI0B M3MEPEHUs TEILIOTUIPOAMHAMUYECKUX [1apaMEeTPOB BBICOKOCKOPOCTHBIX Ia30BbIX IOTOKOB I Leaei
Hay4HOTO IprOopocTpoeHns. HoBU3HA IpeacTaBIsieMoro pereHns COCTOUT B HCIIONB30BAHHUH ABYX TEPMOAHEMOMETPOB
C CYIIECTBEHHO pasjiMyarolleiicss TemnaoBoil nHepuuel 11 0OJHOBPEMEHHOI0 M3MEPEHUsI CKOPOCTH MOTOKA U
kodddunmenta rerwtooraaun. Meron. [IpeaoykeHHbI METOL OCHOBAH Ha sSIBIICHUH MHEPIIMOHHOCTH OTKJIMKA JIF00O0H
TEPMOAMHAMHUUECKON CUCTEMBI IPH CTYNEHYaTOM TEIUIOBOM BO3/eHicTBUH. COMIacHO METOy B HCCIEIyEMOM MOTOKE,
pa3MemaioT 1Ba OJUHAKOBBIX MO (GopMe U pasMepaM Tena, oOnanaroniue pasHol TemmoBoi nHepuueit. Ha tena
OKa3bIBAIOT CTYNEHYATOE TETIOBOE BO3IACHCTBHE M BBIMOIHIIOT PETUCTPANNIO HECTAMOHAPHOTO TEMIIEPaTypHOTO
3ama3IbIBaHMs TEJ JPYT OTHOCUTENIBHO Apyra. Mcrons3ys MakcuMaabHOE 3HAYE€HHEe TEMIIEPaTypHOTO 3ama3/[bIBa s,
pacueTHBIM IyTe€M HaXOAsAT 3HaUYeHHE KO3(D(PHIIMEHTa TeIUIO0TAAUH TeI ¢ HCCIeAyeMbIM ITOTOKOM. CKOpOCTh TIOTOKA
ONpPEIEIIAI0T 10 BEJIMYMHE MOMEHTA BPEMEHHU, COOTBETCTBYIOLIEIO MaKCUMaJIbHOMY TEMIIEPaTypPHOMY 3alla3/ibIBaHUIO,
MIPU 3TOM HCHOJb3YIOT TPaJyUPOBOUYHYIO XapaKTEPUCTUKY, [TOJYyUEHHYIO IPEABAPUTEIIEHO Ha 3TAJOHHOM IIOTOKE.
OcHoBHBIe pe3yabTaTbl. HayyHo 060CHOBaH HOBBIN METO/ TEPMOAHEMOMETPHH, MOITYyUEHO YPaBHEHHE MU3MEPEHUS
METO/1a, pa3paboTaHbl ATOPUTM U3MEPEHUH 1 0000IEHHas cXeMa yCTPONCTBA, PEaTn3yIOIIETo METO/, TaHO 3HaYEHHE
0XXHIaeMOH HEOMPEIeIeHHOCTU PE3yIbTaTOB H3MEPEHUH. Pe3ynbsTaTsl MOCTMPOBAHNUS TIOKA3a/I1, YTO OTHOCUTENIbHAS
HEOTIPe/IeNIeHHOCTh, 00ecreunBaeMast IIPEACTABICHHBIM METOIOM, He npeBbimaeT 1,5 %. [IpakTuyeckast 3HAYUMOCTb.
PazpaboTaHHBIN METOJ MTO3BOJISICT CYIIECTBEHHO MOBBICHTH TOYHOCTh U PACHIMPUTH UCCIEAyeMble TUHAMUYECKUE
JIana30Hbl UCKOMBIX BEIMYMH UL MIMPOKOI HOMEHKJIATYyphl Ia30BbIX IOTOKOB. MeTox MOXKeT HailTu IpUMEHEHHE B
pacxoIOMETPUHU ra30BO3LyIIHbBIX IOTOKOB.
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Abstract
The paper presents the results of a study of the possibility of expanding the dynamic ranges of hot-wire methods. The
relevance of the work is due to the demand in new methods for measuring the thermal and hydrodynamic parameters
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of high-speed gas flows for the purposes of scientific instrumentation. The novelty of the presented technical solution
lies in the use of two hot-wires anemometers with significantly different thermal inertia for simultaneous measurement
of the flow velocity and the heat transfer coefficient in it. The theoretical basis of the proposed method is based on the
phenomenon of the inertia of the response of any thermodynamic system under a stepwise thermal effect on it. The
method consists in placing in the investigated flow two bodies of the same shape and size which have significantly
different thermal inertia. The bodies are subjected to a stepped thermal effect, and the non-stationary temperature
delay of the bodies relative to each other is recorded. Using the maximum value of the temperature delay, the value
of the heat transfer coefficient of the bodies with the investigated flow can be evaluated by calculation. The flow
rate is found from the value of the moment of time corresponding to the maximum temperature delay while using
the calibration characteristic previously obtained on the reference flow. The new thermal anemometry method is
scientifically substantiated, the measurement equation of the method is obtained, the measurement algorithm and the
generalized scheme of the device implementing the method are developed, and the value of the expected uncertainty of
the measurement results is given. The simulation results showed that the relative uncertainty provided by the presented
method does not exceed 1.5 %. The developed method makes it possible to significantly increase the accuracy and
expand the studied dynamic ranges of the required values for a wide range of gas flows. The method can be used in the
flow measurement of gas-air flows.
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BBenenue

[Ipu uccienoBaHusIX TEMI0- U THAPOJIUHAMHYECKUX
rapaMeTpoB Ia30BbIX TIOTOKOB B HACTOSIIIIEE BPEMsI ITUPOKO
HCIIONIB3YIOT TEPMOAHEMOMETPHUECKHE METO/IbI, KOTOPBIE
HMEIOT CIIeYIOIINE TOCTOMHCTBA: BBICOKAsI 1yBCTBUTEIb-
HOCTb W JIOCTaTOYHO IPOCTasi BTOPUYHAs armaparypa,
MpUMEHseMast Ul U3MEPEHHI CUTHAIOB EPBUYHBIX TIpe-
oOpasoBareiei.

OTMeTHM, YTO JaHHBIE METOABI 00IaJAr0T HEAO0CTAT-
KaMH, CpeJi KOTOPBIX HanOoJee OLyTHUMbIe — HEeJoCTa-
TOYHAasI TOYHOCTh U OIPAHUYEHUE 110 BEPXHEMY INPENEITY
CKOPOCTH M3MEPSIEMOTr0 Ta30BOI0 MOTOKA. B CBsI3M ¢ 3THM
BOCTpeOOBaHa pa3paboTKa HOBBIX METOJIOB TEPMOAHEMO-
METPHH, TIO3BOJISIFOLIMX TIOBBICUTH TOYHOCTH M CKOPOCTHOM
npezen. B Hacrosieit pabore paccMOTpeH HOBBIM METO/,
KOTOPBII1 SIBIISIETCSI TIEPCHIEKTHBHBIM U UMEET BO3MOXXHOCTh
PELINTH EPEUNCIICHHBIC TIPOOIEMBI.

00630p cyuIecTBYIOIIHNX pelIeHui

PaccMoTpuM Hambosiee M3BECTHBIE TEPMOAHEMOME-
Tpudeckue Metofsl [1-14], koTopele UMEIOT CXOJACTBO C
MIPE/TIOKEHHBIM METOJIOM.

MeToa n3mMepeHHsi CKOPOCTH Tra30BOro NMOTOKA.
W3mepenne ocymiecTBisieTcs IMyTeM PETUCTpaluy u3Me-
HEHMsI TeMIIEPaTypbl HarpeBaeMoN JIEKTPHUUECTBOM Me-
TAJUTMIECKOH MTPOBOJIOKH (IIpeoOpa3oBarerst pacxosa), mo-
MEMICHHON B KOHTPOJMPYEMBIH MOTOK Taza. OXJIaxkIeHre
mpeoOpazoBaress 3aBUCUT OT CKOPOCTH MPOTEKAIOIIEro
MOTOKa, (PU3UIECKUX CBOMCTB rasza (TErIONpPOBOJHOCTH,
TEMIEPaTYPHl M IUIOTHOCTH) U OT PA3HOCTH TEMIIEPATypP
npeobpasoBaress u rasa [1]. JlaHHBIA MeTOI UMEET ABE
Pa3HOBUIHOCTHU:

— METO/JI MIOCTOSIHHOTO TOKa, B KOTOPOM TOK, HarpeBa-
IOLIUH TPOBOJIOKY, MOJIEPKUBACTCS TTOCTOSIHHBIM U
M3MepsIeTCs ¢ TOMOIIBIO CONpoTHBIeHNs. [lapamerpbl
1 IUTAHHE MOCTOBOH CXEMBI, B KOTOPYIO MOAKIIIOYCHO
CONPOTHUBIICHHUE, TOAONPAIOTCS TAK, YTOOBI IIPH HY-
JIEBOM CKOPOCTH Ta3a OHAa HAXOAWIACh B PABHOBECHHU.

OTKJIOHEHHE CTPEJIKH T'aJbBAaHOMETpA CIIY)KHT MEPOi
CKOpPOCTH ITOTOKA. JlaHHBIH MeTox 001aaaeT J0CTaTou-
HOH 9yBCTBHUTEIBHOCTHIO TOJBKO TIPU MAJIBIX CKOPOCTSX
KOHTPOJIMPYEMBIX TIOTOKOB W HETIPUTOMICH [T U3Mepe-
HUs OONBIIKX cKopocTeit (v > 0,5 m/c);

— METOJ MOCTOSHHOU Temreparypsl [8, 13], B koTopom
COIIPOTHBIICHHE MTPEoOpa30BaTeis, OXJIaKIAEMOT0 KOH-
TPOJIUPYEMBIM ITOTOKOM, IMOAACPKUBACTCA ITOCTOSTHHBIM
IyTeM PEeryInpOBaHNs HANPSDKEHNS HarpeBa (Hampsoke-
HUS TUTaHNSA MOCTOBOMH CXEMBI). DTO HANPSKEHUE WU
TOK ITUTAHUSI MOCTa CITY)KHT MEPOil CKOPOCTH KOHTPO-
JMpyeMoro 1noroka. OCHOBHbIE HEAOCTATKH METOIA —
CHJIbHASI 3aBUCUMOCTB PE3YyJIbTaTOB M3MEPEHUH OT TeM-
Tieparypbl HCCIEAYEMOTO ITOTOKA, YTO BIEYET 3a COOO0MH
HEOOXOAMMOCTh WHINBHUIYaIbHOW TPAyHPOBKU TEp-
MOaHEMOMETpa IS KaKIOH OTIEFHO B3SITON TeMITepa-
TypHI TIOTOKA; CYIIECTBEHHOE CHIDKCHHUE TyBCTBUTEIb-
HOCTH TEPMOAHEMOMETPA C POCTOM CKOPOCTH TTOTOKA.
Mertoja TepMoOaHeMOMeETPUYECKUX M3MepeHuii. 3me-

pEeHME TTPOBOIUTCS C MTOMOIIBIO MTPOMYCKAHHS Yepe3 Tep-

MOLIyBCTBI/ITeJ'IBHI:Jﬁ OJIEMCHT UMITYJIbCHOI'O TOKA, HarpeBa

1 OXJIAXKACHUA TEPMOYYBCTBUTCIIBHOT'O 3JIEMEHTA 10 (1)1/11(-

CUPOBAaHHOT'O TEMIEPATypPHOTO 3HAYEHHUSI, pETUCTPUPYIOT

JIeHCTBYIOIIIEEe 3HAYEHNE UMITYJIbCHOIO TOKA, IPOTEKAOIIe-

ro 4epe3 TePMOUYBCTBUTEIbHBIN 251eMeHT [2]. B nannom

METOJIe KOHTPOJIMPYEMBIM MapaMeTPOM MPU N3MEPEHHAX

SBIISICTCS EUCTBYIOIIEE 3HAYCHUE MMITYIbCHOTO TOKA,

MIPOTEKAIOIIECTO Yepe3 TePMOUYBCTBUTEIBHBIX AJIEMCHT,

KOTOPBI TO3BOJISICT YCTPAHUTH BIUSHUE TIOMEX Ha pe-

3yJIBTAThl U3MEPEHUN B BUIE OBICTPOMEHSIONINXCS TEM-

repaTyp OKpy»Karollel TEpMOYYBCTBUTEIbHBIN 3JIEMEHT

Cpe€abl 1 00€CIEeYNTh MOBLIIIIEHUE TOYHOCTH I/ISMepeHI/II\/’I.

Henocrarok MeToa — HEBO3MOXKHO U3MEPUTH KOd(duIm-

CHT TCIJIOOTAA4YU B Ira30BOM IIOTOKE, U ONPCACINUTL CBA3b

TpeOyeMOl aMIUINTYAbI UMITYJILCHOTO TOKa CO CKOPOCTBIO

ra3oBOTO I0TOKA, YTO CYIIECTBEHHO OIPAaHMYMBAET IPH-

MEHEHHE METOJIa.

MeTon u3mMepeHust CKOPOCTH MOTOKA KHAKOCTH WJIH
rasa. B moroke pacrnonararor TepMOYyBCTBUTEIBHEIC MTPe-
oOpa3oBaTeny ISl U3MEPEHUsST TEMIIEPaTyPhl H CKOPOCTH
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noroka (repmoanemometp). Ecinu pasHocTh Temmeparyp
TEepMOUYYBCTBUTEIBHBIX IpeoOpa3oBaresel (eperpes) Ha-
XOJIMTCS B IIPEJiesiaX 33laHHOTO JINala3oHa, TO MOIIHOCTb
Harpesa rnoctosiHHa. Ecnu meperpes TepMoaHeMomeTpa
BBIXOJIMT 32 TPEZEIIbI 33/1aHHOTO JJUAIa30Ha, TO MOIIHOCTh
HarpeBa M3MEHSIOT /10 ITOTIa/IaHNs [IepeTpeBa B 3aJaHHBII
JIMana3oH. 3HaYeHUE N3MEPSEMON CKOPOCTH MOTOKA BBI-
YHUCIIAIOT 10 (popMysie ¢ y4eTOM N3MEPEHHOTO IeperpeBa
Y MOIIHOCTH Harpesa [3].

MeTox u3MepeHusl MApaMeTPOB ra30BbIX U KHIKHX
cpel. B uccnenyemyto cpeny momemarT TepMOYYBCTBHU-
TEJIbHBIN JIEMEHT, YePe3 KOTOPBIN MPOIYCKAIOT UMITYJlb-
CHBIH dnieKTpudecknil Tok. [1pu ckaukooOpa3zHOM U3MEHe-
HUM TOKa PETHCTPUPYIOT MOMEHT Hayasla CKayka i MOMEHT
YCTAHOBIICHHUS TPOLIecca M3MEHEHUS AJIEKTPUIECKOTO CO-
MIPOTHUBIICHHS TEPMOYYBCTBUTEIBHOTO 21eMeHTa. Jlanee
OIIPEAEIIAIOT BPEMEHHOHM HHTEPBAJI MEXIY IOIyICHHBIMH
MOMEHTaMH BPEMEHH, 110 KOTOPBIM HAXOAAT MCKOMBIE T1a-
pameTpsl u3MepseMbIx cpen [4]. Hemoctarox metoma —
OTHOCHTENILHO HU3Kasl TOYHOCTh M3MEPEHUI, BhI3BaHHAS
3aBHCHUMOCTBIO TIOKA3aHUH TEPMOTYBCTBUTEIBHOTO 3iie-
MEHTa OT XMMHYECKOTO U CTPYKTYPHOI'O COCTaBa UCCIEy-
€MOii Cpefibl, TAK)KE METO/l He 00eCIIeunBaeT BOZMOKHOCTh
n3MepeHus Kod(QGHUIUEeHTA TEIIO0TAAuH.

MeTon onpeneseHusi CKOPOCTH NMOTOKa rasa. B no-
TOKE raza pa3MelaoT TEMJIOBBIIEISIONIA 1 TePMOYyB-
CTBUTEIILHBIN AJIEMEHTHI. HarpeBatoT TeroBbIIeISIOIINHA
9JIEMEHT, PETUCTPUPYIOT U3MEHEHNE HANPSHKEHHSI C Tep-
MOYYBCTBUTEIEHOTO AJIEMEHTA, 110 KOTOPOMY OIIPE/IEIISIOT
CKOPOCTH MOTOKA Ta3a. [Ipu 3TOM TEIIOBBIACIHISIONINN 1
CJICTYIOIINH 38 HUM TEPMOTYBCTBUTEIBHBIN 2IIEMEHT pa3-
HOCST B IIPOCTPAHCTBE 110 HAIIPABJICHUIO TIOTOKA, IPH 3TOM
TEIUIOBBIICISIOMNI JIEMEHT HarpeBaloT B UMITYIIbCHOM
WJTM YaCTOTHO-UMITYJIbCHOM pexume. B nporiecce npoxox-
JICHUSI TIOTOKA Ta3a MOCIIEeI0BaTEeIbHO PErUCTPUPYIOT M-
ITYJILCBI HAIIPSDKEHHUST ¢ HArpeToro TEIUIOBBLICIISIONIErO 1
TEPMOYYBCTBUTEILHOTO DJIEMEHTOB M M3MEPSIIOT HHTEPBAI
BpEMEHH MEX/y (PPOHTAMH 3apETHCTPUPOBAHHBIX UMITYJIb-
COB, @ CKOPOCTb ITOTOKA OIPEICISIIOT C YUETOM M3MEpPEeH-
Horo uHTepBania [5]. Hemocrarok meroga — He mpeaycMo-
TPEHO n3MepeHne Kodp(UIreHTa TEIUIO0TIaYH, U UMEEeTCS
OTPaHUYEHHUE 10 MAaKCHMAIBHON U3MEPSIEMON CKOPOCTH
MTOTOKa, KOTOpOe OIleHnBaeTcs 3HaueHneM 0,5 m/c.

Hens paboTel — pa3paboTka HOBOTO METOAA IS CO-
BEPIICHCTBOBAHHS TEPMOAHEMOMETPUUEKNX U3MEPEHNUH,
HanpaBJICHHOC Ha MOBBINICHUE TOYHOCTHU C OJJHOBPEMCH-
HbBIM paCHIMPECHUEM HOMCHKIIATYPBI UCCIIEAYEMBIX ITIOTOKOB
3a CYET YBEJIMYCHUS BEPXHEr0 CKOPOCTHOTO Mpeaesa u
YCTpaHEeHUs! BIMSHHS TEMIIEPaTyphl MMOTOKA Ha PE3yJbTaT
HU3MepeHuil.

Onucanne HOBOI0 MeToAA

B kauectBe TeopeTHUeCKON OCHOBBI MPEIOKEHHOTO
METO/1a UCII0JIb30BAHO SABJIEHHE MHEPLUHUOHHOCTH OTKJIMKA
JIF000N TePMOIUHAMUYCCKON CUCTEMBI IIPHU CTYIICHYATOM
TEIIJIOBOM BO3JICHCTBUM. YKa3aHHOE SIBJICHHE BO3HUKAET
MpYU pa3HUIEC HECTALMOHAPHBIX TEMIIEpATyp ABYX TEIl B
OJIHOMMEHHbBIE MOMEHTBI BPEMEHH U NPU OJTHOBPEMEHHOM
CTYNEHYaTOM TEIIOBOM BO3/CHCTBUU Ha Tella, KOTOPbIE
00JIaIaf0T pa3HBIMU TETIOBBIMUA WHEPIHSIMU.

Pasznuune Temneparyp Tei HampsMYIO CBSI3aHO C yCII0-
BUSIMU TEIUIOOOMEHA TeJl C OKpYXKalollel cpeioi, B 4acT-
HOCTH — C KOA(D(PUILIEHTOM TEIUIOOT/a4H (0l) ¥ CKOPOCTHIO
ra30BOTO MOTOKA (V).

BospmeM 71Ba Tena ¢ CyIIeCTBEHHO Pa3IMuaroIUMUCs
TEIJIOBBIMU MHEPUHUSIMH U Pa3MECTHUM B HCCIIETyEeMOM
ra30BoM MOToKe (puc. 1). CTyrmeHuaTsIM TETIIOBBIM BO3/ICH-
CTBUEM HarpeeM Tea 0 HEKOTOPOH CTallMOHApHON TeMIle-
paTypsl, 3aTe€M CTYNEHYATO IPEKPATHM HarpeB U repeiaem
B PEKUM OXJIQXKICHUS Ta30BBIM MOTOKOM. B pe3ymbraTte
U3-32 PA3JIMUMs B TEIUIOBBIX MHEPLUSIX TEJI CKOPOCTU HX
HarpeBaHUA-OXIAXKACHUS OyIyT pa3IuyHbl. DTO IPUBEAET
K TEeMIIEpaTypHOMY 3ala3AbIBAaHUIO TEMIIEPATYPhI OTHOTO
TeJa OTHOCUTENBHO apyroro (puc. 2). [Ipuuem Teino /,
HaTpuMep, 00JIaarolIee MEHBIIICH TEIJIOBOH WHEPIUCH,
OyzeT ObICTpEe U3MEHSITH CBOIO TEMITEPaTypy, YeM TeIo 2,
TEIJIOBast HHEPIHs KOTOPOTO 3HAYUTEIBHO OOJIbIIE, U HAO-
60poTt. IMEHHO 3TO TOJIOKEHO B OCHOBY METO/1a 1 o0ecrie-
YUBAET HEOOXOIMMBIN TEXHUIECKUN Pe3yIbTart.

YCTaHOBUM CBSI3b TEMIIEPATypPHOTO PA3IHYHS C HCKO-
MBIMH ITapaMeTpaMu MOTOKa. [Iponecc HarpeBaHuUs-OXJI1ax-
JICHHUS JTIOOOT0 TeJia MPHU TEIUIO0OMEHE €ro ¢ OKPYKaroIeh
Cpemoil mpy rPaHUYHBIX YCIOBHUIX 3-TO PO/Ia OMHCHIBACTCS
M3BECTHBIMHU TEMIIEPATYPHBIMHU 3aBUCUMOCTSIMU U3 TEOPUH
perynsipHoro pexuma [15, 16].

Toraa B pexuMe HarpeBa HeCTalMOHAPHBIE TEMIIepa-
Typbl Tea /, 2 (puc. 1) ONHUCHIBAIOTCS COOTHOLICHUSIMU:

T\(tv)) =Ty + (T — To)(1 —exp(—=m;1y)), (D
Ty(t)) =Ty + (T — To)(1 — exp(=my1y)), 2

rae Ty(t)) u Ty(ty) — Tekymme temneparypsl Ten /, 2 B
peXMMe HarpeBa COOTBETCTBEHHO; 7|y — HadaJbHAas TCM-
repatypa Tell epej HarpeBaHueM (paBHa TeMIeparype
HCCIIElyeMOro ra3oBoro noroka); 7, u 7,,, — cTamnuo-
HapHBIE TEMIEPATyphl Tell, JOCTUTHYTHIE B pe3yJbTaTe
HarpeBaHus; 11y U n, — TEMIIbl HarPeBaHUA-OXJIaXK ICHUS
Ten (BeIM4KHa, 0OpaTHas TEIUIOBON MHEPLUH); T; — Bpe-
Msl, MICYHMCIIIEMOE C MOMEHTA Havajia HarpeBaHusl.

Puc. 1. PazmenieHre TepMOaHEMOMETPA B H3MEPSEMOM T'a30BOM
noroke: / — teno 1; 2 — Teno 2; 3 — nepkareib

Fig. 1. Placement of thermoanemometer in the measured gas
flow: 1 is body #1; 2 is body #2; 3 is holder for bodies
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Pexxum oxJtaskaeHust Tell HaYMHAETCS MTPU TOCTHKECHUN
TeMIlepaTypbl KOHEYHOIO CTALlMOHAPHOIO 3HaYeHus 1, u
T,,5- B oTOM cityuae Tena HauMHAIOT OXJIAXKIAThCs (HArpeB
TEJI TIpeKpalieH). B craanu peryisipHOro pexumMa u3Me-
HEeHMs Temneparyp Tenl / u 2 BO BPEMEHH OIMCHIBAIOTCS
COOTHOIICHUSIMH:

T\(vy) = T,y — (T, — To)(1 — exp(=m 1)), 3)
T2(T2) = TmZ - (TmZ - TO)(1 - exp(fmZTZ))ﬁ (4)

rae (1) u T5(1,) — TeKyIue TeMIepaTypbl Tel B PEKUME
OXJIAXKIICHUS; T) — BPEMs, HCUUCIIEMOE C MOMEHTa Hayasa
OXJIQXK/ICHHSI.

BpInonHUM HarpeB Tesl OAMHAKOBOH MOIIHOCTBIO P,
IIpU 3TOM IIOJIyueHHble Temneparypst 7,,; u I, Oynyt
Bceraa pasnuuarbes. [lomydnM oKOHYaTeNbHbIE ypaBHE-
HUSI U3MEPEHUs IpeaiokeHHoro Metona. C 3Toi 1espro
npuBeneM ypaBHeHUS (1)—(4) K HOpMaTH30BAaHHOMY BHTY.
s aToro m3 obenx wacreit ypasaenuit (1) u (2) Berarem
TeMIIeparypy ra3oBoro noroka 7, a u3 (3) u (4) — remre-
parypy HarpeBa 7,,; (i = 1, 2). [lanee onpenenanm pa3HOCTb
Temreparyp Harpesa 7,; ¥ Ta30BOT0O IOTOKa 7y,.

B pesynbrare nojgy4nm MacCcHB HOPMaJTM30BaAHHbBIX T1e-
PErpeBoB Ka)KAOro Tena Ad pexxuMoB HarpeBa AT *(t) u
oxnaxxaenus AT,*(t) (puc. 2). Halinem pa3sHocTs Ieperpe-
BOB TEJ B OJJHOMMCHHBIC MOMCHTHI BpeMeHM: A(AT*(1)) =
= AT *(t) — ATy*(7).

OO1iee ypaBHEHHUE ISl PE)KUMOB Harpesa (IIpu T =T;)
1 OXJXJIeHUS (TIPU T = T,):

A(AT*(t)) = exp(—m,T) — exp(—m 7). (5)

HaiineM MOMEHT BPEMEHH T,,,, I[P KOTOPOM Pa3HUIIA
HOPMaJIN30BaHHBIX IIEPErPEBOB Tell Oy/IeT MaKCUMaJIbHOM,
JUISL 3TOTO ONPE/IEITMM YacTHBIE TPOU3BOIHbIE 0T A(AT*(T))
1o BpeMeHu. 13 cootHomenus (5) cienyer:

OA(AT*)

o = mexp(—mT) — myexp(—ms1). (6)
[TpupaBHsieM cooTHoOIIeHNE (6) K HYIIO M HaleM dKc-
TpemyM dynkumn A(AT*(1)):

my exp(_m ITmax) = mZexp(_mZTmax)a (7)

T€ Tyax — CPeiHee apudMETHIEeCKOe U3 JIBYyX MOMEH-
TOB BPEMEHH, COOTBETCTBYIOIINX MAKCUMAITBHOI! pa3HUILE
HOPMAJTH30BaHHBIX eperpeBoB AT* - Tell IS PEeKIMOB
HArpeBa (Tqy,,y) 1 OXJIKACHUS (Ty,,,) (PUC. 2).

Jst mepexozia K K03 UIUCHTY TEIUIOOTIa4N 0 UC-
H0JIb3yeM OOIIEH3BECTHOE PACYCTHOE COOTHOIICHNE TEMITA
HarpeBaHHs-OXJIAKACHHS JIFDOOT0 Tela, KOTOPOe COITACHO
TEOPHUHU PEryJIIPHOIO TEIUIOBOTO PEXKUMA, UMEST BUJL:

m=—, (®)
C
e o — KO3 PUIMEHT TeIIOOTAaYH OT Tejla K Ta30BOMY
MMOTOKY; S — IUIOMIAIb TEIIO0OMEHHOH (Hapy»XHOM) T0-
BepxHOCTH Tena; C — TOHAS TeIUIOEMKOCTh Tela.

a
P _______
0 7,=0 =0 T
; b :
Tm2 -------- E» --------- S —— ]é——L
Tml ------ E """ ! E \\
L e —— e
0 : bo¢ : T
AT o
L AT L
[ R I > ; :
P PN
: / ! n
o 1 ] T
aars i o
I S N AAT )

[ S—

Timax Tomax

Puc. 2. BpemeHHast [uarpamMma, MosICHSIONIast TEOPETHYECKYIO
OCHOBY METO/Ia U3MEPEHUI: CTyIIEHUaToe BO3AeiicTBHE
MOIIHOCTH Harpesa (a); ANHAMHKA H3MEHEHUS TeMIIePaTyphl
TeJI B peXKMe HarpeBa U MOCIEAYIOIero OXIaX IeHHS
(b); mMHAMHKA HOPMAJIM30BAaHHEIX IEPETPEBOB TET
B PEKMMeE HarpeBa M OXJIXKICHHS (¢); AMHAMHKA Pa3iIHIHs
HOPMaJIM30BaHHBIX IIeperpeBoB Tei (d)

Fig. 2. Timing diagram explaining the theoretical basis of the
measurement method: a) is the step effect of the heating power;
b) is the dynamics of changes in body temperature in the mode

of heating and subsequent cooling; ¢) is dynamics of normalized
overheating of bodies in the mode of heating and cooling;

d) is the dynamics of the difference in normalized overheating

of bodies

Crenyst (8), TeM HarpeBaHHsI-OXJIaXK/ICHUS PABEH:
— misTena I:

oS, ©)
my=—-,
1 C
— s Tena 2:
U,QSZ
=—. 10
my c, (10)

Ot™merum, yTo nonHele TemnoeMkocTu Cy, C, ¥ IioIma-
JI1 Hapy»KHOH MOBEPXHOCTH S|, S, KaXkJOro Tesla 3apaHee
W3BECTHBI C 33J]aHHOI TOYHOCTBIO.

Jns yerpanerns 3aBucuMoctd Nu = f{Re), koTopas
ompernenseT pa3Mep 00TekaeMoro Tena, HeoOXoaumMo obe-
CIEYNTH CIEAYIOIINE YCIOBHUS ISl HCCICAOBAHNUS TEI:
UJICHTUYHOCTB YCJIOBHH TETIIIO00MEHA 1 OJJUHAKOBBIE (hop-
MBI 1 pazMmepsl (T. €. §; =S, = 5).

[Ipu cobmroneHnu TaHHBIX YCIOBHH, C Y4ETOM TOTO,
YTO TeJla HAXOJATCA B OJHOM M TOM K€ Ta30BOM IMOTO-
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Ke, Kod()(OUIMEHTHI TEIIOOT/IauH TaKIKE OJIMHAKOBBI (T. €.
o] =0y = 0).

[Ipearnonoxum, 4To B 30HE U3MEPEHHsI TPODUIIB CKO-
pocTH TM00 OTCYTCTBYET (CKOPOCTH OJMHAKOBA), THOO
HACTOJIBKO HE3HAYMTEIIeH, YTO UM MOXKHO ITpeHeOpedb —
OZIHO M3 OTPaHUYEHUH METO/a.

C yugetom (9) u (10) mory9uM OTHOIIIEHNE TEMIIOB Ha-
IPEBAHUS-OXIIAKACHHS TEI:

m_& (an
my G

Penum ypaBuenwue (7), MoJICTaBUB B HETO COOTHOIIICHHSI
(9)—(11) otHOCHTENBHO 0. B pe3ynbTare moay4uM ypaBHe-
HUE U3MEPEHUS MTPEJIOKEHHOTO METO/1a:

| (cl (S(cl—cz) )‘
o=mj|— — .
C max C2Cl

2

(12)

W3 cTpykTypsl ypaBHeHH u3MepeHus (12) cuemyer,
YTO JJIS1 HAXOXKJICHUS KOA(PPHUIMECHTA TETUIOOTAAYH He-
00X0IMMO TI0 HKCTIEPUMEHTAIBHO 3aperuCTPUPOBAHHBIM
TeMIEepaTypaM Tell HAWTH MOMEHTBI BPDEMEHH Tjpax U Tomaxe
TIPU KOTOPBIX Pa3HUIIA HOPMAJIM30BAaHHBIX TIEPETPEBOB TET
MakCHMallbHa, U 3aTeM HallTh cpeHeapr(MeTHIecKoe 3Ha-
YeHHE yKa3aHHbIX BpeMeH. Takum o0pa3oM, 3a/1a4a HaXOx-
JeHust (M3Mepennst) Koa(GuIreHTa TernIo0T a4y perieHa.

Bropoii n3mepsiemslii mapaMeTp — CKOPOCTh ra30BOI0
moroka (V).

Kax n3BecTHO, HHTEHCHBHOCTD TEIIIOOOMEHa B Ta30BOM
IIOTOKE MPOMOPIMOHAIBHA CKOPOCTH MOTOKA: YEM BBIIIE
CKOpPOCTbH TTOTOKA, TEM HHTCHCHBHEE TETZIOOOMEH M BBIIIE
k03 pHUIHEHT TerooTaayH, T. €. o ~ v. CienoBareiasbHo,
CKOPOCTH TIOTOKa TaKXe IPOIIOPIIHOHAIBEHO BPEMS Ty,
IIPU KOTOPOM HaOII0aeTCs MaKCUMalbHAs! pa3HUIIA HOpMa-
JIN30BaHHBIX MEPETrPEeBOB Tell. 13 U3BECTHBIX COOTHOLIEHUI
JUTsl KpuTepuaibHbIX yrcen Pelinonbaca (Re), Hyccensra
(Nu) u cootHommenus (12) s ra30BbIX TOTOKOB CIEYET,
YTO BpeMsl T,,,, IPONOPIUOHAIBHO CIEAYIOIIUM MapaMe-
Tpam:

max

n
—_ —1N
v s

A

Trhax ™~

TJe L — KHHEMaTH4ecKas BA3KOCTh ra3a; A — TEeIUIONPO-
BOJHOCTB Ta3a; /1 — YNCIIEHHAsI KOHCTAHTA.

3aMeTuM, 4TO YMCIICHHOE 3HaYeHHE KoMIuiekca (W/A)
OyJleT pa3iIM4YHO /ISl Pa3HbIX T'A30B U JUIsl OJJHOTO U TOTO JKe
rasa Jiist pa3HbIX TeMIepaTyp. DTO HEOOXOMMO YIUTHIBATH
MIpU peau3aluy MeToja.

JIi1st HaXOKJIEHUsI CKOPOCTH Ta30BOT0 MOTOKA V 10CTa-
TOYHO UMETh MPEJIBAPUTEIHLHO MOTYUYEHHYIO IPalynpOBOY-
HYIO 3a8BHCUMOCTb BPEMEHH T, OT CKOPOCTH IIOTOKA V, IO~
JY4SHHYIO Ha 3TAJIOHHOM Ta30BOM ITOTOKE. XapaKTEPHBIHA
BT TAKOW 3aBUCUMOCTH Ty, (V) IPEACTaBICH Ha pUC. 3.

Ilox »TanoHHBIM ra30BbIM IIOTOKOM B HACTOALIEH pa-
60Te ToIpa3yMeBaeTCs BO3AYIIHBIN WM HHOH ITOTOK, CKO-
POCTH KOTOPOTO 3apaHee U3BECTHA C 3aaHHON TOYHOCTBHIO.
INomy4yeHHast 3aBUCUMOCTbD T, (V) MOXKET OBITH pacrpo-
CTpaHEHa Ha T'a30BbI€ TIOTOKU W Pa3HbIe TeMIIepaTyphl O1-
HOTO U TOTO 7K€ ITOTOKA, s KOTOPBIX B Mpeiesiax 3aJaHHON
TOYHOCTH OJIM3KU 3HAUCHHUs OTHOIICHUS (V/A). J{ist mpyrux
[IOTOKOB M TEMIIEpaTyp TpeOyeTcs OTAeIbHAS IPaJyHpPOBKa

Tmax

v

Puc. 3. XapakrepHas 3aBUCUMOCTb BPEMEHH,
COOTBETCTBYIOILET0 MAKCUMAIbHON Pa3HHIE HOPMaIM30BaHHbIX
MEPETPEBOB TET (T, ), OT CKOPOCTH Ta30BOTO MOTOKA (V)

Fig. 3. Characteristic dependence of the time corresponding
to the maximum difference in the normalized overheating of
bodies vs. the gas flow rate

C MCTONB30BaHUEM HOBOTO BBIOPAHHOTO ATAJIOHHOTO Tra3a
U IMara3oHa TeMmueparyp.

IIpumep peannszanuu MeToaa

Paccmorpum paboTy m MOPSAJOK MCHOJIB30BAHUS
MPEATI0KEHHOTO METO/Ia Ha IIPUMEPE TEPMOaHEMOMETPa,
00001IeHHas cXxeMa KOTOpOro MpeAcTaBlieHa Ha puc. 4.
OtmeTnMm, 4To Tena / u 2 pa3MenIeHbl Ha CHEIHaTbHOM
Jepxarene U 00J1afaroT CyIIeCTBEHHO pa3anuvaroNei-
Cs TEILIOBOM MHepuuel. B kaxzaoe Teino BCTPOEHO IO

T
13()
5D
7 € 8
O
T

Puc. 4. O6001meHHas CTPYKTypHAs CXeMa TepMOAHEMOMETpa:
1, 2 — Tena OAMHAKOBOI 3a1aHHON (POPMEI M pPa3MEpOB;

3, 4 — OIMHAKOBbIE MAJIOUHEPIIUOHHBIE
TepMoIpeodpazoBareiu; J, 6 — HarpeBaTein; 7/ — UCTOYHHUK
CTAOMIM3UPOBAHHOTO MUTAHUS; § — OJIOK yIpaBICHUS
u 00paboTku curnanos; 7y, T, — TeMnepaTypsl Tel

Fig. 4. Common structural diagram for thermoanemometer:
1, 2 are bodies of the same specified shape and size; 3, 4 are
identical low-inertia thermal converters; 5, 6 are heaters; 7 is
a source of stabilized power supply; &8 is control and signal
processing unit; 7}, 7, are body temperatures
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B.lM. XoayHkoB

OJTHOMY HarpeBaTelio 5, 6 1 MaJOUHEPLUOHHOMY Tep-
MornpeobpaszoBarento 3, 4. Kaxaplii HarpeBareiab MoJ-
KJIIOYEH K UCTOYHHUKY CTaOWIM3MPOBAHHOTO MHUTAHUS /.
TepmonpeoOpazoBarenu 3, 4 MOAKIIOUYEHHI K OJIOKY yIpaB-
JICHHUS 1 00paOOTKY CUTHAJIOB §.

st ynoOceTBa H3MepeHHiA SIEKTPUIECKUE HarpeBaTelTH
BBITIOJTHEHBI OJJMHAKOBOTO HOMHHAJIA, & TEpMOIIpeodpa-
30BaTEIN — OJHOTO THIIA C OJMHAKOBON HOMHHAJILHOU
CTaTUYECKON XapaKTEPUCTUKOM, HAIIPUMED, TEPMONaphl
tuna XKgg (XpoMenb-Komnens).

B npounecce uzMepenuil Tejia NOMELAOT B U3Mepsie-
MBI/ Ta30BbIi MOTOK, MPHU 3TOM C MTOMOUIBIO TEPMOIIpe-
oOpa3oBaresiell HEMPEPBIBHO BBIMOJIHICTCS PErHCTPALIHS
Temnepatypsl. [Ipu gocTHkeHUN paBeHCTBA TEMIIEPATyp
T,1=T,,= T, ONIHOBPEMEHHO HAYMHAECTCS HArPEB TEIl
1 w 2. Iy 5TOTO HA HarpeBaresu 5, 6 OZHOBPEMEHHO C
MTOMOIIBIO YITPABIISIONIETO CUTHANA OT OJIoKa & MOMAl0T
AEKTPUIECKYI0 MOITHOCTh P OT UCTOYHHKA CTaOWIN3HU-
poBanHOTO TIHTaHUs 7 (pUC. 2, @). Benmuunny monaBaeMoit
MOIIIHOCTH MOAOHUPAIOT 3KCTIEPUMEHTAIBHBIM ITyTEM, PYKO-
BOJICTBYSCH TEM, YTOOBI MOIITHOCTh ObLIA JOCTATOYHOMN ISt
obecrieueHns HaJIeXKHOTO U3MEPEHUs Pa3HOCTH HOPMallu-
30BaHHBIX MEPerpeBoB Teil. IIpu 3ToM MPOIOIKAIOT peru-
CTpUpOBaTh TeMIEpaTypsl ucciaeayemsix teil. [locne BbI-
XOJZla TeJl Ha CTallMOHAPHBIN TEIUIOBOW PEXUM, UX HAarpeB
OJTHOBPEMEHHO MPEKPalaloT ¢ MOMOIIBIO YIIPABIISIOIETO
cUrHaia oT Oyoka § M NCTOYHUKA CTAOMIM3UPOBAHHOTO
nuranus 7 (puc. 2, b, ¢). Tena HaYUMHAIOT OXJIAXK1ATHCS Ta-
30BBIM TOTOKOM — ITPOMCXOANT PEXNM oxJtaxaeHus. [Tpu
JOCTIDKCHUHM 00OMMH TellaMi CTallMOHApHOI TeMmepary-
PBI, paBHOI TeMIepaType U3MEpIEeMOro ra3oBoro moTokKa,
YOPaBIISIONINM CUTHAIOM OT OJI0Ka & TpeKpamaroT peru-
CTpaLMIoO TeMneparypsl Tell. [Ipouecc n3mMepenuii Ha 3ToM
3aKaHYMBAIOT U MPUCTYIAIOT K 00paboTKe pe3yinbTaToB
M3MEPEHHH, KOTOPYIO OCYIIECTBISIOT COITIACHO Pa3feiy
HacTrosiIel padboTsl «Onucanne HOBOTO METO/Ia» C MOMO-
LIBIO CIELMAIBHON KOMIIBIOTEPHOI MPOrpaMMbl, 3apaHee
BBEJICHHOM B OJIOK yITpaBiieHHs U 00pabOTKH CUTHAJIOB §.
C oMOIIIBIO TIPOrpaMMBI TI0 TTOTYYEHHBIM TEMIIEPATyPHBIM
JAHHBIM HAaXOIAT MOMEHT BPEMEHU T,,,,, IPH KOTOPOM
MMEeT MECTO MaKCHMaJlbHasi pa3HHUIA HOPMaJIM30BAHHBIX
nieperpeBoB Tex / u 2. BeImonHsAeTcs pacyeT HCKOMBIX T1a-
paMeTpoB, MPH 3TOM UCIIOIB3YIOT YPABHEHHE N3MEPEHHUS
(12) n mpegBapuUTEIHHO MOTYUYECHHYIO I'PATyHPOBOIHYIO
3aBUCHMOCTB Ty, (V).

IIpumep pacueTHOro MoaAeIMPOBAHNS

Hcxoanble pacueTHble COOTHOLIEHUsA. [ pacue-
Ta 3HauCHHUS KOd(P(UIEHTA TETIIO0TAAYN UCTIONIB3YETCs
ypaBHeHue (12), 11t HaXOKIEHUS CKOPOCTH MOTOKA —

MpeJIBAPUTENILHO MOyYeHHAas! IpaJiipPOBOYHAS 3aBUCH-
MOCTb Ty, (V), KaK ITOKa3aHO Ha pHcC. 3.

HUcxoanbie nannble. [1ycts Tena / U 2 BBINOJHEHb
B (popmMe OJMHAKOBBIX CIIJIOMIHBIX HUJIUHIAPOB OJMHA-
KoBOW juuHbl L = L = L, = 0,02 M u auamerpoMm d| =
=d, = 0,01 m. IIpu 3TOM TEO / M3TOTOBIIEHO U3 AJIO-
MHUHHSA C yAETbHOH TeroeMKkocThio ¢; = 920 JIx/(kr-K)
U IUIOTHOCTBIO p; = 2712 kr/mM3, a teno 2 — u3 Menu
C yIOeIbHOH TemmoeMKkocThio ¢, = 400 x/(xr-K) u
IUIOTHOCTBIO P, = 8920 kr/m3. TTonHAs TEIIOEMKOCTh
tena [ pagHa C| = ¢ nd,2Lp,/4 = 3,9 Ix/K, tena 2 —
C, = cyndy2L,p,/4 = 5,6 Jlx/K. Tnouaau Terioo6MeHHO
HOBEPXHOCTH 000HUX Tex paBHbL: S =S, = 5| = nd{L; +
+nd,2/2 =7,85-10~* M2. PaccuntaeM OTHOLICHHUSI, BXO/IS-
mye B ypaBHeHHe u3Mmepenus merona (12): C,/C, = 0,7;
S(C; — CHNC,C) =—6,1-10-5. TlycTh, HATIPEMED, HCCIIC-
JIOBAJICS TBIJIETa30BBIH MTOTOK.

Pe3yabrarhl pacueroB. B pesynbrare usmepeHui u
00paOOTKY TaHHBIX TTOIYYEHBI CIECIYIONINE 3HAUCHUS Ty -
— B peKUMe Harpesa T, = 122,3 ¢;

— B PEKUME OXJIAKICHUS Ty, = 123,2 ¢;
— cpenHeapudMeTHIecKoe 3HaUCHHE T, = 122,7 c.

Paccuntannoe 3HaueHHe KOdP(HHUIIMEHTA TEII0O0T-
Jlauu, COTNIAcHO ypaBHEHHUIO (12), cocTaBiuseT BEIUIUHY
47,6 Br/(m2-K).

CornacHO IpayupOBOYHON 3aBUCUMOCTH Ty, (V) Bpe-
MEHH T, = 122,7 ¢ cOOTBETCTBYET CKOpOCTh v = 19,4 M/cC.
Mertox peann3oBaH, HCKOMBIC TAPAMETPHI H3MEPEHBI.

ITonpoOHEIT pacueT OXKHIAEMOM HEOTPEACIIEHHOCTH
pe3ynbTaToB M3MEPEHUH METoJa B paboTe HE MPHUBENEH
n3-3a 00beMucTOCTH. IHCTpYyMEHTaIbHAS OTHOCHTEIb-
Hasl HEOTIPEIETICHHOCTh, 00eCiednBacMasi COBPEMEHHBIMHU
CpeACTBaMH N3MEPEHHH, TI0 OIIeHKe He mpeBbimaet 1,5 %.

3akiaouenune

B npenioxkeHHOM MeToze pacliipeHa HOMEHKIIATypa
M3MEPSEMBIX MOTOKOB, 0OecIedeHa BO3MOXKHOCTD OHO-
BPEMEHHOTO M3MEPEHNUS Cpa3y JIBYX ITapaMeTPOB MOTOKA.
3HAUYNTENBHO MOBBIIICH BEPXHUH CKOPOCTHOH mpene,
KOTOPBIN 00eCTIeYuBaeTCs 3a CUET MOA00pa COOTHOIICHHIA
TTOJIHBIX TEIJIOEMKOCTEH TIEPBUYHBIX MpeoOpa3oBaTeiei
(nx mMarepuanoB). YacTH4YHO, B Ipe/ienax 3a1aHHOM TOUHO-
CTH, YCTPaHEHA 3aBUCHMOCTh PE3yJIbTaTOB U3MEPEHUH OT
TEMIIEpaTyphbl MIOTOKA, YTO MOBBIIIAET TOYHOCTh U PacIIn-
psieT obacTk npuMeHeHust Metoia. Co3/1aHbl IEePCIIeKTUBBI
JUTSL ITUPOKOTO MPUMEHEHHS METOJ[a B PAaCXOJOMETPUH
BO3/1yIIHO-Ta30BbIX TIOTOKOB C 00JIee BBICOKMMH CKOPO-
CTAMH (JI0 HECKOJIBKHX JIECATKOB METPOB B CEKYHY ), UTO,
0e3yCII0BHO, SBISIETCS] 3HAUUMBIM JIOCTHKEHHEM JTaHHOU
pa3paboTKH.
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AHHOTALUA

Ipeamer ucciaegoBanusi. McciaenoBansl ynpyro-peiakcalliOHHbBIE CBOMCTBA OQHOOCHOOPHEHTHPOBAHHBIX
TIOJIMMEPHBIX MaTepHaIoB IPU ANHAMHYIECKOM pexxnme nedopmupoanns. [Ipeioxkeno TeopeTnieckoe 00bICHEHHE
SIBJICHUS] BOSHUKHOBEHHs OneHnit. [IpuBeieHo SKCIIepUMEHTaIbHOEe MOATBEPIK/ICHNE MOTYIEHHBIX TEOPETHUECKIX
pesynbratoB. MeTtoa. Vcronb3yst MeTon GapbepHOM TEOPHH M IPUMEHssI ypaBHEHHE OajlaHca Yncia IMepexoaoB
KJIACTEPOB Uepe3 IHEPreTHUECKU Oapbep ¢ yueToM BPeMEHH Iepexo/a, MOIy4YeHO YTOYHEHHOE OMpeaessiolee
ypaBHEHHE BA3KOYIPYrOCTH TMOTMMEPHOTO MaTepHana. JKCIIepHUMEHTAIbHbIE UCCIEO0BAHNS B THHAMHYECKOM
peKuMe TPOBEIeHBI METOJJOM CBOOOIHBIX MPOAOILHBIX MAIOAMIUTUTYAHBIX Konebanuil. OCHOBHBIE pe3yJbTaThbl.
Jlns monmmMepHOTo MaTepHala ¢ y4eToM BPEMEeHH Mepexofa KiIacTepa depe3 SHepreTHIecKuil 0aphep MorydeHo
YTOYHEHHOE OIpesieNsioniee ypaBHeHne. JJaHHoe ypaBHeHHE sBIsIeTCS TU(QepeHIIHaTbHBIM yPaBHEHHEM BTOPOTO
TIOPSIAKA U JOITyCKaeT MePUOIIecKoe peneHre. PaccMoTpeHo puMeHeH e Oy 9eHHOTO YPaBHEHNS K UCCIICJOBAHHIO
CBOOO/HBIX MPOJOJIBHEIX MAaJOAMIUIUTYAHBIX KoJeOaHUI B OJHOOCHOOPHUEHTHPOBAHHBIX ITOJMMEPHBIX MaTepuaax.
Ioka3zaHo, 4TO pelIeHne ypaBHEHNsI IOYCKAeT J{Ba OJIM3KUX KOMITIEKCHBIX KOPHSI, CYIIIECTBOBAHNUE KOTOPBIX MTPUBOIUT
K 2pdexTy HabmonaeMpix OneHuit. [ToaydeHbl COOTHOLICHHUS MEX/y MapaMeTpaMu KojebaTeqbHOro mpoiecca
U BSI3KOYNPYTUMH XapaKTePUCTUKAMU. DKCHEPHUMEHT MOKa3all, YTO y UCCIEIYEeMBIX MOJNMEPHBIX MaTepHaloB
B OTIpEJ/Ie]ICHHOM MHTEpBalle Harpy30K HabmrogaeTcs cioxkHas Gopma KonebaTenbHOTO Mpolnecca, aHaJIOTHIHAsS
SBJICHUIO OMeHMH. 3aBUCUMOCTh TAHTEHCA YITIa MEXaHWYECKHX MOTeph, PACCYUTAHHOTO 10 OCHOBHOM YacToTe, OT
HaTPsDKEHUS] IMEeT OCTPBIIf MaKCUMyM B MHTEpBaje HaNpsDKeHHH, rie Habmogarorcs: Ouenus. 1o momydeHHBIM
TEOPETHYECKUM COOTHOLICHHSM U ONpPE/eJIEHHBIM 3KCIIEPUMEHTAIBHO K03 QUIIneHTy 3aTyXaHnsl M OCHOBHOM
YacTOTE ONPEIENICHO BpeMsI IIepexo/ia KilacTepa uepe3 SHepreTHIeCcKnil Oapbep HiIM BpeMs JKM3HHU KIacTepa B JaHHOM
9HEPreTHYeCKOM COCTOSIHUM. Vcnonp30BaHne JOMOMHUTEIBHON HH(POPMALMH, TTOTYUYSHHON B X0O/Ie SKCIIEPHMEHTOB B
CTaTUYECKUX PEKHUMaAX, MMO3BOJINIIO ONPEACIIUTEL BPEMs pElIaKCalluu IJId JaHHOT'O MaTepuralia. PacueT Ha IPpUMEPE HUTHU
U3 MONUATHICHTEepedTaIaTa MoKasal, YTo TEOpHs COIIacyeTcs ¢ aKkcnepuMenToM. IlpakTuyeckas 3HaYuMocTh. Ha
OCHOBaHMH 3KCIEPUMEHTAIbHBIX JAHHBIX, TOTyYaeMbIX TPH MCCIEJOBAHUHN CBOOOAHBIX MPOJONBHBIX KONeOaHUH, 1
pelIeHns! yTOYHEHHOTO OTIPEIeIISIONIETO yPAaBHEHHSI MOYKHO OIPENETUTH HEOOXOAUMBIE BSI3KOYIIPYTHE XapaKTePHCTUKH,
YTO JaeT BO3MOXKHOCTB IIPOTHO3UPOBATH AUHAMHIECKHE IPOIECCH 1e(OPMUPOBAHHUS B TIOMMMEPHBIX MaTepHaIax.

KiioueBnble c10Ba
OIIpeICIISIONIee YpaBHEHNUE, BA3KOYIIPYTOCTb, BRICOKOTACTHYECKas Ae(opmariisi, CBOOOIHBIC IPOIOIBEHBIC KOICOAHMSL,
OueHsI, OJTHOOCHOOPHEHTHPOBAHHBIC TIOJIMMEPHBIC MaTEPUAIIBI

Ccplaka aas nutupoBanus: [onosuna B.B., PermkeBuu II.I1., PermkeBua O.B. Dddexr Ouenunit B
OJTHOOCHOOPUEHTHUPOBAHHBIX MOJUMEPHBIX MaTepuanax // HaydHO-TeXHNYeCKHH BECTHHK HH()OPMAITMOHHBIX
TEXHOJIOTHH, MexaHuku U onTuku. 2022. T. 22, Ne 5. C. 999-1006. doi: 10.17586/2226-1494-2022-22-5-999-1006
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ObdekT BUEHN B 0AHOOCHOOPUEHTUPOBAHHbIX MOJIMMEPHbIX MaTepuranax

Abstract

Elastic-relaxation properties of uniaxial oriented polymer materials under dynamic deformation mode are investigated.
A theoretical explanation of the phenomenon of the occurrence of beats is proposed. Experimental confirmation of
the obtained theoretical results is given. Using the barrier theory and applying the balance equation of the number of
cluster transitions through the energy barrier, taking into account the transition time, a refined constitutive equation of
the viscoelasticity of the polymer materials is obtained. Experimental studies in the dynamic mode were carried out
by the method of the longitudinal low-amplitude oscillations. For a polymer material, taking into account the time of
transition of the cluster through the energy barrier, a refined constitutive equation is obtained. The resulting equation is
a second-order differential equation and admits a periodic solution. The application of the obtained equation to the study
of free longitudinal low-amplitude oscillations in uniaxial oriented polymer materials is considered. It is shown that
the solution of the equation admits two close complex roots, the existence of which leads to the effect of the observed
beats. The relations between the parameters of the oscillatory process and viscoelastic characteristics are obtained. The
experiment showed that the polymer materials under study have a complex form of the oscillatory process, similar to the
phenomenon of beats, in a certain range of load. The dependence of the tangent of the mechanical losses angle calculated
from the main frequency on the stress has an acute maximum in the stress range where beats are observed. According
to the obtained theoretical ratios and experimentally determined attenuation coefficient and main frequency, the time of
transition of the cluster through the energy barrier or the lifetime of the cluster in this energy state is determined. The
use of additional information obtained during experiments in static modes made it possible to determine the relaxation
time for this material. The calculation on the example of polyethyleneterephthalate (PET) filament showed that the
theory is consistent with the experiment. Based on the experimental data obtained during the study of free longitudinal
oscillations and the solution of the refined constitutive equation, it is possible to determine the necessary viscoelastic
characteristics which makes it possible to predict dynamic deformation processes in polymer materials.

Keywords

constitutive equation, viscoelasticity, highly elastic deformation, free longitudinal oscillations, beating, uniaxial oriented
polymers
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BBenenue

MeTon TIpoIOTBHBIX CBOOOMHBIX KOJMEOAHUN — OJUH
13 IWHAMHYECKUX METOJOB MCCICOBAHUS BAKOYTIPYTHX
CBOWCTB TMOJMMEPHBIX MAaTepHUAJIOB, KOTOPHIH Hamboiee
ONTM3KO OTpa)kaeT peajibHbIe YCJIOBHSI dKCITyaranuu. 13
MEXaHHUKHU U3BECTHO, YTO B CUCTEME C OJJHOW CTCTICHBIO
CBO0O/IbI MOXKET OBITh TOJIBKO OJTHA MOJA MPOIOJIBHBIX
konebanuii [1-3]. [IpumepoM TakoW CUCTEMBI SBISCTCS
TapPMOHHYCCKHI OCIHIUISATOP B BUJIC TPY3a, TOJBCIICHHOTO
Ha HEBECOMOW JJIMHHOIM HUTHU IPH yCIOBUHU, YTO Macca
HUTH MHOTO MEHBIIIE Macchl rpy3a. OTMETHM, 9TO B psize
pabot [4-7] B X0/1e IKCTIEPUMECHTAIBHBIX HCCICIOBAHHUN
OJTHOOCHOOPHEHTHPOBAHHBIX TIOMMEPHBIX MaTepPHUajoOB B
OUHAMHYECKUX peKuMax HaOmromancs (GpakT HaIu9us HEe
OJTHOM, a IBYX MOJ KoeOaHui. B HEKOTOPBIX CiTydasx ux
MOJKHO WHTEPIPETHPOBATh KaKk OMeHus. 3aMeTHM, 4TO HE
SICHO, OTKy/1a OepeTrcst SHePrusi BO30Y)KICHUS COOCTBEHHBIX
KoJIcOaHM MOCIIE TOr0, KaK aMIUTUTY/Ia OMCHUI CTAaHOBUT-
cs paBHOU HyIto. Harrpumep, noo6Hbie 3 GeKTs! u3BecT-
HbI B Qpusnke — d¢dexr [anna [8] u B xumun — sdpdexr
Benoycosa—XKaboTtunckoro [9, 10].

HecoBmajeHne TeoOpeTHICCKUX MPEIIOCHIIOK C dKC-
MIePUMCHTAIBHBIMI JaHHBIMHU IIPU PACCMOTPEHUH KOJIe-
OaTeIbHBIX MPOIECCOB B OPUCHTUPOBAHHBIX MOTUMEpPAX
TaK)Ke CBS3aHO C WX CJIOKHBIM U MHOTOOOpAa3HBIM HaJIMO-
JIEKYJSIPHBIM CTpOCHHEM. [Ipu 3TOM B Hay4HBIX paboTax
COAEPIKUTCS MaJIO CBEICHHA, OTHOCAIIMXCSA K CBOOOTHBIM
KoJe0aHUAM B TONMMEPHBIX cucTemMax. HecmoTps Ha TO,
YTO MOMBITKHA ONHUCATh SBJICHHEC BO3HUKHOBCHHS OMCHUI
B psiJie TOIMMEPHBIX MaTepHasiaX MpOBOIMINCH [5, 6, 11],
OKOHYATEJIbHO JOCTOBEPHOIO U YOCIUTEIHHOTO TCOPETH-
YECKOTO JIOKA3aTeIILCTBA MPEIJIOKEHO HE OBLIO.

Llenb paboThl — TeopeTHiecKoe 000CHOBAaHNE BO3HUK-
HOBCHUS 6I/ICHHI>'I B OJTHOOCHOOPHUEHTHUPOBAHHBIX ITOJIH-
MEPHBIX CUCTEMAX B YCJIOBUAX }:[PIHaMH‘-IeCKOﬁ Harpysku.
Takke MoKasarh MPAKTUYECKOE IPUMEHEHUE PE3YIIBTATOB
pEUICHUSI MOJIYYEHHOTO YTOUHEHHOTO OTPE/EIISIIOIIEro
ypaBHEHUsI IOJIMMEPHOTO MaTepHaa.

Omnpenesiioniee ypapHeHHEe MOJTUMEPHOI0 MaTepuasa
€ Y4eTOM BpeMeHM mepexoaa
Yyepe3 NOTeHUHAIbHBII 6apbep

PaccmoTrpum npodiieMy TEOpEeTHYECKOro ONUCaHUsI BO3-
HUKHOBEHUS OMCHUIA B MOJMMEPHBIX MaTepuaiax ¢ TOYKU
3peHust bapbepHoii Teopuu [ 12—14]. B npocteiiiem ciydae
MIPYU HAJMYUHU OJJHOTO pabodero Gaprepa (IByXypOBHEBas
MOJICITB, PHC. 1) onpenensronee ypaBHESHHE IS BRICOKOD-
JACTUYHOH YacTu nedopMaruy IMeeT BHI:

rpitsm(o + P (1) = (2), )

= 1. ol*
rie T, = Tpe/’” — BHyTpeHHee BpeMsl pellakcaluy, ompe-
JielsieMoe BBICOTOM sHepreTudeckoro dapsepa H; 1y —
KOHCTaHTa BPEMEHH PENIaKCaIMHN JUISl JAaHHOTO MaTephaa;
€4, = € — X — BBICOKORJIACTUYECKAsl 4acThb Jie(hOpMaIni;
c

€ — TonHas 1eopMaLus; X = €,,, = . — yIpyras 4acTh

ynp E

0
ne(opMalK; G — HaNpsKeHue; £y — MOJLyIIb YIPYTOCTH,
p(x) = e + 4e " 1 g(x) = gosh(yx?) — BemomorarenbHbie
(byHKIUM; VX2 — yIpyras SHEPrus; y — CTépyKTyz‘pHo qyB-

CTBUTEJbHBIA KOAPPUIUEHT; g = —
1+4 l+ev

KoHcTaHTa Marepuaia; A = eU* — GonbiMaHoBCKui (ak-

Top; H* = ? nU* = ? — TIPUBEICHHbBIC YHEPTETHUCCKHUC
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Puc. 1. DHepreTndeckas IuarpaMma aKTHBHBIX
KOH(OPMAIIMOHHBIX JIEMEHTOB B 3aBUCHMOCTH OT pasMepa
KJIacTepa Xx.

1 — 9HEPreTHYECcKoe COCTOSHHE, COOTBETCTBYIOLICE MOICIIN
CKJIaJ4aToOd CTPYKTYPBI B CBEPHYTOM BHJIC;

2— SHEPreTUICCKOC COCTOSIHNUE, COOTBETCTBYIOLIEE MOACIIN
CKJIQJYaTON CTPYKTYPHI B PACIIPSIMICHHOM BUIIE

Fig. 1. Energy diagram of active conformational elements
depending on the cluster size x.

1 — the energy state corresponding to the folded structure
model in the collapsed form; 2 — the energy state
corresponding to the folded structure model in the straightened
form

BEIMYMHBI, 7 — aOCONIIOTHAS TeMIepaTypa; 7, — YHUCIIO0
KJIACTEPOB HA CAUHUILY JJIHHBI, O — KBAHT JAC(POPMAIUH.

Otmernm, uto ypaBHeHue (1) — 3BOIJIIOIMOHHOE ypaB-
HEHHE MEePBOTO MOPsAKA, KOTOPOE HOCUT pellaKCaIOoH-
HBII XapakTep U K «OMeHusIM» He TpUBoIUT. HeoOxommmo
o0paTuTh BHUMaHUE Ha jomnymieHus [12—14], caenaHHble
npu BeIBoje ypaBHeHus (1). CormacHo HOMyIIEHHM,
BBICOKOJIACTHYECKAs COCTABIISIONIast Aeopmar paBHa
€4y = (N, — N,0), tie N,0 u N, — dmcio kinactepoB Ha
€IMHHAILY JUTHHBI B COCTOSHUM 2 B HAYaJIbHBIM U TEKyIIUH
MOMEHTHI BpeMeHH. Torna €,, OonpeaesnsieTcst YUciIoM KBaH-
TOB aedopmaruu o, 00pasyroIMXCs IPU IepPexoaax Kia-
cTepoB U3 cocTosHus / B cocrosuue 2 (puc. 1). [Toaromy
no ¢usnyecko cytu ypasuenue (1) npezacrapisiet coOoii
ypaBHeHue Oananca. Torja ajst 4ucia mepexojoB U3 Co-
CTOSIHUSI / B COCTOSIHHE 2 TIPH TIOCTOSTHHOM ITOJTHOM 4HCJIe
KJIacTepOB Ha eluHMIly ANuHBL (Ny = N; + N, = const),
MEHSIIOLIMX CBOIO KOH(UTYpaIHIO, MOTy4nM:

%Nz(f) + P1o(ONy (1) + Py (ON,(£) = NoPrp(8),  (2)

rae P,(f) u P, (f) — BepoOATHOCTH Mepexoja B eAUHUILY
BPEMEHHU { U3 COCTOsIHUS [ B cocTosiHue 2 U Hao0OopoT,
KOTOPBIE OITPEJIeIISIOTCS IPUBEICHHBIMU BBICOTAMHU YHEpIe-
THYECKHX 0apbepoB npsMoro H,* u odparnoro H,,* nepe-
XOZIOB U, COIVIACHO IpUHIMITY bosbiiMaHa, paBHbL P5(¢) =
=ve " u Py (f) = ve ™ v — wactora nomxona k 6apbepy.

VYpaBHeHue (2) Moay4eHo B IPUOIMKEHNH, YTO BpeMe-
HEM Iepexofa KiIacTepa, COCTOSIIEr0 U3 MaKpOMOJICKYJT
MOJIMMEpPa, Yepe3 SHEPreTHUECKUi 0apbep MOXKHO Tpe-
HeOpeus. [Ipyrumu cnoBaMu, ypaBHEHHE (2) JTOKaIEHO BO
BpeMeHH. [l OONBIIMHCTBA KBa3UCTATHIECKUX MPOIIECCOB

JIAHHOC YCJIOBHE BBIMOIHSICTCS, U ypaBHEeHUE (1) BepHO
OTIMCHIBACT MPOIECCHI AC(POPMHUPOBAHUS B TIOTHUMEPHBIX
HuTsx [12, 13, 15—18]. Ho Bce e Ha nepecTpoiiky Kiacre-
pa TOIMMEPHOTO Tela TPeOyeTCs OMpPEIeICHHOE BpEMS T.
C y4eTom 3TOro BpeMeHH ypaBHEHHE (2) mepecTaeT HOCUTh
JIOKaJBHBIN XapakTep U mpeBpamaercs B auddepeHnmais-
HO-Pa3HOCTHOE YpaBHEHHE:

%Nz(t) + P12(I)N2(t) + P21(t— T)Nz(t— T) = NOPIZ(t - T).

CBUHYB IIKaTy BPEMEHHU Ha BEJIMYNHY T U PA3JIOKHB B
psia uncia 3anomHeHnst —N, (¢ + T) o BpeMeHn nepexoya T,
dt

IMOJIy4YUM B IEPBOM HpI/IGHI/I)KeHI/IH YTOUHCHHOC YPaBHCHUEC
(2) B BUJE:

d? d

;sz + ENz +(P1y + PyNy = NoPyy

nim

Nyt + Ny + (P + Py))Ny = NoPys. (3)

BrimonnuM ¢ ypaBHeHueM (3) aHaJIOTHYHbIE JACHCTBUS
[13, 14] u mony4uum AJs MOJMMEPHOTO MaTepuana yTod-
HEHHOE OTIpeeIsIolIee ypaBHEHNE C yUETOM BPEMEHH
nepexo/a KjacTepa 4epe3 YHepreTHIecKuit 6apbep:

.éBaTTp + ésarp + p(X)eg, = g(x). 4)

VYpaBHeHue (4) — ypaBHEHHE BTOPOTO ITOPSI/IKa U, Clie-
JIOBaTEJIbHO, JIOMYCKAET MEPUOANIECKOE PEIICHHE.

IIpumeHeHHne yTOUHEHHOTO OMpPee ISIIOIIero
YPABHEeHHsI K HCCJIeIOBAHUIO CBOOOTHBIX NMPOAOIbHBIX
MaJI0AMILTUTYIHBIX KoJIe0aHU
B MOJIMMEPHBIX MaTepHaiax

PaccmoTrpumM npumeHeHue ypaBHeHHUs (4) K Hcceno-
BAaHHUIO MAJIOAMIUIMTY/IHBIX MPOJIOJIBHBIX Kosebanuii. Ha
pHc. 2 cXeMaTHIeCKH M300paKeH 0OBEKT MCCIICIOBAHMS.

iz,

oI
(]

Puc. 2. Cxema 00beKTa UCCIIEAOBAHMUSI.
L, — nnuHa n3ydaemoro obpasua (6a3a); m — macca
IO/IBELIIEHHOTO IPpy3a (Harpyska); 0 — usyuyaemas JuHaMUUecKast
4acTh MOJHON Jedopmarin

Fig. 2. Scheme of the investigation object.

L is the length of the studied sample (base); m is the mass of
the suspended load (load); 0 is the dynamic part of the total
deformation under study
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[IpencraBum nonHyro AedopMaliuio B BUae: € = €P + 0,
r7ie P — paBHOBECHOE 3HAYEHHUE MOJIHOM Je(opmarium.

[pu 3ToM 0 << P, AHAJIIOTHYHO YIPYT'YIO COCTABIISIO-
IIYFO TIOJTHOM JiehopMariii MOXHO 3aIicarh Kak x = xP + y,
e y — ynpyras AuHamudeckas 4actsb aedopmarnun. Torma
3aIMIIeM YPaBHEHHUE ABUKEHHS TSHKEJIOTO TPpy3a Ha JJTHH-
HOM JIErKON HUTHU:

0+ w2y =0, (5)
i€ ) — YacTOTa YIPYTuX KojeOaHUil nMeeT BU]
2 _ SO'E}Z[I/IH _ g
Wy~ =—" =
mLy Ly

rae Sy — MIIOIAaAb MOMEPEYHOro ceueHus oopasua; xP =
mg
SOE}Z[I/IH o
E yy — AMHAMUYECKUH MOJIYJb YIPYTOCTH.
Jluneapusyem ypaBHenue (4) o crernensM y. [Ipu atom
YUTEM, UTO €, = € — X = €,,P + z, TNl z — AUHAMUYECKAsS
4acTh BBICOKOAJIACTHYECKOH jAedopmManny, a mojaHas -
HamMu4ecKast ieopmanusi MOXKeT OBbITh ITpeACTaBICHa KaKk
CyMMa JMHAMHYECKHX YacTeil yIpyroil u BBICOKOAIACTH-

YecKoil medopmartuii:

— paBHOBECHas ynpyrasi 4acTh Jie(hopMaluu;

0=y+z. (6)
Jluneapr30BaHHOE YpaBHEHUE UMEET CIEAYIOLINMN BUJ
T,z + 1z +pz—ky =0, @)

e koaddunuentsl p = p(xP) = exp(y(xP)?2) + Aexp(—y(xP)?)
4y*xPqo(1 +4)
u k= k(xp) = —————.
(x")

Hcnonesys cootHomenue (6), NCKIIOYUM U3 ypaBHe-
Hull (5) u (7) TMHAMAYECKYIO YIPYTYIO nehOopMalnio ¥ U
MONyYHM CHUCTEMY JBYX JIMHCHHBIX IU(dHepeHIHaTIbHBIX
YpaBHEHHMI BTOPOTO MOPS/KA, CBSI3aHHBIX JAPYT C APYTOM
NIPaBBIMHU YaCTSMH:

0+ (20 = 2z
tE g+ (p+ Kz = kO ®

[lepBoe ypaBHEHHE CHCTEMEI (8) — ypaBHEHHE Koyeba-
HUH A7 TIOMHOW TUHAMUYIECKOH nedopMannu, BTOpoe —
penakcanuoHHOe KojiebaTebHOe YpaBHEHHE Ul BBICO-
KODJIaCTHUYECKON COCTABIAIONIEH NedopMaIui ¢ y4eToM
MHEPLHOHHOTO C/IaraemMoro 1t,z. B nepsom ypasHexnn
JIEBYIO 9aCTh BBIHYXK/IAET BHICOKOAIACTHYHAS YaCTh JANHA-
MHYECKOil JeopManin ®y2z, BO BTOPOM — BBICOKOAJIa-
cTu4Has aedopmanusi Bo30yKaeTcsl NOJIHOW TMHAMUYE-
cKoii nehopmarmeit k0.

[Monyuum pemrenust cucremsl (8):

0= 0peM u z = zpeM,

e A — KOMIDIEKCHAsl 9acToTa.
XapakTeprcTHUECKOE ypaBHEHUE CHCTEMBI (8) nMeeT
BUJ

Tt A+ T3+ (p k11,0000 + 0p?Th + poy? = 0. (9)

VYpaBHenue (9) 1ormycKaeT perieHnue JByX OM3KIUX KOM-
IUICKCHBIX KOpHEH. OTMETHM, YTO CYIICCTBOBAHHE TAKHX

pELICHUI MOXKET NMPHUBECTH K 3 dekTy HabI0naeMbIX OU-
SHUIA.

B npenenbHOM cityuae, €Ciid 4acTOTHI PaBHBI, TO KO-
3¢ PUIMEHTHI 3aTyXaHus OIM3KH, U BeIpaxkeHue (9) 10IK-
HO TIPEJICTABIATH COOOM MOHBIM KBaIpaT HAOIIOIaeMbIX
KOpHEN:

(A2 +2BL+ Q22 =0, (10)

rae p — ko3¢ GUIHMEHT 3aTyXaHuss 00eHX MOJI KOJIeOaHuH,

OMU3KKX MO BenuuuHe; ) — Hecyllas 4acToTa Ipu OUeHHU-

X (HEIOCPEACTBEHHO HAaOMOaeMast B X0O/Ie SKCIIEPUMEHTA).
O6beaunuB ypasaenus (9) u (10), momyunm

M+ 4B202 + Qot + 4PA3 + 2Q2A\2 + 4BAQ% =

1 +k
=k4+—x3+(p

oy’ p
+ o2 A2+ A+ w2 (11)
T T, T T

Tp
Comnocrasisis mogo0HbIe MHOKHTETH paBeHCTBa (11),

MPUXO/IUM K CJIEIYIOLIMM COOTHOIICHHUSIM:

1

-—, 12
p i (12)
0)02
T_ =4BQ2, (13)
p+ k
+ og2|=4p2 + 202, (14)
TTp »
904 = _0302. (15)

T,
U3 (12) u (13) caenyer, uto
QO = 0. (16)

C yuetom (12) u (16) cootHommenue (15) mpumer Bu:

[9) 2
L (17)
T, 4B
U3 (14) ¢ yuerom (16) morygaem, 9to
k
—=. (18)
Tp
p Q,’
[epemuoxus (17) u (18), moayunm —— = —— WIHU C
(xP? 4 5
y4eTOM HNPHUHATHIX 0003HaueHui 4yxPq((1 + 4) = To‘cpz.

Takum o6pa3om, mommyyast BeTUIuHbI 1 £y Hemocpen-
CTBEHHO M3 9KCIIEPUMEHTA, IPOBOIMMOIO B JTUHAMHYECKOM
PEXKUME METOAOM MAJIOAMIUIMTYAHBIX MPOJAOJbHBIX KOJIC-
OaHMif, MOX)KHO OTIPE/ICNIUTh TAaKUE MapaMeTpPhl, KaK BpeMst
pellakcayy T, 1 BpeMs [epexo/ia Yepes SHepreTHIeCKuit
Gapwep T.

JKcnepuMeHTAIBLHAsI TPOBEPKA MOTYyYeHHbIX
TeopeTH4YeCKHX Pe3yJbTATOB

C 1enbio MPOBEPKH MOJYUYCHHBIX B pad0OTE TCOPETH-
YECKUX PEC3YJIbTATOB BLIMMOJHUM JKCOECPUMEHTAJILHBIC
HCCIICIOBAHMSI YIIPYTO-PEIIaKCAIIMOHHBIX CBONCTB OJIHO-
OCHOOPHCHTHPOBAHHBIX MOJUMEPHBIX HUTCH MPHU THHA-
MHYECKOM PEKUME J1e(hOPMUPOBAHUSI METOIOM CBOOOIHBIX
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TIPOIOBHBIX MAJIOAMIUTUTY/IHBIX KOJIEOaHHUH B COUCTaHUH C
M0JI3y4ecTbl0. MI3MepeHus npoBeieHsl Ha ycTaHoBKe [19],
B KOTOpPOH K 00pasily McCielyeMoi MOJIUMEPHO HUTH
cHayaJsia OblIa TPHIIOKEHA CTAaTHYecKas Harpyska, ooe-
CIICUMBAIOIIAS B HUTHU IIPOLIECC TTOJ3YYECTH. YCTAaHOBIICHO,
YTO MHTEPBAJ BPEMEHH B | MHH ZOCTATOYECH ISl MaK-
CHMaJIbHON pealn3alnuy Mporecca Moja3ydecTn n3yda-
€MBIX MOJMMEPHBIX MaTEpPHAJIOB, TOJTOTOBKH K 3aIHCH
KoJIeOaHUH U SIBISETCS] PALlMOHAIBHBIM C TOUKH 3PEHUS
JUINTEIBHOCTH 3KcrepuMenTa. [locie BLaepKKH 0opas-
I1a TOJ Harpy3Koi, B HEM KPaTKOBPEMEHHBIM HUMITYJIbCOM
yAapHOro y3Jia Bo30y»k1ajaiuch CBOOOIHBIC MPOJOIbHBIE
kosieOanus. C MOMOIIBIO JaTYrMKa PErHCTPUPOBAIaCch va-
cTOTa CBOOOJHBIX MPOJOJIBHBIX KoeOanuil. M3mepenus
BBINOJIHEHHI ¢ marom Harpysku 0,5-1 H B 3aBucumocTu ot
nccieayeMoro Marepuana. Kaxsiii oopaser mogsepraics
TOJIBKO OJIHOKPATHOMY HCIIBITaHHIO. Bece nccienoBanus
MIPOBEJICHBI B M30TEPMHUUECKOM PEKMME MPU OJMHAKOBOM
JUTSA Bcex o0pasnoB Temneparype 7' =293 K.

[TorpemHOCTh CXeMbI PerucTpanny CBOOOIHBIX MPO-
JIONBHBIX KOJIeOAaHUH He TpeBBhImana 5 % mpu T0CTOBEPHO-
ctu 0,95, 9TO AOMYCTUMO /71 YCTPOWCTB M MAIlIWH, TPe/I-
Ha3HAYEHHBIX ISl AMHAMUYECKUX MCIbITAHUI. 3HaYeHHe
CJy4allHOUM MOTrPEIIHOCTH ONPEEIEHO HA OCHOBAHHUH CTa-
TUCTUYECKOH 00pabOTKH JaHHBIX B MPEAIOIOKEHUH, YTO
n3MepsieMble BEJIMYMHBI 00pa3yr0T COBOKYITHOCTh HE3aBH-
CHMBIX CITyYaiHBIX BEJIMYHH, U TEM CaMbIM ITOAYHHSIOTCS
3aKOHY HOpMasbHOTO pacnpezaencHust ['aycca. ['paHuIb
JIOBEPUTEIHHOTO MHTEPBAJIa OIPE/EIIEHBI 110 /-pacipesie-
nernnto CThIOICHTA. BRImciieHo, 9To 3HaYeHUE CITydaifHON
TIOTPENTHOCTH B OMPEIENICHNN JMHAMUYECKOH COCTABIIAIO-
meit gehopmanuy He mpeBbImaeT 6 % npu J0BEPUTENBHOH
BEpOSTHOCTH, paBHOU (0,95, 4T0, B CBOIO 0Uepeb, HA TTOPSI-
JIOK OOJIBIIIE HHCTPYMEHTAIBHOM, KOTOPAsi COITIACHO KIIAcCy
TOYHOCTH MPHOOpa cocraBmia Ag,,, = 21074,

B kauecTBe 00BEKTOB HMCCIIE/IOBAHHS BEIOPAHbBI CHHTE-
TUYECKHE HUTH, KOTOPbIE HAXO/AT IIUPOKOE MPUMEHEHNE
B TEXHHKE, IMEIOT Pa3HOE CTPOEHHE U 00J1aJal0T HeJIMHE-
HBIMHU CBOHCTBaMHM, XapaKTEePHBIMH JUIsI BHICOKOOPHEHTH-
POBaHHBIX ITOMUMEpPOB: onuaTHIeHTepedTanar (II19TD),
CHHTETHYECKHH BBICOKOTIPOUHbI MaTepuan (CBM) u tep-
JoH (Tabm. 1).

Hampsokenne, neficTByromee B o0pasiie, pacCIuTaHO
o opmyme:

P
6:—p-103,
T

rae P— Harpyska Ha o0pasiie; p — IDIOTHOCTh MaTepHaa;
T — nuHelHas TUIOTHOCTb.

B Xxozme mpoBeneHus SKCIIEPUMEHTOB y paccMaTpHBa-
€MbIX MaTepHaioB B ONPEICIICHHOM JHaNa30He Harpy30K
HaOTrOmamach CIokHas hopma KoredaTeTbHOTO Mporiecca,

CBsI3aHHAsI C TIOSIBJICHHEM BTOPOW MoyibI Kostebanuii. Takoro
BHJIa KOJIeOaHMsI MOXXHO pacCMaTpHBaTh Kak MOJTYJIMPOBAH-
HBIE 110 AMIUTUTY/IE KoJleOaHMsI WITH KaK Pe3yJIbTar CIIoXKe-
HUSL JIBYX KOJI€OaHUH OIMHAKOBOH aMITIMTY/BI U OIM3KHX
4acToT — OueHwus. B Hacrosmei pabore 3TH KomebaHus
OTIpEAEIIEeHBI KaK OMEHMS.

B taGnure npuBeaeHB TUATa30Hbl HATPSDKSHUN U J1e-
(hopmarmii, BHyTpY KOTOPBIX ISl HCCIIEAYEMBIX MOINMEp-
HBIX MaTEPHAJIOB MOSBISIOTCS U UCUE3aI0T ONEHMS.

Ha puc. 3 npuBeeHbl TUIIMYHbBIC 3aBUCUMOCTH JIHHA-
MHYeCKOH yacTu aedopmariu 0 oT BpeMeHH ¢ TIpH pa3iind-
HBIX 3HAYEHUAX HanpspkeHus ¢ 1 [I9TD HutH.

W3 puc. 3 BuIHO, Kak nosBisitorest (puc. 3, b), ycunu-
BAIOTCS, MAKCUMAJILHO TIPOSIBIISIIOTCS (pHC. 3, ¢), a 3aTeM
ocnabesarot (puc. 3, d) u ncye3aroT NIpu HEKOTOPOM 3Haye-
HUH HarpshkeHus (puc. 3, e) nabmonaemsle Onenwust. [lepen
TIOSIBIICHNEeM OMEeHWH Ha HauaJIbHOM CTaIUN HArpyKEeHHUs 1
M0CJIe UCYE3HOBEHUS OMEHUH P albHEeHIIeM yBeInye-
HHUM Harpy3Ky HaOJIFOAIOTCS! TOJIBKO KIACCHUYECKHE 3aTy-
xarorue Konebanus (puc. 3, a, e). Konebanus mpu paznnd-
HBIX 3HAYCHUAX HAPSDKCHUS HA ATUX CTAMAX OTIINYAIOTCS
TOJIBKO 3HAYEHHEM OCHOBHOI 4acToThl 0 = O (pHc. 4).

BeinosHeHa 00padoTka SKCIepUMEHTANIbHBIX JIAHHBIX,
MOJIyYSHHBIX C TIOMOIIbI0 ocuuuiorpada. Ha ocuose oc-
LIUJUTIOTPaMM ITOCTPOEHBI 3aBUCHMOCTH OCHOBHOM U JIOMOJI-
HUTEJILHON YacTOT OT INPHIIOKEHHOTO HAIPSDKEHUSI.

Ha puc. 4 npuBeaeHbl YUCICHHBIC 3aBUCUMOCTH IS
Hutu [19T®. Bugno, 4To OCHOBHAs 4aCTOTa (0 MOHOTOHHO
YMEHBIIIAETCS C YBEIMUCHUEM MPUIIOKEHHOTO K 00pasity
HAaIpsHKEHUSI Kak B oOsacTn OMEHUH, Tak U BHE €e.

[Tpu 3TOM TOTIOTHUTETBHAS YacToTa M, (pUc. 4) 3aBu-
CHUT OT HAmNPsDKCHUS TOJBKO B 00JacTH OMEHUH, BHE ITOM
00nacTi — 3aBUCHUMOCTb HECYIIIECTBEHHA.

TaHreHc yrima MeXaHH4eCKHX MOTeph, PAaCCUNTAHHBIN
110 OCHOBHOM 4acTOTe Kak tgd = o B 38BHCHMOCTH OT
Harpy3Kd UMEET OCTpBIH MaKCI/IMyMOB WHTEpBaJe HaNps-
JKeHHH, Te HaOmonatoTcs ouenus. Ha puc. 5 npuBencHa
3aBUCHMOCTh TaHT'€HCA yIVIa MEXaHUYECKHX TOTeph tgd OT
HanpspKeHus 6 Aus nonumepHoi Hutu [I9TO.

U3 puc. 4 u puc. 5 BUIHO, YTO B MHTEPBAJIE HAIPSDKE-
HUH, T7Ie HaOII0aeTcs COMMKEHNE YacTOT ) U (), TAHTEHC
yTiIa MEXaHUYECKUX TTOTEPb NUMEET OCTPBIH MAKCUMYM.

YCTOHYMBOCTD MOSBICHUS U MCUE3HOBEHUSI OMEHUI
MOATBEPXK/ICHA SKCIIEPUMEHTAIBHBIMH TIPOBEPKAMHU BIIH-
SIHUSI Pa3JUYHBIX BHEIIHUX (AKTOPOB U NPHUYHMH BO3-
Oy>k1eHus BTOPOil Mozbl Konebanuit. Tak, A MpoBEpKU
JIOCTOBEPHOCTH HaOJIIOJaeMbIX OMEHHH, IPOBEIECHBI KOH-
TPOJIBHBIEC UCIIBITAHHSI B MEHSIFOLIIMXCS YCIIOBHUSIX.

V3mMeHeHe BHyTPEHHUX MapaMeTpoB (BHYTPEHHHX Ya-
CTOT) YCTAHOBKH ITyTE€M CTYIICHYATOTO JAOTPY>KEHHUS BEPX-
Hell raTopMbl 1T0Ka3ajIo0, YTo JTUara3oH 4acToT, BHYTPH

Tabruya. O61aCTH TOSABICHHUS U MCYC3HOBEHUST OMCHUH

Table. Areas of occurrence and disappearance of beats

Marepuan JIuneiinas MI0THOCTB, TEKC Hamnpsoxenne o, MIla Jedopmanus €, %
CBM 29,4 390-520 0,40-0,50
Tepnon 29,4 350450 0,42-0,48
[I2TD 114 60-75 0,47-0,58
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Puc. 3. Cxemarnueckre 3aBUCUMOCTH AMHAMUYECKON AedopMaryiy O OT BpeMeHH # 715l HUTH TOoNU3THIIeHTepedTanara
TIPU Pa3IMYHBIX YPOBHAX MPWIOKeHHOTO HanpshkeHus 6: 50 MIla (a); 60 MIla (b); 65 Mlla (c); 70 MIla (d); 75 Mlla (e)

Fig. 3. Schematic dependences of dynamic deformation 0 vs. time ¢ for PET filament at different level of applied stress o:
50 MPa (a); 60 MPa (b); 65 MPa (c); 70 MPa (d); 75 MPa (e)

(0], Pall/C t 1 2 3 :
®; go'10 _\): Jluarma3on OneHuit
\ 3,0 +
100 + 1
(O
\k°§°‘°~o~o -A—
000 1.0+
(O)]
e et d _—
0 200 400 o, MIla 40 60 80 o, MIla

Puc. 4. 3aBUCUMOCTH OCHOBHOMH 4acTOTHI ® = Qg 1
JIOTIOJIHUTEIIbHOM YacTOThI OUEHUH M) = A® OT HAIPSHKEHUS G
JUIsL HUTU TOJIMATUIICHTepedTatara
Fig. 4. Dependences of the main frequency o, = ©, and the
additional beat frequency @, = A® vs. the stress ¢ for the PET
filament

KOTOpPOT0 HAaOIIOaINCh OMeHHs1, He U3MeHsIeTcsl. Brusinue
BBIHYK/ICHHBIX MONEPEYHbIX KOJIEOaHUH Ha Xapakrep Ha-
011I071a€MOTO SIBIICHHMS] OMCHUSI JIETKO IPOBEPHUTH, PACCUNTAB
94acToTy 9THX KoneGaHuil. [Ipu 3axxuMHON JuTMHE 00pasia
0,2 M 4acToTa NONEPEYHbIX KOICOAHUIT COCTABISET OKOJIO
7 pan/c, a pu gmuae 0,1 M — 10 pam/c, 9T0 3HAYUTEITEHO
HIDKE 4aCTOTBI CBOOOJHBIX IPOJIOJIBHBIX KoJeOaHUi, IpH
KOTOPBIX MOSIBIISIFOTCST OneHust Kak i1t HUTh [T (oxomo
110 pan/c, puc. 4), Tak u ajist Apyrux Hureu [5, 6]. [lpu
9TOM HAJIO)KEHHE Ha CBOOOJHBIE MPOJOJIBHBIE KOIEOaHUs
HUTH BHEIIHUX TONEPEYHbIX U KPYTHIIBHBIX KOJeOaHU
T10Ka3aJ10, YTO OUEHHS MPOIOJDKAIIM HAOMIOAaThCS B TOM JKE
JManasoHe aedopManuii, mpu KOTOPOM OHH TIPOSIBIISUINCH
IIpY OOBIYHOM HCIIBITAaHHH.

Puc. 5. 3aBUCHMOCTb TaHTeHCa yIvla MEXaHUUECKHX
MOTepb tgd OT HAINPSHKEHUS G VIS HOJIMMEPHOH HUTH
nonMITHICHTepedTanara npu Temneparype 7' =293 K
Fig. 5. Dependence of the tangent of the mechanical losses
angle tgd vs. the stress ¢ for the PET filament at temperature
T=293K

TaxoKke ycTaHOBIICHO, YTO CTATHYSCKOE HANPSKEHHO-Ie-
(hopMUpOBaHHOE COCTOSTHHE TOIMMEpPa, 9acTOTa CBOOOI-
HBIX KoJeOaHMH W Macca rpy3a, MOIBEIICHHOTO K HHUTH,
HE BIHSIOT Ha XapakTep HaOmomaeMbIx OueHuid. OgHaKo
JAUana3oHbl 4aCTOT, BHYTPU KOTOPLIX IMOABJIAIOTCA U UC-
ye3arnT 6I/ICHI/IH, Ppa3JIMYHbI 4J1d TOJIMMEPHBIX MAaT€pUajioB
Pa3IMYHOr0 XUMHUYECKOTO CTPOCHUSI.

Takum 00Opazom, MpUYNHA BO3ZHUKHOBEHUS CIOKHOM
(hopMBI KonebaTesIbHOTO TIporecca B BUJIe HaOI0aeMbIX
OueHni He CBSI3aHA C BHEHIHMMHU MCTOYHHKAMH MPOMC-
XOXKACHUS BTOPOIl MOJBI KOJICOAHHH, a 3aKIIIOYAeTCs B
0COOCHHOCTSIX HAJMOJICKYJSIPHOTO CTPOCHHUS U3y4aeMBbIX
HOJIMMEPHBIX MaTepPHAJIOB.
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B.B. lonoswuHa, M.M1. PeimkeBuy, O.B. PbimMkeBnY

IpumeHeHnue MOJy4eHHBIX IKCIEPHMEHTATBHBIX
JAHHBIX /ISl BHIYMCJIEHHS IAPAMETPOB
0THOOAPBEPHO#i MoIeH

PaccmoTpuM npuMep BBIYMCIICHUS TApaMETPOB OJIHO-
OaprepHoit Mogenn it HuTH [1DTO.

1. Ompenenum HampspKeHUE OMEHUS HA OCHOBAaHUH
puc. 3—5. Haubonee sipko 6meHus HaOIIOmAIOTCS TIPU
HamnpspkeHun 6 = 65 MIla. Ilpu 3ToM OCHOBHAs 9acTo-
Ta Q) =92 ¢!, a TaHre€HC yria MEXaHHYECKHUX T10TEPh
tgd =2,81-102.

2. OnpeznenuM kod3(pUINEHT 3aTyXaHus: f = Qtgd =
=92-281-102=259 ¢ 1.

3. 13 cootHomenus (17) BbIpa3suM BpeMsi pellakcaluu
)

p QOZ .

3HaueHne K03()(UINEHTA p ONPEIEIUM COTVIACHO pas-
paboTaHHOW METOAMKE TI0 SKCIEPUMEHTAIBHBIM JIaHHBIM,
MOJyYEHHBIM B pexxuMe nonsyuectd. s [I9TD nutu on
cocraBisier p = 8,1 [14].
4-2,59-8,1

922
HBIMH, MTOJIYYCHHBIMU COTJIACHO METOJMKe B pabore [14]
U3 OKCIIEPUMEHTA, TIPOBEJICHHOTO B CTATHYECKOM PEXKHUME.

4. OueHnM BpeMmst )KU3HU KJIACTEPOB B BO30YKICHHOM

1
COCTOSTHHU T COIVIACHO BhIpakeHmto (12): 1=—=

43 42,59
=0,0965¢c=0,1c.
Takum 00Opazom, MOMY4YHUB U3 AKCIIEPUMEHTa Ko3(hhu-
LUEHT 3aTyXaHUs ¥ OCHOBHYIO 4acTOTY, MOYKHO OIpee-

Torma T, = = 0,01 c, 9To cormacyeTcs ¢ gaH-
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3akiaouenue

B pabote npennoxkeHo TeopeTHueckoe 0ObsICHEHNE
BO3MOXXHOCTH HAJIMYHS BYX MOJ KOJI€OaHHI B MOIUMeEp-
HOM MaTepHalie Ha OCHOBE y4eTa B ypaBHEHUH OasiaHCca
BPEMEHH TIEPEX0/1a KIACTEPOB M3 OJHOTO KOH(OpMAIH-
OHHOTO COCTOSIHHA B Jpyroe. Ha ocHOBe mpUMEHEHHUS
MOJTY4YEHHOTO YTOYHEHHOTO ONPEAEIISIONIET0 YPABHEHUS
K MCCIICIOBAaHUIO MAJOAMIUIUTYAHBIX MPOAONBHBIX KOJIe-
6aHuil B MOJMMEPHBIX MaTepHalax MOJydeHBl COOTHO-
IIEHUS] MEX]ly TlapaMeTpaMM KoJiehaTelIbHOrO Mpolecca
U BSI3KOYNPYTMMHM XapakTepucTtukamu. IlokazaHo, 4to y
UCCIEAYEMBIX MOJIMMEPHBIX MaTepHaNOB B ONpeIeNeH-
HOM MHTEpBaJjie MPHIOKEHHOTO HaNpsHKEHHs HaOMIoaeTest
citoxHas Gpopma KosebaTenbHOTo Mpolecca, aHaIorHIHas
sABJIEHUIO OneHnit. {1t monmaTHineHTepedTasaTHol HUTH
MIPUBE/ICHBI SKCTIEPUMEHTAIIbHBIE 3aBUCHMOCTH. COrIacHO
9KCTIEPUMEHTAIBHBIM JaHHBIM U MOIyYEHHBIM COOTHOIIIE-
HUSIM TTOKa3aH MpHMep pacdeTa BpeMEHH KU3HH KIacTepa
B JJAHHOM 3HEPreTHYECKOM COCTOSIHUU M BPEMEHH pellak-
calluu JUIsl HATH U3 o THieHTepedranara. Peynsrars
00pabOTKH HKCIIEPUMEHTANBHBIX JIAHHBIX ITOKa3aJid, 9TO
TEOPHsI COMIACYeTCs C IKCIEPUMEHTOM.
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AHHOTAaNMA

IIpenmet uccienoBanns. PaccMorpena npobiemMa co3aHusi BHICOKOHECYIIUX MPOQUiIei ¢ SHepreTHIeCKUMHU
METO/IaMH yBEJIMYEHHs NMOABEMHOI Cuibl. PazpaboTaHa METO/MKAa MaTeMaTH4eCKOTO MOACIUPOBAHUS MPOdUIIeH,
MIOCTPOEHHBIX METO/IOM PEIIeHHs] 00paTHOI 3a/1adM ad3pOANHAMUKH IO 3aJaHHBIM CBOWCTBAM TTOTOKA, OMBIBAIOIIETO
npodumis. M3ydeHa 3aBHCHMOCTh HECYIIUX CBOHCTB MPOQHIIeii OT pacxoaa OTOMPAeMOro ¢ X MOBEPXHOCTH BO3IyXa.
B xauectBe ocHOBBI BEIOpaH npodmns [pudduna/Tonammuna ¢ ordbopoM Bo3ayxa B BEpXHEH KPUTHUCCKON TOUKE.
PazpaboTaHsl MpoQuiIN: MEepBHIi — ¢ MIIOCKUM JHUIIEM JUIS CO3/IaHMs Ha B3JIETE U MOCaaKe SKPaHHOTo 3¢ exra,
BTOPOI — ¢ BBIOPOCOM OTOMPAEMOTr0 BO3/TyXa Yepe3 3aIHIOI KPOMKY, TPETHH — MOTH(HUKAIUS BTOPOTO C yBEJIMYEHHON
CTPOUTENBHOM BbICOTOM. MeTon. J{yist mocTpoeHHs a3poinHAMUYECKUX MTPOQHIICH UCTIONB30BAHO PEIICHHE 00PATHOM
3a/1aud a3pOJMHAMUKH B paMKax MOJEIM HAEaTbHOrO Ta3a. 3aJjaHo paclpeesieHne JaBiIeHHUs Ha BEpXHEH yacTH
npoQuIIs, ero CTpOUTEIbHAS BBICOTA U INANA30H U3MEHEHH yIIoB ataky oT 0° 1o 16°, a Takke cTeneHb pa3pekeHHs
1o 0,5 arm B mienu, gepes3 KOTopyro oromupacs Bo3ayX. s npoduieii ¢ BBIOpOcoM BO3ayXa uepes 3aJHIOI0 KPOMKY
B mpenenax ot 50 1o 200 % BapsHPOBATOCH OTHOIICHNE PacXojia BEIOPACEIBAEMOTO BO3LyXa K PACXOIy OTOMPaeMOro
BO31yxa. [ KaXJ0r0 IOIyYeHHOTO BapHAHTA BHITOJTHEHBI YHNCICHHBIE pacdeThl ¢ MOMOIIbI0 ducen PeitHombaca B
nuarasone ot 1,5-103 1o 1,5-10° ¢ ucrons3oBanrem mozeneit TypOysnenTHoctr Criamapra—Anmapaca, Transition Shear
Stress Transport (SST) n JlenrTpu, HacTpoiika KOTOPBIX MPOM3BOMIIACH IT0 N3BECTHBIM STAJIOHHBIM pe3yJbTaTaM.
OcHoBHBIE pe3yabTaThl. PacueTsl mokasaiu, 4To Npo(HIN UMEIOT BHICOKHH KOd()(UIINEHT MOABEMHOI CHITBI
C, = 3-3,4, koTopblii ocTHraeTCs Npu paspeskernn B iein 0,5 arM. C), 3aBUCHT OT yIUIa aTakh HPAKTHICCKU JIMHEIHO
BILIOTh 10 MAaKCHMaJIbHBIX 3Ha4eHUH. BHIOpOC BO3ayxa Yepes 3a/HIO0 KPOMKY MPOQMIIS IPH CTEHEHH Pa3pekeHHs
0,5 arm npusoaut k pocry C), 3HaYCHHE KOTOPOTO 3aBUCHT OT yBelMueHHUs pacxoia Bosayxa. lpakruyeckas
3HAYHUMOCTb. VccaenoBannabe MPOQIIH HMEIOT OOJBIIYIO CTPOUTENBHYIO BBICOTY M HECYIIYIO CIIOCOOHOCTB, CO3/1af0T
TATY JJaXKe MPH OTCYTCTBHH BBITYBa Yepe3 3aAHIOI0 KPOMKY. DTH CBOHCTBA ITO3BOJISIOT HX HCIOIB30BaTh B KOHCTPYKITHN
BO3AYIIHBIX CYJOB, JUIsI KOTOPBIX BaXKHBIM SIBISIETCS 00BEM BHYTPEHHHX OTCEKOB, HEOOXOAMMBIX, HalPUMeEp IS
pa3MeLIeHs BOJOPOIHOIO TOILUIMBA.
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Abstract

The problem of creating high-lift propulsive aecrodynamic is considered. A method was developed for constructing an
aerodynamic profile by solving the inverse problem of acrodynamics. The dependence of the lifting force of this profile
on the volume of air sucked from its upper surface and from the angle of attack is studied. The profile under study was
developed on the basis of the well-known Griffin/Goldschmid profile with air suction at the upper critical point. Three
aerodynamic profiles have been developed. The first profile has a flat lower surface to obtain the ground effect. The
second profile is similar to the first but has a slit nozzle near the trailing edge. The third profile is similar to the second
but has a non-flat bottom surface and increased thickness. The solution of the inverse problem of aecrodynamics was used
to construct aerodynamic profiles within the model of an ideal gas. The pressure distribution on the upper part of the
profile, its construction height and the range of angles of attack are from 0° to 16°, as well as the degree of rarefaction
up to 0.5 atm in the gap through which the air was taken were set. For the second and third profiles, the ratio of the
amount of air ejected through the nozzle to the amount of air taken from the upper surface of the profile was set. This
ratio ranged from 50 % to 200 %. Numerical calculations were performed for each variant using the Spalart-Allmaras
turbulence models and the Transition Shear Stress Transport (SST) and Langtry model. The parameters of the turbulence
models were adjusted according to known reference data. The Reynolds number was in the range of 1.5-105-1.5-106.
The profiles have a high lift coefficient C,, = 3-3.4 which is achieved when creating a vacuum in the air intake of 0.5
atm. C, depends on the angle of attack almost linearly up to the maximum values. The greater the air flow through the
slot nozzle, the greater is the C,, at a vacuum in the air intake of 0.5 atm. Significance for practical application. The
developed profiles have a large thickness and create traction. These profiles are convenient to use in aircraft with large
internal volumes, for example, those running on hydrogen fuel.

Keywords
aerodynamic profile, high-lift aerodynamic profile, mathematical modeling, numerical experiment, optimization, power
aerodynamics, propulsive wing concept
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BBenenune

Lens nccnenoBanns — pa3zpaboTKa MeTO/1a TPOSKTHPO-
BaHUSI A3POJANHAMHYICCKIX MTPOQIIICH C BEICOKOH HeCyIIei
CIIO0COOHOCTEIO, CTIONB3YONINX YHEPTETHICCKUE METO/IBI
YBEIWYCHUS MOAbeMHON CHIBl. CyIecTByeT phIHOYHAS
MTOTPEOHOCTH B TPAHCIIOPTHBIX OSCIMIOTHBIX JIETATETBHBIX
anmapatax (BJIA), cmtocoOHBIX BBITOJIHATH PErHOHATBHBIE
[IEPEBO3KU I'PY30B, JIFOIEH UM LEIEBOM HArpy3KH € 10CTa-
TOYHO BBICOKO# CKOpocThi0. [Ipu 3TOM Gasuposarbest BJIA
JOJIDKHbI HAa MUHHMAJIbBHO IIOATIOTOBJICHHBIX ILJIOIIaAKax.
LeneBoe Ha3HayeHue Takux bJIA MoxeT ObITh pa3IMYHBIM:
JIOCTaBKa CPOYHBIX I'PY30B, MOUYTHI, CKOPOTIOPTSIIIUXCS
MIPOYKTOB MHUTaHMs. B psijie 3a1au, Takux kak oOpaboTka
CEJIbCKO-XO3HCTBEHHBIX YIOMH, CllacaHne Ha BOJE, TOUCK
B JIECY U T. L., TpeOyeTCs CIIOCOOHOCTh YCTOWYHBO BBITION-
HATH JUINTENBHBIN MOJIET Ha BBICOTE 1—2 M OT MOBEPXHO-
CTH (B Clly4ae TIOWCKa B JIECY — HaJ BEpXHEW KPOMKOM
jieca) co ckopocThio He MeHee 250 km/4. CriemoBarensHo,
PaIMOHATBHBIM MPEACTABIACTCS TaK)Ke UCIOIb30BaHNE
9KpaHHOTOo 3(h(eKTa BONMN3U OBEPXHOCTH 3EMITH, KOTOPBIH
aKTHUBHO HCCIIEMyeTCs B mocaennee Bpems [1].

Jus BJTA Gonbmmoit mpobieMoii SBisieTcs mocaaka Ha
HEpPOBHYIO TOBEpXHOCTh. Kak moxazama mpakTHka dKc-
ruryaranud, bJIA 9acTo moIydaioT OBPEXKACHUS KaK TIPH
MOCAJIKE C MApPAIIOTOM, TaM H TIPH TOPU30HTAIBFHOM TIoca -
KE. OJIHa M3 KIIHOYCBLIX MPUYUH — 00JbIIOE YAIIUHCHUEC
KpbLna. [l obecniedeHnst BO3MOKHOCTH KOPOTKOTO B3JIeTa
n nocanku BJIA nomkeH MMeTh yMEpEHHOE yITMHEHUE
KpbUIa, a /IS JOCTHKEHHSI TPAHCIIOPTHOW d(PEKTHBHOCTH,
CPaBHMMOH C OOBIYHBIMH I'PY30BBIMH CaMOJIETaMH, HE00-
XOZIMMO OJTHOBPEMEHHO 00ECIICUUTh BEICOKOE Kpercepckoe
A3pOJMHAMUYECKOE Ka4eCTBO U OOJIBIIION 00BEM IPy30BOTO
oTceKa YMEPEHHOH JITHHEL.

YIOBIETBOPUTE ATUM MPOTHBOPEUNBEIM TPEOOBAHUSIM
MOYKHO, IPUMEHHUB a3POANHAMUYIECKYIO CXeMY <JIeTaloIIee
KPBUIO» C ONTHMAIBHBIM TOJICTHIM Tipoduiiem [2]. 3a cueT
0TCOCa BO3/lyXa N3 BEPXHEH KPUTHUECKON TOUKH TPOPHIISI
M ero BeIOpoca 4epe3 3aJHI0I0 KPOMKY 00eCleunBaeT-
Csl aKTUBHOE YTIpaBJICHUE CYNEepIUPKYIAIen kpbuia [3].
Kpurtnueckue Touku npoduisi — TOYKU TOJTHOTO TOP-
MOYKEHHSI [TOTOKA, B KOTOPBIX CKOPOCTH MajaeT A0 HyJs.
OnHOBpeMeHHO, Onarogapsi OOJIBIION CTPOUTEIBHON BbI-
COTE LIEHTPOILIaHAa, NOSBIISETCSI BO3MOXKHOCTb PA3MECTUTh
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CHJIOBYIO YCTaHOBKY U JBHIKHTEIIH BHYTPU [EHTPOILIAHA
0e3 yiepba J1st pa3MepoB IPy30BOT0 OTCEKa.

Ipeamet ucciaenoBanui

Jiist TIoJTy9YeHHsT ONITUMANIbHBIX 00BOJOB Ipoduiei ¢
yueToM 0TOOpa raza ¢ ero IoBepXHOCTH U BbIJyBa 4epes
3aJIHIOI0 KPOMKY NPUMEHEHa METOAMKa pelleHHs o0par-
HOW 3a/1a4M adpOJIMHAMUKNA — TIPOCKTHPOBAHHS (OPMBI
poduIIs IO 3aJaHHBIM MapaMeTpaM TEUEHHsI OKOJIO a3po-
muHaMudeckoro npodwis [4]. B mocnenaue 20 et B Ha-
mei ctpane yaensieTcst 00JIbIIOe BHUMAHUE BONIPOCAM
MIPOEKTUPOBAHUS CIIENHAIBHBIX Mpoduiel ¢ oToopom
BO3/1yXa C MOBEPXHOCTH. 3ydeHbl cilydan TOYETHOTO U
pacmpezneneHHoro otoopa [5, 6] Bo3myxa u ero BeIOpoca
gyepes 3aJHI00 KPOMKY [7], a Takke BIMSIHUE Ha XapaKTe-
PUCTHKHU MPOPMIT 0OCOOSHHOCTEH B IMMOTOKE, B TOM YHCIIE
Buxpeit [8].

OnHUM 13 IepBBIX TaKKe pacyeThl BRIMOIHMI B 1937 .
KyxkoBckuit [9], moayuuB TOJCTHIH NMPOPUIL C OUTH-
MaJbHBIMU JJIS1 MaJIbIX CKOpOCTeH cBoiicTBaMu. [lo3nHee
B 1947 r. HekpacoB 0000mun pemenue KyKoBCKOTO
Ha ciaydail mpodmiis ¢ HCTOYHMKaMHU U cTokamu [10].
Ananorngusie paboTHI O MPSIMOMY TPOCKTHPOBAHHIO
a’poamHamMudeckux npoduieit [11] 3a pybexxom Ben
Jlatitxunn (Lighthill). OcHoBBIBasice Ha ero paboTax,
I'pucdpdun (Griffith) paspaboran Toncrerii (6omee 30 %)
MPO(UIH C OTCOCOM Ta3a B BepXHEH KPUTHUECKOW TOUKE
[12], 9TO MO3BOMMIIO MONYYHUTH SKCTPEMAIBHO BBICOKOE
3HAYCHHE C), .

Pab6otsl ObLTH mpomoikeHbl [maysprom (Glauert),
KOTOPBIM TOMOJHUTEIBHO pealn30Baj yCIOBHE KyCOU-
HO-TIOCTOSIHHOTO paclpefiesIeHNs JaBICHUs Ha BEepXHel
TIOJIOBHHE MTPOQUIISL, ITPU STOM OBLIM MOJIy4YeHBI HEOObIU-
HO TOJICTBIH Ipo¢miIb ¢ 0TOOPOM Ta3a B BEpXHEH KpH-
TH4ecKkoi Touke [13], a Takke Ooiee TOHKUH MPODUIH C
OTCOCOM U3 KpUTHUYECKOW TOYKM Ha 3a7Heil kpomke [14].
OcobennocTro poduis [mayspra crano HaTU4INe Ha
BEPXHEH MOBEPXHOCTH y4YacTKa, CO3/AIOIIETO TATY, UTO
MTO3BOJIMIIO TIPH OMPEACICHHOM PAacXojie 0TCAaChIBAEMOT0O
raza yMeHbIIUTh KOA()GHULIUEHT J000BOTO COPOTUBIICHUS
C, o Hyns. PacueTsl moka3aiu, 4TO 3aTpaTbl SHEPTUU
TIPYU 3TOM OKa3bIBalOTCA MpuMepHo Ha 30 % MeHbIle, 4yeM
IPY KOMITEHCAI[H COITPOTUBIICHUSI CHJIOH TATH JIBUTATEIs.
OkcnepuMeHTsI [ 15] B 11e7I0M HOATBEP/ TN TEOPETHUECKUE
pesynbratel Jladitxumia u [mayspra.

[ToznHee, onmpasics Ha padots! JlalTxwnia, [puddunna
n ['mayspra, Kroxeman pa3zpaboTan HECKOJIBKO THUIIOB IIPO-
¢ureit ¢ sHepreTHYECKUMHU IIPUHIUIIAMA yBEITHICHUS
MTOTBEMHO CHITBI U 3((eKTa co3manus IPOoPHUIEM CHITBI
Tsaru [16]. CmocoOHOCT POodHIIs KPBLIa CO3AaBaTh TATY
IIpUBeia K TEPMUHY MPOITYJIbCUBHOE KPBUIO, T. €. KPBIJIO,
CO3Jarollee TATY 3a CUET YIPABICHUS LUPKYIALUCH T10-
Toka. Pabotsl ['puduna O6butH 00001IeHB [OMAIIIMEIOM
(Goldschmied) Ha TpexMepHBbIe Tella U Tejla BpaeHusl, o~
CJI€ Yero TOJICTBII PO(HIIb C OTCOCOM Ta3a B BEpXHEH Kpu-
THYECKOW TOUKE CTas Ha3biBaThes npoduiem [pudduna/
Tonmmmvuna. Fonamvug chopmynuposan B 1967 1. KoH-
LEMHIHMIO TOJICTOTO Kpbljia JJIsi TPAHCIIOPTHOTO camoJIeTa
[17, 18], a mo3nHee uaer camoieTa ¢ NPOMyJIbCUBHBIM
¢rozemsoxem [19] (puc. 1), koTopasi ceromHs BecbMa IOIy-

TornuBo

I'py3oBoii orcex

Briys

Puc. 1. Konnenuus mpoIryJibCHBHOTO (ro3ensika Ha OCHOBE
Tesa Bpamenus [ pudduna/Tonammnaa c oTcocoM rasa yepes
KOJIBIIEBYIO LIENb M OOJIBIINM IPY30BBIM OTCEKOM: TPEXMEpHast
MOJIeJTb KOHIIENITYaJIbHOTO (pro3ersika (a); 3CKHU3 ¢ OCHOBHBIMU

9NIEeMEHTaMU MPOMYIECUBHOTO (ro3ersika (b)

Fig. 1. The concept of a propulsive fuselage based on the
Griffin/Goldschmid body of revolution with gas suction through
an annular slot and a large cargo bay: three-dimensional model
of the conceptual fuselage (a); sketch with the main elements of
the propulsive fuselage (b)

JSIpHA CPer pa3paboTYMKOB KOHLEIILMI MePCIIeKTUBHBIX
TPAHCHOPTHBIX ¥ NACCAKUPCKUX CAMOJIETOB.

PasBurne uncinenasix Metonos B 90-e¢ romsl XX Beka
NPUBENIO K aKTHBU3aLMK pabOT B JAHHOM HalpaBJICHUU U
CO3JIAHMIO Psiia KOHLEIINIT CBepXOOIbIINX TPAHCTIOPTHBIX
1 ACCAKUPCKUX CAMOJIETOB C IIPOITYJILCUBHBIM KPBUIOM
drozemsprem [pudduna/Tonammuna [20, 21]. [pu sTom
JUISl TPAHC3BYKOBBIX CKOPOCTEH pa3paboTaHbl ycoBep-
HIEHCTBOBaHHbBIE TTpoduin [pudduHa ¢ yMeHbIICHHOH
10 18 % otrHOcuTenbHON TONIMHON. bosibinoil Bkiaa B
pa3paboTKy JJaHHOTO Kiacca rnpoduiei BHec B 90-¢ rojis!
Cemnr (Selig) [22—-24], koTopblii paspadoTan 3¢ peKTHBHbIE
YHCIICHHBIC aJITOPUTMBI TOCTPOCHUS Mpoduiieii oOpar-
HBIM MHOTOTOYEYHBIM METOIOM KOM(pOPHBIX 0TOOpaXKeHHU it
[25, 26]. [IpuMmeHeHNE TTIEPEUNCICHHBIX METOINK MO3BO-
JISET CO37aBaTh HEOOBIYHBIC adPOAMHAMHUYECKHAE (POPMBI
JIETaTeNbHBIX anmmaparToB [27], KOTOPBIE MOTYT OTIHYATHCS
CBepXOOJIBIIOI BMECTUMOCTBIO, HU3KMM YPOBHEM IIyMa 3a
CYET pa3MELICHUs ABHKUTENICH BHYTPU IUIaHEPA, COUETaTh
CBOMCTBA CaMOJICTOB U BEPTOJIETOB.

B nacrostieit padote ucrnonb3oBan npoduis [pud-
¢una/TonammMuga, v BEIOIHEHA KOMIIOHOBKA IMIIOTETHYE-
CKOTO 3KpaHoIuI1aHa (puc. 2, @) ¢ IPONOPLUHUSIMHU IPY30BOTO
0TCEKa, COOTBETCTBYIONIUMH I'€OMETPUU CTaHAAPTHBIX
ABHALIMOHHBIX KOHTEIHEPOB (puc. 2, c—e).

Ha ocHoBe paccMOTpeHHBIX B paboTe [4] MeTOMUK pas-
paboTaHbl ¥ MCCIIOBAHBI TPHU MPOITYIbCUBHBIX TIPOQUIIS,
NpeJHa3HAYCHHBIX IS IPUMEHEHHS B KOHCTPYKIMH I1a-
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Puc. 2. KOMITOHOBKA THTIOTETHYECKOTO OECITUIIOTHOTO JIETATEIBHOTO ammapara (@) u 1mose AaBieHus okoio npodwmis [pudduna/
lonpmmuaa ¢ otHocHTenbHON TommuHoH 38 % (D), KoTopbiMu HaOpaH (Gro3ersK, Ha KPeHCepCKOM PeXXnMe C OTCOCOM Tasa
4epes 1ielib Ha BEpXHEH NOBEPXHOCTH IPH CKOPOCTH monera tg = 50 M/c Ha yrie ataku o. = 0°, IpornopIuu Ipy30BOro OTCEKa
CIPOEKTHPOBAHEI C YUETOM Pa3MEeIIeH s OTHOTO (¢), IBYX (d) M 4eThIpeX CTAHJaPTHBIX aBHALMOHHBIX TPY30BBIX KOHTEHHEPOB (e)

Fig. 2. The configuration of the hypothetical unmanned aerial vehicle () and the pressure field near the Griffin/Goldschmid profile
with a relative thickness of 38 % (b), with which the fuselage is assembled, in cruising mode with gas suction through a gap on the
upper surface at a flight speed of 1y = 50 m/s at an angle of attack o = 0°; the cargo bay proportions are designed taking into account
the placement of one (c), two (d) and four standard aviation cargo containers (e)

Hepa BJIA ¢ 00beMHBIM BHYTPEHHUM OTCEKOM ITOJIE3HOM
Harpy3ku. OmnpejeseHbl 3aBUCUMOCTH KodddunmenTa
NOABEMHOIT cuiibl C), OT yIUIa aTaKH O, @ TAKKE OT CTCIICHN
pa3pexeHus B IIETH 0TOOpa BO3IyXa.

Moaesin 1 MeTOABI

Beinonunm nccnenosanue nexoxHoro npoduist Ipuc-
¢una/Tonammvunaa (puc. 2, b), a Taxke Tpex pa3paboraH-
HBIX poduIiel, NOKa3aHHBIX Ha PHC. 3.

[Ipoduns 1 (puc. 3, a) BEIOpaH HA OCHOBAHUM Xapak-
TEPUCTHK, IPUBEJICHHBIX B padote [4] B qUama3oHe yIjioB
ataku o = 0°-10°. MI3MeHeHa TOTBKO TeOMETPHS MIETH
0oTOOpa BO3/yXa, a TAKXKE y4aCTOK OT LIEIH 10 XBOCTOBOMH
KpOMKH. MozepHu3alus norpedoBagack o HToraM 4uc-
JICHHBIX PAacYeTOB C y4ETOM HaJIN4YUsl IIOTPAaHUYHOTO CIIO0f,

Y Y
X B

TaK KaK TEYEHHE OKOJIO I 0TOOpa B HCXOHOM Ipoduiie
COIIPOBOJK/IAJIOCH OTPHIBOM MOTOKA.

Ipodwns 2 (puc. 3, b) OCHAIIIEH IIEICBBHIM COILIOM Ha
3aIHel KPOMKE C BBIIBUHYTOH 110 TIOTOKY HIKHEH TITacTH-
HOW /17151 KOMIICHCAIINY KaOpUPYIOIIET0 MOMEHTA, KOTOPBIN
y LIETIEBOTO COTIIA OKA3aJICs CIUIIKOM OONBIINM. DTa MOo-
BEPXHOCTh MOXKET CIYXKHUTH PYJIEM BBICOTHI U HCIIOIB30-
BaThCS IS YIIPABJICHUS 110 TAHTAXKY.

[Ipoduis 3 (puc. 3, ¢) npeacrapiseT codoi Moaubu-
KAl npoduis 2 ¢ YBEIMUYCHHOW CTPOUTEIBHON BbI-
COTOI M M3MEHEeHHO! nepeaHeil BepxHel yacTeio. Llens
MOM(HKAIIMN — 00ECIIeUUTh COBMECTUMOCTH KOMIIOHOB-
KM TUIIOTETHYECKoro Tpancnoptaoro bJIA ¢ reomerpu-
el cTaHJapTHBIX aBUALMOHHBIX I'PY30BBIX KOHTECHHEPOB
(puc. 2, c—e). HmxHss oBEpXHOCTH CIPOQHUINPOBAHA IS
o0ecrieueHns HanOOIBIIIETO YBEINICHUS TIOTBEMHON CHITBI

Puc. 3. Uccnenyemsie npodunu: 6e3 Boytysa (npoduiis 1) (a) u ¢ BeryBoM (poduiis 2) (b) yepes 3aIHIOI0 KPOMKY U IIIOCKOM
HIDKHEN OBEPXHOCTBIO; C YBEJIMYEHHOU CTPOUTEIBHOMN BBICOTOM (OTHOCHTENIBHAS TONIIUHA 38 %), BBIYBOM YepE3 3aIHIOI0 KPOMKY
1 MPOGUITHPOBAHHON HIDKHEH MOBEPXHOCTHIO (Tpoduiib 3) (¢)

Fig. 3. The profiles studied: without blowing (profile 1) (a) and with blowing (profile 2) (b) through the trailing edge and flat bottom
surface; with increased construction height (relative thickness of 38 %), blowing through the trailing edge and profiled bottom
surface (profile 3) (¢)
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3a cyer KpaHHOro dpdeKra npu yrie araku o = 4° u pac-
crostauu o1 3emin A = 10-30 % xopaet nmpodust. [Tnomans
COIUIA YBEJINYEHA 110 CPABHEHHIO C MCXOJHBIM IPOpHIeM
Ha 50 %, A5t yMEHBIICHHSI CKOPOCTH UCTEUCHHUS CTPYH U
YBEIMUYEHUS MIPOITYIbCUBHOTO K03((HUIMEHTa ITOIe3HOT0
nevictBus. Coruto B 3a7HEl KpPOMKE Ha HYJICBOM yIUIe ara-
KM CO3/Ia€T PEaKTUBHYIO CHILY, HAIIPaBICHHYIO MO YIIIOM
MuHYC 4° 1 TTapaiieTbHO BEKTOPY CKOPOCTH.

C 1enpio MPOBEICHUsI DKCIIEPUMEHTa OBIITH M3TOTOB-
JICHBI a9pOJIMHAMHUUYECKHUE MOJIEIH BeeX mpoduieii, npu
9TOM JUIMHA CETMEHTa Kpblila 1 M 1 paBHA IJIMHE XOPABI
ucciemxyeMoro npoduis (puc. 4).

Moyenu pacdeTHOH 00JIACTH COOTBETCTBYIOT TeoMe-
TPUU IKCTIEPUMEHTAIILHBIX MOJIEIICH.

BBINONIHUM YNCIIEHHBIE PACUETHI C UCIIOIB30BAHUEM
yrce PeltHonbaca B muanaszoHse ot 1,5-105 go 1,5-100 gus
mpodmwist Miley M06-13-128, skcriepuMeHTaTbHBIC TAaHHBIE
KOTOPOTO TI0 paclpeAeIeHHI0 TapaMeTPOB BIOJIb TIOBEPX-
HOCTH TIpENICTaBIeHHBI B padote [28]. B xome pacueToB u3
IeCTH Mofiesiel TypOyIeHTHOCTH OBUTH BEIOpAHBI Ty UIITHe,
a TaKke oTpaboTaHbl HACTPOUKH MapaMeTPOB PacUETHOM
Mozenu. Hanmydiee cooTBETCTBHE KCTIEPUMEHTATBHBIM
JAHHBIM MOKa3aJid MOJENH, UMEIOINE MEXaHU3M yueTa
JIAMUHApHO-TYpOYJIEHTHOTO Mepexoia. JDTo OfHoIapame-
Tpraeckas Mozienb TypOynenTHocTr Crianapra—Anmapaca
(SA) [29] u yerbipexnapamerpuueckas Transition Shear
Stress Transport (SST) Req_, monexns Jlenrrpu (tSST)
[30]. IIpoBeneHO cpaBHEHHE MOMEIEH C BRIBOJAMH PaboT
[31, 32], B KoTOpBIX Tarke ObITa U3yUYEHA MPOOIEMa MOJIC-
JMPOBAHNUS JJAMUHAPHO-TYPOYIEHTHOTO ITEPEXo/a.

B nacrosmeii pabote At SA MOJETH B IPUCTEHOYHOM
oOmacTi Ha OCHOBAaHUM peKoMeHnanui B [33] mapamerp
CeTKHU 3ajiaH y nopsijika 2 (6e3pa3MepHbIil lapameTp, 3a-
BHUCSIIIMIA OT BEJIMYUHBI CIIBUTOBOTO HAIPSDKEHUSI, @ TAKKE
pacCTOSIHUS MEXJY CTEHKOM U IEPBBIM Y3JI0M SIYEHKH,
XapaKkTepU3yIOIUil pa3penainyo criocoOHOCTh CETKH
y CTEHKH), 4TO MO3BOJIMJIO MOJTHOCTBIO Pa3peIIuTh Mo-
IpaHUYHbIA ciiol. SA B cBoell (POPMYIHPOBKE CONEPIKUT
BHYTPEHHHUH MEXaHHM3M IEPEKIIOUCHHS C JIAMHUHAPHOH
MOJIeH Ha TypOysieHTHyto. Ecim Touka nepexosa m3BecT-
Ha, TO €e MOXKHO 3a/1aBaTh sIBHO. Eciu HeT, To 1pu dncie
Peitnonbaca Re> 105 mapamerp KHHEMAaTHYECKON BA3KO-
CTH V Ha BXOJI€ B pacyeTHYIO 00JIacTh 33aJaeTCsl B TMAa3o-
ue 0,1-5 [33]. 1o pe3ynbTaraM TeCTUPOBAHHA IS Jab-

Puc. 4. AdsponuHamuyeckas MOZIENb AJIsl HCCIEIOBAHMS
npoduist [pudduna/Tonammvuga

Fig. 4. Aerodynamic model for Griffin/Goldschmid profile study

HeHmux pacueros npuHATO v = 0,35. C TakuM 3Ha4EHUEM vV
pe3ynbraThl SA OKa3bIBAJIUCH OJIM3KUMHU K pe3yibraTram
tSST. dus tSST moznenu npunsTo y* nopsiaka 0,5, Tak Kak
JTaHHASI MOJICIIb BHYTPH TIOTPAHUYHOTO CJIOSI UCTIONIB3YET
MepeMeHHbIe k — ® (k — KuHeTHYecKast YHeprus Typoy-
JICHTHOCTH, (0 — YIENbHAS CKOPOCTh TUCCHIIAIINH TypOy-
JICHTHOCTH) W JJAHHBINA TTapaMeTp J0JDKEH ObITh MeHbIIe |
[34, 35]. ITpu Be1OpanHBIX HacTpoiikax tSST Momens TomK-
Ha C MPUEMJIEMOI TOUYHOCTHIO MOJIEIHPOBATh TEUCHUE Ha
JIOKPUTHYECKHUX yITax aTaku o [31], HO ¢ mepexoaom K oT-
PBIBHBIM TEUCHHUSIM HAACKHOCTh PE3YyIBTATOB ManaeT [36].

PacueTsl BBINOJIHEHBI A0 JTOCTHUKEHUS CETOUHOU
cxogumocT. MunumansHbiid pazmep sueek 0,00009 m.
KonnuectBo stueek — 33 thic. UHTErpupoBanue mno Bpe-
MEHHM BBIIOIHEHO MeToioM PyHre—KyTThl 3-ro mopsiika.
Jluckperu3anus HEBS3KMUX IMOTOKOB MPOM3BE/IEHA C MTOMO-
mpro cxembl MUSCL (Monotonic Upstream Schemes for
Conservation Laws, MOHOTOHHAS IPOTHBOIIOTOYHAS CXEMa
JUTSL 3aKOHOB COXPAHEHWSI), YIOBICTBOPSIONICH yCIOBUIO
TVD (Total Variation Diminishing), a 1715t BA3KUX IIOTOKOB
HCTIONB30BAHA [IEHTPATbHASI CXeMa 2-TO MOpPsIIKa TOYHOCTH.

Ckopocth Haberaromiero motoka 70 mM/c BeiOpaHa Ha
OCHOBaHUM TUIIMYHON BEJIINYMHBI KPEHCEPCKOM CKOPOCTH Y
CaMOJICTOB MECTHBIX JIMHUH. BhITIOTHEHHOE TeCTHpOBaHUE
B fnanasone uucen Peiinonsaca 1,5-105-1,5-106 nossonu-
JIO OTIPEJEIHUTH MPEIeNbl IPUMEHUMOCTH Pa3padOTaHHOMN
METOAMKH 110 cKopocT — oT 50 10 70 m/c.

B menmn orOopa Bo3myxa 3a1aH0 1aBiIeHUE IO (hopMyIie

pP=ps—T,

Iie p, — JABICHUE HAa KPOMKE LIEJH; 7 — CTEIEHb pa3-
pexenus paBHas 3nadenusm 0, 0,1, 0,2, —0,3, 0,4 u
—0,5 arm.

JIJIs KayKI0T0 3HAYCHUS JaBJICHUS B IICIH H YIVIa aTaKu
BBIUKCIICH Pacxoj| 0ToupaemMoro Bosayxa Q, m3/c.

Pe3yabTaThbl U UX 00CysKIeHHE

OTMeTHM, YTO pacxon OTOMpaeMoro Bosayxa (puc. 5)
TIPY 33JJaHHOI CTEIICHH Pa3pEkKCHUs 7 OCTACTCS MMOCTOSH-
HBIM JI0 HACTYIUICHHSI CPBIBHOTO peXKUMa TeucHus. [lanee

0, M’/c
r=-0,5 atm
| _r=-0,3 atm
6,0 __1 r=-0,2 atm N
\‘\\v \\\ ___________
\.
L r=-0,1 atm N
N\ N T T
N
\
\ /'4'7__,__4__4—~—————*‘

0 8 16 «,°

Puc. 5. 3aBucumocTsb pacxoma O 0TOMPaeMoro Bo3ayxa OT
3a/1aBaeMOil CTETICHH Pa3peKEHNUsI 7 IPU PA3ITHYHBIX YIIaX
aTaky o

Fig. 5. Dependence of the intake air flow Q the specified degree
of rarefaction r at different angles of attack o
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3HAYEHUE PacXoJia BO3/yXa MMaaaoT. ITO BBI3BAHO 00pa3o-
BaHMEM Ha TSTOBOM y4yacTKe NPO(uIIst OTPHIBHOTO ITy3bIPsI
C UPKYJIALHOHHBIM TEUCHNEM, JaBJICHUE B KOTOPOM HIKE,
YeM NpHu O0e30TPBIBHOM TeYeHUH. BuiHO, 4TO Mpu yMEHb-
LIEHUH TIEpera ia JaBIeHNs, yMEHbIIaeTcst u pacxox Q.

C yBesnmueHHEM CTETIeHH pa3pexeHus r KodddunueHt
noxbeMHOM cuitbl C, y pouiist 1 pacTet, COOTBETCTBEHHO
YBEIMYMBACTCS MPEACIbHBIN yroyl aTaku 0€30TPBIBHO-
ro TeueHus (puc. 6). Jluauu 3aBucumoctu npu » = —0,4
)4 *0,5 aTM MPAKTHYCCKU COBIAAAIOT, TO3TOMY MOXHO
CUUTATh, UTO MpH 7 = —0,5 aT™M TOCTUTAIOTCS MPEACTbHbIC
XapaKTEePUCTUKH ITPpOuIIst 1.

Ha puc. 7 npuseneto cpasrenue C,, s npodueit 1 u
2. {nst npodprutst 2 KOJIMYECTBO BHIOPACKIBAEMOTO BO31yXa
MIPUHSTO PAaBHBIM KOJIMYECTBY OTOMPAEMOI0 Yepes3 IIelb.
Bupno, 4To BEIOpOC CTpyH 3aTSTHBaeT HACTYTUICHHUE CPBIB-
HBIX 3aKPUTHYCCKUX PEKUMOB, a 3HaueHue C,, ., Oonbuie
moutn Ha 10 %.

Ha puc. 8 npuseneno cpasuenne C,, 1uist mpoduieit 1,
2 ¥ 3 mpu pa3TUYHBIX CTETEHSIX pa3pexenus r. J{ig mpo-
(uneit 2 u 3 KOIMYECTBO BHIOPACHIBAEMOTO YePe3 COIIIO0
BO3/yXa NPUHSTO PAaBHBIM KOJMYECTBY OTOMPAEMOT0 Yepes
mesb. OTMETHM, YTO MOJIEPHU3UPOBAHHBIN poduib 3
HE3HAYUTEIBHO YCTynaeT npopuiio 2 1o Cy, .

3ameTM, 4To Npo(HIIb 3 HMEET COILIO, yCTAHOBICHHOE
moJ yriioM Munyc 4°. Takum 00pa3om, MoJbeMHAsT CHIIa
HECKoJIbKO ymeHbmraercs. [list npoduiist 3 nccienosa-
HO BIIMSTHUE pacxoja BO3JyXa, BEIOpackIBaeMOTO depes
COIUTO B 3a/IHEH KpoMKe Mpoduirst, Ha MOJbEMHYIO CHITY.
ITpu » =—0,5 atm yBenmueHue pacxoaa Bozayxa ¢ 50 % 1o
200 % ot pacxozna oTOMpaeMOro Yepes mielb Boayxa C,
MOHOTOHHO YBEJIMUMBACTCS, HAUWHAs C yIIa aTaku 4°, T. e.
C MOMEHTa, KOTJla BEPTHKAJIbHAs COCTABIIONIAsl BEKTOpa
TATY CTAHOBUTCS PaBHOW HYJO. [Ipyn MEHBIINX CTENEHSX
paspexenus r 3p(eKT MeHee BBIPaKCH.

Pacuersl Bcex npoduiieil BHIITOIHEHBI TIPU TTOMOIIH
Mopeneit TypOyneHTHocT SA u tSST B cpaBHEHUH C MO-
JIETIbIO MJICAJTLHOTO ra3a v BA3KOT'0 JIAMUHAPHOTO TEUSHHUSI.
Mopaenu SA u tSST Ha TMHEHHOM ydacTKe 3aBHUCHUMO-
cti C,(0) JAKOT NPAKTHYECKH MACHTHYHBIC PE3YIbTATEL,

Puc. 6. 3aBucnmocts kodpuumenta nogbemuoi cuist C),
OT CTEICHHU Pa3pEeKEHHUS 7 TIPU PA3INYHBIX YITIaX aTaku o

Fig. 6. Dependence of the lift coefficient C,, of rarefaction r at

different angles of attack o

G

Puc. 7. CpaBHEeHHE 3aBUCUMOCTHU K03 HUIHEHTa MOABEMHON
cunbl C), 0T yria araku o just npoduieit 1 u 2. Iynkrupom
[OKa3aHa 3aBUCHUMOCTb IIPH OTCYTCTBHH 0TOOpa U BhIOpOCa

BO3/yXa

Fig. 7. Comparison of the dependence of the lift coefficient C,,
of attack o for profile No. 1 and No. 2; the dotted line shows

the dependence in the absence of air intake and exhaust

NPEBOCXO/S OCTaJbHbIC MOJECIH 10 TOYHOCTH B pPa3bl.
ITockomeky SA mpumepHo B 6—8 pa3 MeHee TpeboBaTeb-

a b c
G o r=-0sp" G
//\ AN r=-05p\
) r=*0’; \V’\ 5 //\ 5 //2 \
r=-0,2 ==
7 \r\z 7%/_\ / / — /éQQ\ /]
= 0,1 // r/=0,1 / r=-0,1 ‘X<_,7<
1 o 1 1 ~
e

/

00 12 24 00 12 24 00 12 24

Vron araku o, °

VYroun araku a, °

Vroi araku o, °©

Puc. 8. CpaBHeHMe 3aBUCUMOCTH K03 HIreHTa mopeMHOM cuitbl C,, OT yIla aTakd U CTETIeHU pa3pexeHus » (at™) Juist npoduieii:
1(a),2(b)u3(c)
Fig. 8. Comparison of the dependence of the lift coefficient C,, vs. the angle of attack a and the degree of rarefaction » (atm) for
profiles No. 1 (a), No. 2 (), and No. 3 (¢)
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[1.B. bynar, A.A. KypHyxuH, H.B. lNpoaaH

Ha K BBIUUCIIUTENBHBIM pecypcaM, ueM tSST, To ee MOKHO
PEKOMEHA0BaTh JUIsl YUCJIEHHOro MojennpoBanus BJIA
C 9HEpPreTHYEeCKMMH METOAAMHU YBEJINUYCHUS TOIBEMHOM
CWJIBI, HauMHast ¢ uncia Peiinonpaca Re pasroro 103,
Takum 0Opazom, pazpaboTaHHBIC TPOPUIN 00TaTAIOT
YPE3BBIYANHO BHICOKUMH TTOTPEOUTEIECKUMHI Ka4eCTBAMHU
C TOYKH 3pEHMS] NPUMEHEHUS Ha TpaHCHOpPTHBIX BJIA.

C, max M04TH B 1,5 pasa BbILle, 4eM y KPbLIA C IIOJTHOCTBIO

BBIITYIMIEHHBIMHA TPEXIIEJICBLIMHU 3aKPbIIKaMU (npe/:[em,Ho

JIOCTHKUMOE 3HAUCHHE Cy max = 2,5), IPH 9TOM IPOGHIH

HE UMEIOT NOABIKHBIX 4yactei. [Ipoduin umeror 60i1b-
HIYI0 CTPOUTEIBHYIO BBICOTY M TSATOBBIH y4acTOK, KOTO-
PBIH co3maet TAry Goiblile, 4eM JJ0O0BOE CONPOTUBIICHUE.
[TockonbKy TIIOMIA/b TATOBOTO Y4acTKa MpoQuisi BeCbMa
BEJIMKA, TO MPOITYJILCUBHBINA KOA(Q(UIMEHT MOIE3HOTO JIeH-
CTBHSI TAKOTO JIBHDKHUTEISI OKa3bIBACTCS B pasbl Ooublle,
4YeM y JIF000ro TPaauMOHHOTO IBUIaTEIs.

3akjarouenne

MeTtonom pemieHust 00paTHOW 3a4a4H adpOJMHAMUAKH
CTIPOEKTHPOBAHBI TPH BUJIA a3POANHAMHYECKUX MTPOQHICH,
HCIIONB3YIOMUX 0TOOP BO3AyXa B BEpPXHEH KPUTHUCCKON
TOYKE ISl YBEJIWUECHUS MOABEMHON CHIIbI. UNCIEHHBIE
pacyeThl BBHIITOJTHEHBI MPU TTOMOIIK MOJIETH TYpOYJIEeHT-
HocTu Crnianapra—Asmapaca U YeThlpexnapameTpudeckon
Transition SST monenu. Mozenu 6bUIM 0TOOPAHBI ITyTEM
MPEIBAPUTENILHOTO TECTUPOBAHUS HA STAJIOHHBIX PE3yJib-
Tarax Cpeau LIecTH mojnenel s yucen Peitnonbica,
Haxonamuxcs B quanazone 105—106. DToro mocTaTouHo
JUIS HaJIEKHOTO MCCIIENOBaHMS 1IE€JIE€BOr0 Irana3oHa CKo-
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pocreit monera 50-70 m/c, Hanbosee XapaKTEPHOTO IS
pernoHanpHOW aBuanmu. McciaenoBanue, BHITOTHEHHOE
C TIOMOIIbIO YUCIICHHBIX METO/IOB, TI0Ka3aJlo, YTO JaHHbIC
npoduIN UMEIOT BBICOKHE HECYIINE XapaKTePHUCTHUKH.
Y4acToK BepXHEH MOBEPXHOCTH NMpoQuIeH OT IeNu s
orOopa Bo3yxa 710 3alHeH KPOMKH CO3/IACT TATY, IPHUIEM
Ja)ke B TOM ciy4ae, KOT/a IIelb B 3aJHEH KPOMKE /IS
BBIOpOCA BO3/[yXa OTCYTCTBYET. B THITHUHBIX CiTydasx Tsra
MPEBOCXOUT JIOOOBOE CONPOTHBIEHHE, TOATOMY HCCIIEN0-
BaHHbIC POQUIH TOIYUNIN Ha3BaHUE NPOIMYJIbCHBHBIX.
Brutots 1o yria araku 12° koadGUIUEHT MObeMHOI CHITBI
C), pacTeT NPaKTUYECKH JIMHEHHO, JOCTUTask BEIMYHMHbL
C, =(3-3,3). [logpemHast cuita yBEIMYUBACTCSL C POCTOM
CTEIEHU pa3peXeHUs], CO3JaBaeMoil B LIeH AJisi oTOopa
BO3/yXa, NPUOIMKAICH K NPEACIbHOMY 3HAYCHHUIO MTPH
paspexenun 0,5 atm. [Ipn MakcuManbHOM pa3peKEHUN
BBIOPOC BO3/yXa 4epe3 3aJHIOI0 KPOMKY YBEIHMYHBACT
MOBEMHYIO CHITy TEM CHJIbHEE, 4eM Oosblie pacxon. [Ipu
MaJbIX PAa3pEeKEHUSIX CUTyalnns HOCUT HEOTHO3HAYHBIHN
XapakTep, B YACTHOCTH BBIXJIOMHAS CTPYSI MOXKET U yMEHb-
I1aTh MOIbEMHYIO CHITy. Borbimast oTHOCHTENbHAS TOMNIIMHA
npoduneit ¢ = 38 % mo3BoNAET UCMOIB30BATh UX JJIS TIO-
CTPOEHHSI KOHCTPYKIIMII [U1aHepa JIETaTeIbHBIX allllapaTroB
¢ OOJIBIIMMHU BHYTPCHHUMH 00beMaMu. DTO MOTYT OBITh
TPaHCHOPTHBIE BO3/IYIIHBIC Cy/Ia WITH JICTATEJIbHBIC arapa-
TBI, HCTIOJIB3YIOIINE B KadecTBe roproyero Bojgopon. llens
JUIst 0TOOpa BO3yXa MOXKET CITy’KHTh BO3yX03a00PHUKOM,
TaK KaK pacxoJl 0TOMPaeMOro B BEPXHEH KPUTHUECKON TOU-
K€ BO3/lyXa COOTHOCHTCSI TIO MOPSIIKY BEIUYHH C PACX0I0M
ra30TypONHHBIX JIBUTaTEIICH.
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AHHOTALUA

Ipenmet uccaenoBanus. Pazpaborana ynciieHHass METOAMKA pacdyeTa TSATH COILUIA MIMPOKOANANA30HHOTO PAKETHOTO
asuraresis. JlaHHBII TUIT IBUraTeis OCHALICH KOJIbLEBBIM COILIOM C IUIOCKUM LEHTPAJIbHBIM TEIOM U IpeIHA3HAuYCH
JUIst paboTHI B BEPXHHX CJIOsIX arMocdepsl U B Bakyyme. Coruto GpopMupyer CTpyro, CXOASIIYIOCS K OCH CHMMETPHH,
3a CYeT KOTOpoi o0OpaszyeTcst Oojiee KOMMAKTHBIN (aken padouero tena. Comia Mog00HOr0 THIIA UMEIOT Ba)KHBIC
KOHCTPYKTUBHBIE TIPEUMYILECTBA, 10 CPABHEHUIO C OOBIYHBIMH COIIJIAMH BHEIIHETO paciuupenus. OHH KOMIaKTHee
1 TIPOILE C TOUKH 3PEHUSI OXJIAXKISHNUS, HO IMEIOT MOBBIIIEHHBIE TOTEPH B JTOHHOM 00IaCTH M3-32 HAMYHS TI0CKOTO
JHUINA Y HEeHTpaabHOoro Tena. CaemnoBaTensHo, KOHCTPYKIUS MOTOOHBIX ABUTATeNel Hy)KAAeTCsl B TapaMeTpUIeCKOn
onTUMM3anyUK. B HacTosmee BpeMst A ABUTATENeH, OCHAMIEHHBIX KOJIBLEBBIM COIUIOM C IJIOCKUM IEHTPATbHBIM
TEJIOM, OTCYTCTBYIOT BaJIMAN3UPOBAHHEIE METOANKH, KOTOpPBIE ObI MO3BOJSUIM IPOU3BOIUTH NTapaMeTPUIECKYIO
ONTUMHU3ALMIO. XaPAaKTEPUCTUKU CTPYHU, HOTEPU YICIbHOIO UMITYJIbCA U BEJIMYMHA TSATU y JaHHOIO TUIIA COILIA 3aBHCAT
OT TPeX OCHOBHBIX IApaMEeTPOB: IIOIIAAN JOHHOW 00NAaCTH LEHTPAIBHOTO Tella, IJIOMA KPUTHIECKOTO CeUCHUS
U yIjla pa3BopoTa BHYTPEHHEH KPOMKH COIUIAa K ocu cUMMeTpuu. TeyeHue rasa B JOHHOW 0071aCTH CONPOBOXKAACTCA
CIIOKHBIMH Y/IaPHO-BOJHOBBIMU NPOIECCAMHU, TPEOYIOINMH OONBIIOr0 BpeMeHH AJISl YMCIEHHBIX pacdyeTos. Jlis
ONITHMH3AINHI KOHCTPYKIIUH COTLIA HEOOXOANMA MPOCTAask HHXKEHEPHAas METOANKA PAcueTa TSATH COILIA IO OCHOBHBIM €10
nmapaMerpaM. MeToz. Pacuer Tru comna NOCTPOEH HAa OCHOBAHMM MHTETPAILHOTO PACTIPEACIICHNS CHUIT JABICHHS MO
€r0 MOBEPXHOCTH, TOJyYCHHOTO ITyTeM BBITIOJHCHHUS YUCICHHBIX PACUCTOB B MIMPOKOM JHAIIA30HE BHEIITHETO JABICHHS.
Pemrens! ocpennennsie no Pelinonsnacy ypaBuenus HaBoe—Croxkca, 3amkHyThle SST-Monudukarnueil k-o moxenn
TypOyaentHocTH. Ha ocHOBaHMY pe3yibTaToB YHCICHHOTO MOJIEITUPOBAHHMS ONPEACIICHBI PacyeTHbIe KOA(DOHUITSHTHI IS
OJIHOMEPHBIX MHKEHEPHBIX 3aBUCUMOCTEH, IT03BOJIAIOIINX BBIYUCIUTS CKOPOCTh U JABICHHUE B IIPOU3BOJILHOM CEUEHUU
KaMephbl CropaHusi U coruia asurarens. OCHOBHBIe pe3yJbTarhl. PazpaboTana npocrasi MH)KEHEpHAasi METO/IMKa pacuera
TATH COIIA KaMepbl IIMPOKOIMANIA30HHOTO PaKeTHOro ABUrarens. MeToauka BepuduuupoBaHa myTeM CpaBHEHUS
C pe3yabTaTaMy YHCIEHHOTO 3KcnepuMeHTa. IIpakTuyeckas 3HaYMMOCThb. Pemena mpoOnema mapaMeTpudeckoit
ONTUMH3AINU KaMepPhl CTOPAHUS PAKETHOTO JBUTATENs, CHOCOOHON paboTaTh B IIMPOKOM JHANA30HE BBICOT, UTO
MIPEe/ICTaBIIAeT HHTEPEC I KOCMUIECKOH oTpaciy. Pa3paboranHas METOAMKA pacyeTa MO3BOJISIET IPOBECTH B ITHPOKOM
JUara30He aHalu3 BIUSAHUA COOTHOLICHUS I'€OMETPUUYECKUX Pa3MEpOB, PEKUMHBIX IapaMETPOB Ha TATY KaMepbl
CropaHus U COIUIA IIUPOKOAUAIA30HHOIO PAKETHOIO JBUraTells, OLCHUTh BEJUUYUHY TSATU HA Pa3IUYHBIX BBICOTAX
paboThI ABUTATEIS.

KiioueBrnle c1o0Ba
IIUPOKO/IMATIA30HHBIH PAKETHBIN JBUTaTelb, TATA, COIJIO, YUCICHHOE MOJISIIMPOBAHUE

Baaroxapuoctu

Pabora BeinonHeHa npu GUHAHCOBOW MOAAEp)KKe MUHUCTEpCTBA HAyKH M BbIcuIero odpasoBanus Poccuiickoi
Denepanun B xoae peanuszanuu npoekra «Co3iaHue ONepekKaroUIEr0 HAyYHO-TEXHUYECKOTO 3a/eaa B 00acTi
Pa3paboTKH MePEOBBIX TEXHOIOTUIT MaNIBIX Ta30TYPOUHHBIX, PAKETHBIX 1 KOMOMHUPOBAHHBIX JBUTATECH CBEPXIEIKIX
paKeT-HOCHTENeH, MalblX KOCMHYECKHX allapaToB U OCCIMUIOTHBIX BO3AYIIHBIX CYJ0B, 00€CHEUMBAIOIINX
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Abstract

A numerical method for calculating the thrust of a wide-range rocket engine nozzle has been developed. This type of
engine is equipped with an annular nozzle with a flat central body and is designed to operate in the upper atmosphere
and in vacuum. The nozzle forms a jet converging to the axis of symmetry due to which a more compact torch of the
working fluid is formed. Nozzles of this type have important design advantages over conventional external expansion
nozzles. They are more compact, simpler in terms of cooling, but they have increased losses in the bottom region due to
the presence of a flat bottom near the central body. Therefore, the design of such engines needs parametric optimization.
Currently, for engines equipped with an annular nozzle with a flat central body, there are no validated methods that
would allow parametric optimization. The characteristics of the jet, the loss of specific impulse, and the magnitude of
thrust for a given type of nozzle depend on three main parameters: the area of the bottom region of the central body,
the area of the throat section, and the angle of rotation of the inner edge of the nozzle to the axis of symmetry. The gas
flow in the bottom region is accompanied by complex shock-wave processes that require a lot of time for numerical
calculations. To optimize the design of the nozzle, it is required a simple engineering method to calculate the thrust of
the nozzle according to its main parameters. The calculation of the nozzle thrust is based on the integral distribution of
pressure forces over its surface obtained by performing numerical calculations in a wide range of external pressure. The
Reynolds-averaged Navier-Stokes equations closed by the SST-modification of the k- turbulence model are solved.
Based on the results of numerical simulation, the calculated coefficients for one-dimensional engineering dependencies
are determined; they make it possible to calculate the speed and pressure in a random section of the combustion chamber
and engine nozzle. A simple engineering method for calculating the thrust of the chamber nozzle of a wide-range rocket
engine has been developed. The technique is verified by comparison with the results of a numerical experiment. The
problem of parametric optimization of the rocket engine combustion chamber, capable to operate in a wide range of
altitudes, was solved, and it is of interest to the space industry. The developed method of calculation makes it possible
to carry out a wide range analysis of the influence of the ratio of geometric dimensions, regime parameters on the thrust
of the combustion chamber and nozzles of a wide-range rocket engine, and to estimate the thrust value at different
engine operating heights.
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wide-range rocket engine, thrust, nozzle, numerical simulation
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BBenenue

CoBepIIeHCTBOBAaHNE PEAKTHBHBIX JABUTaTeNel Hepas-
PBIBHO CBSI3aHO C MOUCKOM IyTel Oosiee d3PPeKTHBHOTO
npeoOpa3oBaHusi XUMUUECKOI PHEPTUH TOIUIMBA B KHHE-
THYECKYIO DHEPTHIO CTPYH, B TOM YHCJIE 3a CYET BOBJIEYE-
HUS 3aI1aCOB MAcChl U DHEPTHHU U3 OKPYIKAIOLIeH Cpelibl, a
TaK)Ke 00ECIeYeHHUs] PacCYeTHOTO peKnuMa padoThl coTlIa
B [IMPOKOM JiMara3zoHe BeICOT. OAMH U3 CIIOCOO0B COBEp-
LICHCTBOBAHMSI PAKETHBIX JIBUTaTelIedl — NpUMEHEHUE
TIEPCTIEKTUBHBIX CXEM COTIEN, TAKUX KaK COILIO C BHEIITHUM
pacmmpenueM (mTeIpeBoe, acrospike) [1], ¢ BHeITHIM pac-

HIMPEHUEM U YIIPaBIIsIeMO#l 110/1a4eii/0TO0POM TIPOIYKTOB
CropaHusl B JJOHHYIO 0071acTh (IITHIPEBOE adpOJHMHAMUYE-
CKOE€), TapesbyuaThle, eIeBble coma u apyrue [2].

Comia ¢ BHEIIHUM pacLIUpeHHeM 00/1a1at0T CBOHCTBOM
CaMOpETyJIMPOBAHUSI 38 CYET HAJMYHUSI CBOOOTHOM BHEIITHEH
rpaHUIbl. DTO MO3BOJISIET UCKIIIOUHUTH PabOTY JIBUTATEIS
Ha peXXnMe TepepacnpeHus pabodero Tena npu MosieTe
KOCMHUYECKOH paKeThI-HOCUTENS B HIDKHHX CIIOSIX aTMOC-
(heprl, 0COOEHHO 3TO aKTYaIIbHO IS IEPCIIEKTHBHBIX OTHO-
CTYIICHUYAThIX CPENICTB BhIBeeHUS [3]. YacTo HCIOMB3YIOT
MHOTOKaMEpHYIO CXEMy, KOTIla MHOXKECTBO MaJlopa3Mep-
HBIX KaMep CTOPAaHUs PACHOIOKEHBI 110 IEPUMETPY MPO-
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YucneHHas MeToamka pacyeTa Tarm consa WnMpoKoaAManas3oHHOro PakeTHOro asurarens

(UIMPOBAHHOTO IIEHTPAIBHOTO Tea. Takas KOMITOHOBKa
YIPOLIAET PEelIeHHE 3a/1auyl yIPaBIeHHUs BEKTOPOM TATH
ITyTeM HEOOJIBIIOTO APOCCEIUPOBAHMS OT/ICIBHBIX Kamep
cropanus [4]. HecMOTpst Ha M3BECTHBIE JOCTOMHCTBA CO-
e Tuna aerospike OHM He HAILTH ITHPOKOTO MPHMEHE-
Hus. L{eHTpanbpHOE TENO MOTHOM TMHBI UMEET POOIEMBI
C OXJIAXKICHUEM M BECHUT OOIbINE, 4eM OOBIYHOE COTLIO
JlaBasist, HOTOMY 4acTo €ro CTPEMSITCsl YKOPOTUTh. B pe-
3yJaBTaTe 00pasyeTcs JOHHAS 001aCTh 32 TNIOCKHM CPE30M,
B KOTOpOﬁ MOT'YT IPOTEKATh CJIOKHBIC Ira30IMHAMUYCCKUEC
TIPOLIECChI, COMPOBOXKAAOIINECS HU3KOYACTOTHBIMU KOJIe-
O0anusmMu [5, 6]. MeTOIUKH YUCICHHOTO MOJICIIUPOBAHHSI
MOJIOOHBIX OTPBIBHBIX TCYCHUH OUEHBb TPEOOBATEIBHBI K
MaIllMHHBIM pecypcam [7] u TpeOyIOT THIATCIBHOW Ha-
CTpOMKH Mozesel TypOynenTHocTH [8].

[Tockonbky coruto Tuma aerospike Hapsimy ¢ qocTo-
WHCTBAMH MIMEET W OYCBHIHBIC HEIOCTATKH, CYIIECTBYET
MOTPeOHOCTh B ONTUMU3AIIH WX KOHCTPYKINHU B KaXKIOM
OTAETHHOM ciydae. [IpuMeHeHne a1 TOro METOANK BBI-
YHCIUTEFHOTO SKCIIEPUMEHTA YPE3BBIUATHO TPYIOEMKO U
TpeOyeT BHIMOTHEHNS OOJIBIIIOTO KOIMYECTBA BEIYMCIICHIH
[9]. Kak cnencTBue, nmeeTcs TOTPEOHOCT B pa3padboTKe
MIPOCTBIX HHKEHEPHBIX METOIUK, KOTOpPbIE ObI 00ecIeunBa-
JIM KQY€CTBEHHO BEPHOE IPE/ICKa3aHNe TATH U YACIbHOTO
HMITyJIbCa COTIeN THIa aerospike mpyu N3MEHEHN BHYTPEH-
HUX M BHELIHUX [IapaMETPOB.

3ajava HacToseld pabOThl — HCCIeI0BaHUE KOJIb-
LIEBOTO COIUIA C IIOCKUM LIEHTPAIBHBIM TEJIOM, KOTOpOE
HAIIOMUHAET TI0 CXeMe M3BecTHoe coruto TapacoBa—JleBmHa
C pe30oHATOPHBIM ycuiuTeneM TsrH [10], Ho oTnnyaeTcs
NPUHOMIOM paboTei!. BMecTo mpoduiInpoBaHHOIO LEH-
TPaJbHOIO TEJA COILIO MMEET IUIOCKUM Cpe3, a HaCTPOM-
Ka PeKUMOB TCUCHHS U ONTHUMAJIBHBIX ITapaMeTPOB OCY-
LIECTBIISIETCS BAPbUPOBAHUEM TPEX TAPAMETPOB: TLIOIIAIN
KOJIBIEBOI'0O KPUTHYCCKOI'0 CCUCHU, MIoMaan ,Z[OHHOﬁ
00J1acTH LEHTPAJIBHOTO Tella U yIjla pa3BopoTa BHYTPEH-
Hell KPOMKH coIia K Ocu cuMMeTpuH. [lo cpaBHeHHIO C
corutoM aerospike, IMEIOIMM LIEHTPAIBHOE TEJIO MOJTHOM
JUTHBI, KOJIBIIEBOE COTLIO C IFIOCKUM LIEHTPAJIBHBIM TEJIOM
MMEET TIOBBIIICHHBIE TIOTEPH MOJHOTO JIABJICHUS B CTPYE 3a
cueT 00pa3oBaHUS OTPHIBHOTO IIUPKYIISIIIMOHHOTO TEYCHUS
B JJOHHOW 00JacTH. DTOT HEAOCTATOK KOMIICHCHPYETCS
BKHBIMH KOHCTPYKTHBHBIMH NPEUMYIIECTBaMH. Taxoe
COIUIO KOMIAaKTHEe, Jierde, 4yeM aerospike, He mmeeT mpo-
61em ¢ oxyaxaeHneM, popMHupyeT KOMIAKTHYIO CTPYIO,
3a CYET TOr0, YTO Ha €ro KPOMKAX MOTOK Pa3BepHYT K OCH.
B PE3YILTATE MOHATHO, YTO ONITUMHU3ALINA TCOMETPHUHN KOJIb-
LIEBOTO COIIA C TNIOCKUM IIEHTPAJIBbHBIM TEJIOM Jiaxe Oosee
BaxkHa, ueM s aerospike. Llens paboTsl — pa3paboTka
IIPOCTOH MHXEHEPHOI METOAMKHU, KOTOpPasi MO3BOJIUT BbI-
YHCIISITH 3HAYEHHs] CKOPOCTH M JIaBJICHHS B JIIOOOM CEUECHUU
JIBUTATEIIS] M COTIIA IO OTHOMEPHBIM 3aBUCHMOCTSIM.

1 3agepiuen npoekr 1o paspadorke IIP/] o cxeme «Tapacos—
JIeBHHA» C COMJIOM BHEIIHETO PACIIUPEHUS H PE30HATOPHBIM yCH-
nureneM Taru [ DnekrponHsiid pecype]. URL: http://nti-acronet.ru/
blog/2019/09/06/zavershen-proekt-po-razrabotke-shrd-po-sheme-
tarasova-levina-s-soplom-vneshnego-rasshirenija-i-rezonatornym-
usilitelem-tjagi/ (nara oopamenus: 12.07.2022).

Onpejie/ieHe OCHOBHBIX Pa3MepoB NPOoQuIisi KaMephl
IIHPOKOANANA30HHOI0 PAKETHOI'O ABHIaTe sl

Baenem crenmyromie o603HaueHHA: kK — KaMepa cropa-
HUS;, kk — HadaapbHOE CEUCHHE CYKAIOIICHCS YaCTH BHEIII-
HEll 00eUaiKu; vX — BXOIHOC CCUCHHE; ¥ — KPUTHUCCKOE
CCUYCHHUC, min — MHUHUMAJIBHOC CCUCHMUC, out — JOKpHUTHU-
YyecKasl 4acTh BHEIIHEr0 KOHTYpa COILIa; d — BBIXOAHOE
cedeHue; in_ctl — BXOJIHOE CeYeHHE IIEHTPAIBLHOTO Tela;
in_ct2 — HavYaJbHOE CEUYEHHE YUacTKa C MOCTOSTHHOM I1JI0-
11131610 KOJIBLIEBOTO 3a30pa, 00pa30BaHHOIO BHEIIHEH 00e-
YalKOH M IIEHTPAJILHBIM TEJIOM; Cf — IIEHTPAIBLHOE TEJO.

Bce pa3mepHbie (pu3nueckue BETUYHHBI TPEICTABICHbI
B cucteme CU.

IIpoduib reoMeTpun KaMepsbl IMUPOKOIHATA30HHOTO
PaKeTHOTo JIBUTaTes [IOKa3aH Ha puc. 1.

Jlst hopmupoBaHus 00JIMKa KaMephl ITUPOKOAIIA30H-
HOT'O paK€THOT'O ABUTATEJIA BBECACM JONYIICHUE O PABCH-
CTBE IUIONAIEH MUHUMAIBbHOIO CEUYSHUS fmin U KpUTHYE-
ckoro ceyenust. OnpeesnM MUHUMAJIbHOE CEYeHHE COoTUIa:

fmin = nDah*’

rae D, — nuaMeTp BBIXOIHOTO CEUeHHs COILIA.
3a30p MeX 1y BHEITHEH 00euaiikoil 1 IIeHTPaTbHbBIM Te-

aom F,, — F,, (puc. 1) 1oIKeH COOTBETCTBOBATh YCIOBHUIO:
va B Fct
— =11
fmin

JlaHHOE yCIIOBHE CIIPAaBEATINBO MPU CICAYIOMNX pa3-
MEPHBIX OTPaHNYEHHAX:

DctzLlDvax_Dthh*’DvxSh*’ (1)

rae D, — nuaMeTp KaMepbl CropaHus, KOTOPbIi opees-

eTcs TI0 PeKOMEHIalNsIM, TIPE/ICTaBICHHBIM B padore [2].
[Ipu ycrmoBuu BBITONHEHUS oTrpaHmdeHu (1) BBemeM

cremyromue obo3HaueHus (puc. 1, b):

F, utl = F, v

O

ct’Fct2 :Fa’ Fout2 :Fct_FuHFctl :Fout2'
BbiBOI pacyeTHO-aHAJIMTHYECKUX 3aBUCMMOCTEH TATU
KaMepbl IIMPOKOANANA30HHOI0 PAKETHOI0 ABUTATE/IsI

BeiBoz1 (hOpMyIIBI TSTH ITUPOKOIUANIA30HHOTO PAKETHO-
IO ABUIATEJIs ¢ KOJIbLEBBIM COILIOM C INIOCKUM LEHTPAJIb-
HBIM TEJIOM OCHOBAaH Ha ONPENENEeHUH TATH — paBHOAEH-
CTBYIOILUX CUJI, ICHCTBYIOIINX HA BHYTPEHHUE U BHEIIIHUE
CTCHKH KaMepbl, 3a UCKIIFOYEHUEM CUII a3POIUHAMUYECKOIO
COIIPOTHUBIICHUS:

P = p cos(nx)ds, )

TJI€ p — JABJICHNE; 1 — HOPMAaJIb K TIOBEPXHOCTH; X — OCh
KaMepbl; S — monHas (BHYTPEHHSS M BHEIIHSSA) TOBEPX-
HOCTb KaMepBhl.

[Tpumenum dopmyiy (2). [1iist TOT0 pasnenum Kamepy
Ha JIB€ COCTABJIAIONINE: BHEIIHASA 00eyalika U IIEHTPaIbHOE
Teno. [ kaxnoi cocTaBIsIIOLIEH HaliZIeM PAaBHOIEHCTBY-
rorue cui. J{ist BHenHelH oOeuaiiku — paBHOACHCTBYIO-
11ast CUJI, MPHIIOKEHHBIX K CMECUTEJILHOM IOJIOBKE KaMepbl
CropaHusl, K Cy’KaroIIeNcsl YaCTU U BBIXOJHOMY CEUCHHIO
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Ly
Lk i va

Dy

vx

b
AT
F, outl
.fl‘nin

F,

L our2

P F ctl \
F, v
Fw F, 4't2/
F,
h*

Puc. 1. Cxema onpenenenus npoduist KaMepbl: OCHOBHBIE pa3Mepbl KaMepsl (a); BEIXOIHOE ceueHue corua (b).

h* — meneBoii 3a30p; D; — IHaMeTp COOTBETCTBYIOLIETO CCUCHUS; L; — IUIMHA COOTBETCTBYIOIIECTO CEUCHHS; F; — IUIOMmaib

COOTBETCTBYIOMIETO CEYEHHS; fy i — TIIOIIAAb MUHUMANIBHOTO cedeHus; F, ., F,

F

Ci

our2 — IUIOLIA/TN CTEHOK BBIXOTHOT'O CCYCHHUS COIIIIA; Fctl’

o — IUI0IaAu CTCHOK LEHTPAJIbHOTO TEj1a

Fig. 1. Chamber profile definition scheme: the main chamber sizes (a), exit section of nozzle (b) (h* — slot gap, D; — the

corresponding section diameter, L; — the corresponding section length, F; — area of the corresponding section, f;

min — Minimum

section area, F,,;;, F,,,» — wall areas of the nozzle outlet section, F,;, F,,, — wall areas of the central body)

coma. [ MEeHTpaNbHOTO Tella pacCYnTacM PaBHOICH-
CTBYIOIIYIO CHJI, ICHCTBYIONTYIO0 Ha BXOAHOE W BBIXOITHOE
CeUYeHUs IeHTpaIbHOTO Tena. Ha puc. 2 mpexncrasieHa
pacueTHasi cxeMa, Ha KOTOpPOil ITOKa3aHO pacIpeeeHne
CHJI, IEHCTBYIOIINX Ha CTEHKH KaMepHI.

Beraucium naTETpant (2), Mpu 3TOM pasesiuM TATY Ha
COCTABJISIFOIIIME, KOTOPBIE COBIAJAIOT 110 HANPABICHHIO C
BEKTOPOM CKOPOCTH MCTeueHUs (0Ch X) M MPUHUMAIOTCS
TIOJIOKUTENBEHBIMH, a B CIIy4ae HECOBIIQ/ICHHUS — OTpHIIa-
TEJILHBIMU:

IJIe paBHOJEHWCTBYIONINE CHWII, NPUIIOKEHHBIE K: P| —
CMECHUTEIFHON TOJIOBKE KaMepbl cropaHus (ceuenue k);
P, — cyxwuBatomieiicsi yacTu kamepsl cropanus (kk—vx),
P3; — IOKpUTHYECKON W KPUTUYECKON 9acTAM BHEIIHETO
KoHTypa coruta (out); P4, P — CEYEHUSIM IEHTPAIBEHOTO
tena (in_ctl-in_ct2, cf).

CocraBisionue CUIIbl TSITH Ha COOTBETCTBYIOLIUX
y4acTKax MOTYT OBITh MPECTaBICHbI 3aBUCMOCTSIMH:
— ceuenue k:

Py = (pr—p)Fi+ msWp 3)

k kk =k VX out

in ctl in ct2 ct

Puc. 2. Pacuernas cxema (k, kk, vx, out, in_ctl, in_ct2, ct —
CEUeHUS, p; — JABJICHHE B COOTBETCTBYIOIIMX CEUCHUSX)
Fig. 2. Calculation scheme (k, kk, vx, out, in_ctl, in_ct2, ct —
section, p; — pressure in the corresponding sections)

— ceueHwue kk—vx:
Py =i = oo+ ms(Wi= W) = pu(Fi= F); (4)
— CCYCHHUEC out:
P3=Pour = P)Four ~ msW oy (5)

— ceuenue in_ctl-in_ct2:

P4 :pinictzFinicQ _pinictlFinictl + 6
+ mE( I/Vinict2 - W‘nﬁctl); ( )

L.

— CCUYCHUE CI:
PS :pctht + mZWct +pnFa’ (7)

rae F; — miomans MOBEpXHOCTH, Ha KOTOPYIO IEHCTBYET
JIaBJICHUE p; M CKOPOCTH WW; B COOTBETCTBYIOIIEM CEUCHNUH;
my — CyMMapHBIi MacCOBBIA pacxon; I, — miomanb
BBIXOJIHOTO CEUEHHUs COILIA; p,, — JIaBJICHUE OKPYKaIOIEH
Cpebl.

Pa3genum miomany BBIXOJHOTO cedeHUs obedaiiku
F,,; 1 IeHTpanapHoro Tena F'., Ha cocrasusoomue F,,,,
Fons Fons Fop (puc. 1, b). Pa3ouenue nnomanu F,, Ha
COCTABIISIIONINE MTO3BOJISIET MTPOU3BECTH OLICHKY BIIHSHUS
BHEIIHEH Cpebl Ha BEIMYUHY JIABJICHUS, BO3/ICHCTBYIO-
IIET0 Ha IUIOLIAb HEHTPAIbHOIO TeNa £,;; U Ha CKOPOCTb
MOTOKA B JIAaHHOM CEUCHUH.

C y4yetoM pa30OmeHus IUIOMAAN Ha yYaCTKHA YPABHEHUS
(5), (7) mpUHUMAIOT BHI:

P3 :pautIFautl +pout2Fuut2 + (8)
+ mZ(Woutl + Wout2) _pnFout;

PS :pctchtl +pct2Fct2 + mZ(Wctl + Wctz) +pnFa~ (9)

3HadeHne mapaMeTpoB MOTOKa p, W, mMeHCTBYIONINX
Ha LEHTPaJIbHOE TEJO M Ha BHEIIHIOI 00euaiiky B i-OM
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CCUYCHUM, OLUCHUBACTCA YCPC3 YUCIICHHOC MOACIMPOBAHNC
IIOTOKa.

YucaeHHoe MOJIEJINPOBAHUE MMOTOKA

PermmM 1ByMEpHYIO 33734y B CTAIlHOHAPHONW OCECHM-
METPUYHON TOCTAHOBKE B PACUETHOM ITAKETE MPOTpamMm
ANSYS Fluent. B pamkax MaTeMaruueckoil MOJeH Mpu-
MEHHUM OcpeJHeHHble 1o PeliHonbacy ypaBHenus HaBbe—
Croxkca a5 uaeanbHoro rasza. Cucrema ypaBHEHHI 10MO0N-
HeHna SST (Shear Stress Transport — mopens nepeHoca
C/IBUTOBBIX HANPsDKEHUH) — Moan(pUKauen k- Moaenn
TypOyneHTHocTH [3, 4, 7]. Monenb TypOyIeHTHOCTH k-®
SST noka3zasia XOpOIIy0 CXOAUMOCTb C Pe3yJIbTaTaMH IKC-
nepuMeHToB [4, 11, 12].

JU71st CBSI3M IABIICHUS M CKOPOCTH HCTIONB3YEM aITOPUTM
Coupled. [lys anmpoKcuUManuy Mo JaBICHUIO MPUMEHUM
ypaBHEHHS BTOPOTO MopsaKa. J[as anmpokcuMamuy 1mo
IUIOTHOCTH, CKOPOCTH, TypOYJIEHTHO-KUHETHYECKOU dHEp-
THH, YIEIbHOW CKOPOCTH TUCCUIIAIIMU U SHEPTHH UCTIONb-
3yeM cxemy Tpetbero nopsigka MUSCL.

Jliis mpoBesieHus: pacyeTa OCTPOUM TETPadIPUUECKytO
HECTPYKTYPUPOBAHHYIO CETKY. PasMepbl IByMEpHBIX siueek
CETKH: MUHUMaJIbHas cTopoHa — 1,66-10-0 M2, makcu-
MaJibHas cropona — 1,36 102 m2. KolM4ecTBO pacyeTHbIX
stueek — 760 359 u y3noB — 383 897. [l NOBBILIEHUS
KauecTBa pacyera MOTPAaHUIHOTO CIIOS CETKa CTyIIAeTCs K
BHYTPEHHHMM CTEHKaM KaMepbl. BricoTa mepBoro ciost —
1,7-10-6 M, ckopocth pocra — 1,2. KonmuuecTBo cioeB —
10. Pa3mep CeTOYHBIX AIEMEHTOB Y CTEHKH 00€CTIeYHBAET
y+ =1, rme y+ 3To 6e3pa3sMepHOe PacCTOSIHUE OT MEPBOIO
y371a CeTKH 710 cTeHkHu [11].

IIpu pacdere ucnonb3yeM CIEAYIOIIUE TUITbI TPaHUY-
HBIX YCJIOBHUI: «Symmetry» it OOKOBBIX CTEHOK CEKTOpa;
«Wall» 6e3 ckoJIbKeHHs MOTOKA ISl CTEHOK Kamepsrl; «Inlet
mass flow» ¢ 3ajannemM MaccoBOro pacxoza, CTaTHIECKOTO
JIABIICHUSI, TEMITEPATYPBl TOPMOXKEHUSI U ¢ MHTEHCHBHO-
CTBIO TYpOyJIEHTHOCTH 5 % IS TOpIia KaMepbl CrOpaHusl.
«Pressure outlety ¢ 3amaHreM MOJIHOTO JAaBIECHUS U TEM-
Neparypsl OKpyXkKarllel cpeasl 1l TOPLOB BBIXOAHOMN
00J1acTH ¢ MHTEHCUBHOCTBIO TypOyneHTHOCTH 5 %o.

BrinonHuM pacdeT s SKCIIEPUMEHTAIBHONW TOUKH,
TIPY ATOM: CyMMapHbIil MaccoBbIii pacxoy paseH 0,268 kr/c,
n30BITOUHOE JIaBjieHUE B kKamepe cropanus — 810 600 Ila,
Temmneparypa noroka — 1086 K [13].

Ha BBIXO/I€ M3 pacyeTHOH 00JacTH yCTaHOBHM CTa-
TUUYECKOE JAaBJIEHUE U TEMIEPaTypy, COOTBETCTBYIOIIYIO
rapameTrpam arMocgepsl B Ha3eMHBIX yCIOBHUSX M HA BBI-
core 100 000 m Hax ypoBHeM Mopst. [TonyueHo nuzmeHenue
napamerpos ot 101 325 11a/288,15 K 10 0,0319 T1a/196 K1.

[TpoBeneM BanmAannio YUCIEHHOTO METOJA pacyeTa
Ha TpUMepe FeOMETPUH CTEHI0BOTO coruia e JlaBais?
[13], mpu moMoIy CpaBHEHHUS PE3yIIBTATOB pacdeTa TATH

I TOCT 4401-81 Armocdepa cranmaprHas. [lapamerpsl.
Beenen 01.07.82. M.: Uzn-Bo crargapros, 1981. 181 c.

2 3aBepuieH mpoekT mo paspaborke LIP/I mo cxeme
«TapacoBa-JIeBUHA» C COIUIOM BHEIIHETO PACIIUPEHHUSI H Pe30Ha-
TOPHBIM YCHJIMTENIEM TATH [DnekrponHsiii pecypc]. URL: http://
nti-acronet.ru/blog/2019/09/06/zavershen-proekt-po-razrabotke-
shrd-po-sheme-tarasova-levina-s-soplom-vneshnego-rasshirenija-
i-rezonatornym-usilitelem-tjagi/ (nara obpamenus: 12.07.2022).

B MIPOrPaMMHOM cpesie ¢ pe3ylbTaTaMy pacyeTa TArd 1o
AQHAJIMTUYECKUM 3aBUCUMOCTSIM [2]:

P:Ppacq +F(pa—Pp)

n—1
Ppacq = mZ\/zn/(n - l)RTk[l - (pa/pk)T] >

Iae p; ¥ p, — JABICHUS B KAMEPE CropaHus U Ha CPe3e
comya; n — I0Ka3aTelp mnpolecca; R — razosasi MOCTO-
sHHas B KaMmepe; 1, — TeMmeparypa B KaMepe CrOpaHusl.

PacuerHs1ii pesxum paboTsl coruia e JlaBais ocye-
CTBHM IIpH JIaBieHuu p, = p, = 50 000 Ila. PacueT TAru Ha
HEpPacYeTHOM PEXHMMe MPOBeeM IPH 3HAUYCHNH JaBICHUS
OKpYy>Karommen cpensl p, = 101 325 ITa.

Pesynbrar cpaBHEeHUsI 3HAUEHUH TATH B IPOTrPaMMHON
cpelie U Mo aHATUTHYECKUAM 3aBHCUMOCTAM (Tabm. 1) mo-
Ka3aJl CXOJUMOCTh 3Ha4eHUH. Takum 00pa3om, pacueT Juc-
JICHHBIM MOJICIIMPOBAHUEM MOXKET CUMTATHCA TOCTOBCPHBIM
1 IPpUMCHUMBIM IJIsI MOACIUPOBAHUA MIPOLICCCOB B KaMEPE
HIMPOKOJMANIA30HHOTO PAKETHOTO JIBUTATEIS.

Pe3y.J1 bTaThl MOACJIUPOBAHUSA

B pesynprare 4MCIeHHOTO MOJESITHPOBAHUS KaMepPhl
IIMPOKOANAIA30HHOTO PAKETHOTO JIBUTATEINS MOTy9EHBI
AMIOPHI PACHIPEEIICHUS CKOPOCTH M CTATUYECKOTO JIaBje-
Hus. Ha puc. 3 moka3aHo KaueCTBEHHOE pacrpeieieHue Uc-
KOMBIX [TApaMEeTPOB Ha PACUCTHOM PEXHMME pabOThI COILIA.

UucnenHoe pacnpeesieHue HCKOMbBIX IapaMeTpoB M0-
CTpouM TpapUIEeCKH, KaK pacrpeeliCHHe OTHOCUTEIBHBIX
napamMeTpoB CKOPOCTU W u naBieHus E 110 KOOpAHHATaM
poduIsL pa3BepTKH IICHTPAIBHOTO Tella ¥ BHENTHEH 00e-
yaiiku X

V_V = VVl/ W*,
P=ppi
X=X/X

rae W, u p; — 3HadeHHs] CKOPOCTU M AaBICHHS B i-OM Ce-
YeHUH; X, — JUIMHA IPOQUILS; p; — JABICHUC B KaMepe
cropanusi; Wi — KPUTHYECKOE 3HAYCHHE CKOPOCTH, KOTO-
poe BBIUUCITHM 110 (hopmyIie:

W= RT, 9
n+1

e n — IoKa3aTellb pouecca; R — ra3oBas HOCTOSHHAs
B Kamepe; 7 — TeMIeparypa B KaMepe CropaHusl.
[NomyyenHoe pacrpeneneHue oKa3aHo Ha puc. 4.

Tabnuya 1. CpaBHeHHE TATH coruta e JlaBams

Table 1. De Laval nozzle thrust comparison

3nauenue Taru, H
Yenosue Pesynsrar Pesysbrar pacuera
ucreuenns, ITa YKCJIEHHOTO 10 QaHAJUTUYECKUM
9KCIIEpPHUMEHTA 3aBUCUMOCTSIM
p,= 101325 268 267
Pn=D,=150000 307 306
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Puc. 3. Pactipenenenne cKOpOCTH TeUEHHUS (a) U CTATHYECKOIO IaBJIeHUs pabodero Teia (b) 1mo comuy (ZaBlIeHne OKpYKarolei
cpeast p, = 50 000 ITa)
Fig. 3. Distribution of the flow velocity (@) and the static pressure of the fuel component () through the nozzle (environment
pressure p,, = 50 000 Pa)

BHenpeHue pe3ybTaToB MOAeTHPOBAHUS
B METOAHNKY pacyeTa

[onyuenHoe pacrnpeielieHie OTHOCHTEIIBHBIX MTapamMe-
TPOB JIETJIO B OCHOBY OITPE/ICJICHHSI CKOPOCTH U JIaBIICHUSI:
Pout1> Pour2> Wouth Wout2ﬂpctl’pct2’ Wctlﬂ Wct2 JUIst CeYCHNUH,
TIPEJICTABICHHBIX B ypaBHeHUX (3)—(9). 3Hauenus onpene-
JISIFOTCSL METOZIOM YMCIICHHOTO MHTETPUPOBAHMS HCKOMBIX
IapaMeTpoB IO CEYCHHUIO.

st ynoOcTBa pacyeToB HCKOMBIE MTapaMeTphl Mpel-
CTaBJICHBI Yepe3 JaBJICHUE B KAMEPE CrOPAHUSI M KPUTHYE-
CKY10 CKOPOCTb. CBsI3b MEX/IY NCKOMBIMH MapaMeTpaMu
1 JIaBJIGHUEM B KaMepe CTOPAHUS MOIyYHM depe3 Kod(-
(ULMEHTHI, 3HAYEeHHs KOTOPBIX OIIPEeIeSIMM Ha OCHOBaHUH
pacrnpezeneHusi 3HaY€HUI OTHOCUTEIBHBIX MAapaMeTPOB
JIABJICHUSI U CKOPOCTH, B COOTBETCTBHUH C pHC. 4.

W = ccWs, (11)
Wout2 = CW*, (12)

Wen = ggWs, (13)
Wen=gWs, (14)
Pent =Pk (15)
Per =Pk (16)
Pourt = bbpy, (17)
Pour = bpy- (18)

N3menenne 3HaueHnii xodddunuentos (11)—(18) B
3aBHCHMOCTHU OT JaBJICHHs BHELIHEH cpeibl B jorapud-
MHYECKHX KoopauHarax lg(p,) npencraBieHo Ha puc. 5.
OTMCTI/IM, YTO BJIMAHHUE HA TATY OKa3bIBAIOT apaMETPhI
JIABJICHUSI U CKOPOCTH, COOTBETCTBYIOIIHE [IEHTPATBHO-
My Teily, Iomanu £, B JUana3oHe JaBIE€HUS CPEIbl OT
101 325 I1a no 5000 ITa.

PacueTHBIC KO3 GUIHCHTHI MPOBEPUM HA TPUHAI-
JISKHOCTh K Ta3oquHaMudecKuM QyHKimsM. Onpenennm
IIPUBEIEHHYIO CKOPOCTh IS CIydaiHON KOOpauHATE X
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Puc. 4. PacnpeiernieHre 3HAYEHHUI OTHOCUTENBHBIX TAPAMETPOB JIABJIEHUS p, CKOPOCTH ¥ 0T KOOpIUHATHI X: IIEHTpabHOE TeJIo (),
BHEIHss oOeuaiika (b).

A* — KpUTHYECKOE CeUeHHE COTia

Fig. 4. Distribution of values of pressure p relative parameters, velocity W vs. coordinate X: (@) central body, (b) outer shell

HO3BYKOBOﬁ 30HBI, 3aKpI/ITI/I‘IeCKOI71 001acTH U B Kputn4ie-
CKOM CCUCHHUMU:

7\,[ = VVZ/W*

[To npuBeEHHO CKOPOCTH A BBITIOJIHEH pacyeT (PyHK-
LMH IPUBEACHHOTO AaBICHUS T(A;) U IPOU3BEIICHO CPaB-
HEHHE MX 3HAYEHUIl ¢ pacyeTHbIMU K03 duimeHTamu: ff,

1, bb, b uz hopmyi (15)—(18).
n—1 ]nnl
a2,

rae Wi« onpenenena o ¢opmyse (10).

B pe3sysnbrare npoBepKH pacueTHBIX KOAIPQPHUINEHTOB
Ha MPHUHAUISKHOCTh K Ta30JUHAMHUYECKUM (YHKIIHSIM
YCTaHOBJICHO, YTO OHH SIBIISIOTCS Ta30AMHAMUYECKIMHU
(bYHKUMAMU IS TOKPUTHYECKOIM M KPUTHYECKOW 00acTeit
comia. B 3akputudeckoii odnactu (momans F,.,) pacyer-
HBIE KOA(PPHUIINEHTHI Ta30ANHAMIYECKAME (DYHKIUAMH HE
SIBJIIOTCS: 3HAYEHHs JaBJICHHUH, IOMy4YeHHBIE [0 pacyer-
HBIM KO3 (QHUIIHCHTAM 1 Ta30ANHAMUYECKIM (QYHKIUSAM, HE
COBIAAAIOT. JlaHHOE YTBEPIKACHUE MOXKET OBITH 000CHOBA-

k

HO ()OPMHUPOBAHHEM JJOHHO 30HBI, HCCIICIOBAHHS KOTOPOI
npejcrasieHsl B [14].

Bepuduxanus
PacyeTHO-aHATUTHYCCKON METOIUKH

Bepudukanns pacueTHO-aHATUTHYECKOH METOINKH
MpOBE/ICHA CPABHEHHEM PACUCTHBIX 3HAUYECHUHU TSITH CO
3HAYCHUSIMU, BHIYUCIICHHBIME B TIPOIPAMMHOM Cpejie.

UuCIeHHBIH pacyeT TArH COMia B IPOrPAMMHOM KOM-
miekce ANSYS FLUENT ocyrecTBiieH METOIOM YHCIICH-
HOTO MHTETPUPOBAHUS JABICHHUSI, PACIIPEIEICHHOTO 10
CTEHKaM COIlIa (32 UCKITFOYSHUEM CHJI a3POJMHAMUYECKOTO
conporusieHus). [TomydyeHHOE 3HaUYEHNE CYMMUPOBAHO CO
3HAYEHUEM JIaBJICHUS, ACHCTBYIOIIEr0 Ha TOPELl KaMepbl
CropaHusi.

AHaNMTHYECKHUI pacyeT TSATH OCYIIECTBIICH 110 (hopMy-
nam (3), (4), (6), (8), (9), 3HAYCHUS TAPAMETPOB JIABJICHUS U
CKOPOCTH ILIoLanu F,),, Ce4eHus out onpeenaeHsl 0o Gpop-
mynam (11), (12), (17), (18), s mnomanu £, cedeHus
ct — 1o Qopmynam (13), (15), nng mnowamu F,,, ceuenus
ct — 1o hopmymam (14), (16).
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Tabnuya 2. CpaBHEHHE TATH

Table 2. Nozzle thrust comparison

VYenosus teuenus, [1a

3navyenue Tsaru, H

Pk Pn

Pesynbrar yncieHHOro sKcrepuMeHTa

P€3yJII>TaT pacueTa 110 aHaJIMTHYCCKUM
3aBUCHUMOCTAM

810 600 101 325

267 262

50 000

280 280

5000

308 307

1000

311 310

0,0319

312 311

0,8

0,6

0,4

0,2

-2 0 2 4 6
lg(pn)
-+ bb - ff
—+ C —.— g

- cc - gg

Puc. 5. 3menenne k03(GHUITMEHTOB TaBICHUS H CKOPOCTH OT
BHEIITHETO JaBienus 1g(p,,)

Fig. 5. Change in pressure and velocity coefficients vs. external
pressure 1g(p,,)

CpaBHeHI/Ie 3HAUYCHUU TITU KaMCphbl, ONMPCACICHHBIX
YUCJIICHHBIM MOJCIIMPOBAHUCM U MO MPCAJIOKCHHBIM aHa-
JINTUICCKUM 3aBUCUMOCTIM NPEACTABICHO B Tabm. 2.
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OTtmeueHa CXOOAUMOCTD PE3YIbTAaTOB TATHU B JUAIIA30HC
naBieHui BHemHel cpeast oT 50 000 ITa o 0,0319 Ila.
B ycinoBusix paboThl coruia npu BBICOKMX MPOTHUBO/IABIIE-
HUSIX CPEAbI CXOJUMOCTh 3HaUeHUi cocTapiser 3 %.

3akaouenune

[Ipennoxena mpocTasi HH)KEHEPHAsT METOJIHMKA, T0-
3BOJIAOIIASA BBIYHUCIIATH 1O O)]HOMepHBIM 3aBUCUMOCTIAM
JIaBIIEHUE M CKOPOCTh B MIMPOKOUATIA30HHOM PaKETHOM
JIBUTATele C KOJBILEBBIM COIJIOM C MIOCKUM IIEHTPaib-
HBIM TEJIOM, KOTOPOEC MPEIHAZHAYCHO JUIsl pabOThI B BEPX-
HUX CIIOSX aTMOC(EpPhI B IAPOKOM TUAMIA30HE U3MCHEHUS
BHEILHEr0 JaBjieHusl. MeTouKa CONEPIKUT Psiji IMIUPHU-
YECKUX KOAPPUIIMEHTOB, KOTOPBIC IMOyUCHBI B XOJC BBI-
YUCITUTETHHOTO dKcTiepruMeHTa. CpaBHEHHE C TECTOBBIMU
pacdeTaMu, BHITIOIHCHHBIMH YUCJICHHBIM METOIOM, TTOKa3a-
J10, 9TO pa3paboTaHHAS HHKEHEPHAst METOIUKA MTO3BOJISCT
MOJYYHUTDh PE3yABTATHI C TOTPEITHOCTHIO, HE TPEBBIIIAI0-
meit 3 %. Bo BHyTpeHHEM TpakTe ABUTATENsT METOAHMKA
BbIIACT JAHHBIC, 6_]'[]43](1/16 K pe3ynLTaTaM, HOJ'Iy‘IeHHBIM
MO Ta30JUHAMHUYECKUM (QYHKIUSM ISl M309HTPOIINYE-
CKOTO TeueHus1. B 1oHHOI o0sacTy u3-3a OOJBIIKMX MOTEPh
MOJIHOTO JIaBJIEHUS OTJIMYKE CyllecTBeHHoe. J[Js coma ¢
IUIOCKUM IIEHTPAIBHBIM TEJIOM 0CO00C 3HAYCHHE UMCET
BO3MOKHOCTH ONTUMHU3ALUU €r0 MapaMeTpoB ISl KOM-
MICHCAIMH TTOTEPh B JJOHHOW oOnacTu. Hammdme mpocThix
anreOpanuecKuX 3aBUCUMOCTEH, TIPEIOCTaBISIEMBIX pa3pa-
0OTaHHO MH)KCHEPHOW METOIMKOM, TI03BOJISIOT BKITFOYATh
UX B 9((PEKTUBHBIC ONITUMHU3AINOHHBIC ATOPUTMBIL.
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TPEBOBAHUS K O®OPMJIEHUIO CTATEN

KypHan nybnumkyeT HayyHble 0630pbl, MOHOTEKCTOBbLIE CTaTbU
1 KpaTkme coobLeHus.

[MonHOTEKCTOBAs CTaTbsl LO/MKHA MMETb YETKYIO CTPYKTYPY, BKIIO-
yaloLLyto B ce0s1 aHHOTaLMIO, KiloYeBbIE CI0BA, BBEAEHWE, HECKOJbKO
cozepXaTebHbIX PasfesioB U 3ak/Il0HEHME.

B aHHOTauum, paccynTaHHOM Ha CaMbll LUMPOKNI KPYT YuTaTenen,
Heobxoammo B o6beme 200-400 cnos B popme kpaTkoro pedepara
(Abstract) ns3noxmTb Hay4yHOE COAEpXaHue cTaTbu: MPeameT, Lenb
paboTbl, MeTon, WA METOAOSorns npoBedeHuss paboTbl, KpaTkoe
onnMcaHne 3KCNepUMEHTa, NONMYYEHHbIE Pe3ynbTaTbl, PEKOMEHAALNN
Mo NX NPUMEHEHUIO.

KnioyeBble cnoBa [O/KHbI OTpaxaTb MHdOpMaumio, npeacras-
NIeHHy10 B cTatbe. OCHOBHOE KJIIOHEBOE CNOBO YKa3bIBAETCS MEPBbLIM.

Bo BBeoeHUM HeobxoouMMO MpPencTaBuUTb COLEPXaATENbHY Mo-
CTaHOBKY paccMaTpMBaeMOro BOMpPOCa, MPOBECTU KPaTKUA aHa-
NIN3 U3BECTHbLIX N3 HAYYHOW NUTEPATYpPbl PELUEeHUI (CO CCbIIKaMu Ha
VCTOYHUKW), AaTb KPUTUKY UX HELOCTATKOB, MOKa3aTb HAYYHYIO HOBU3-
HY 1 NPENMYLLLECTBO (OCOOEHHOCTU) NpeanaraemMoro noaxoaa.

B 0CHOBHOM TekCTe CcTaTbM A0/MKHA ObITb NPEACTaBeHa cTporas
NOCTaHOBKA peLlaeMon 3aa4u, N3N0XeHbl 1 0OCTOATENBHO pa3bsc-
HEeHbl (J0Ka3aHbl) NOJlyYeHHbIE YTBEPXKAEHUS U BbIBOAbI, MPUBELEHDI
pe3ynbTaThl 9KCMEPUMEHTANIbHbIX NCCNEA0BAHNA N MaTeMaTnyec-
KOro MOAENVPOBaHUS, UNIIOCTPUPYIOLLNE COENAHHbIE YTBEPXOEHUS.
OCHOBHOI TEKCT CTaTby OOKEH OblTb Pa3buT Ha coaepXaTesnbHble
pasgensl (2-3 paszena).

B 3aknio4yeHnn HeobxoaMMO KpaTko cOOPMYIMPOBaATL OCHOBHbLIE
pes3ynbTaTthbl, NPOKOMMEHTUPOBATb UX 1, €CAIYM BO3MOXHO, YKa3aTb Ha-
npaBfAeHns AaNbHENLLX NCCNE0BAHNI 1 061aCTU MPUMEHEHNS.

MpucTaTeliHbii CNUCOK NUTepaTypbl (pekomenayeTcsl): ana 06-
30pHON cTaTb — He MeHee 50, ons NOSIHOTEKCTOBOWM CTaTbW — He
MeHee 15, ons kpaTkoro coobLleHnss — He MeHee 8 nuTepaTypHbIX
MCTOYHUKOB.

CcCblfikM Ha CTaHAAPTbI Y UHBbIE HOPMATUBHbIE LJOKYMEHTbI, @ TakXe
Ha HENEPCOHUPULIMPOBAHHbLIE MHTEPHET-PECYPChI B CMINCOK NnTepa-
Typbl HE BHOCATCS, @ 0POPMASIOTCS B BUAE CHOCOK.

O6bemM 0030pHOIM CcTaTbW MNpPenBapuTeNbHO COrNacoBbLIBAETCS
C pefakumen.

O6beM NONHOTEKCTOBOW CTaTby, BKAKOYAA UNOCTpaLmm, Tabnm-
Libl U CMNCOK NUTEPATypbl, HE AOKEH NPEBbIWATL 8 CTPaHUL, MaLluun-
HOMUCHOIrO TekcTa (C pucyHkamm u Tabamuamm), wpudT 12 pt, oanH
VIHTEepBa.

0O6beM KpaTkoro coobLueHns — 0o 3 cTpaHu, wpudT 12 pt, oamH
vHTepBan. Pybpukauus TekcTta He TpebyeTcs. CTaTby NPUHUMAIOTCS B
3NeKTPOoHHOM Buae (ntvitmo@itmo.ru). B pacneyataHHOM BUAE C Noa-
NMCsSMN aBTOPOB MaTepuanbl NPeacTaBasioTCs B pefakuumio no 3a-
NpoCy peaakLmm Nocsie NPOXoXAeHNs NpoLueaypbl PELEH3NPOBAHMS.

KomnnekT LOKYMEHTOB LO/MKEH BKIKOYATb:

+  TEeKCT CTaTbyM C 3aBEPCTAaHHbLIMU PUCYHKaMK 1 Tabnnuamu;

+  ¢dopMbl cBeaEeHMM 06 aBTOpax (Ha Kaxaoro aBTopa); AonyckaeTcs
yKa3aHue HeCKOJbK1X MecT paboTbl aBTopa;

+  dannbl C pUCyHKaMm K ctatbe B OpurnHanbHoM dpopmaTte (npes-
noytutensHo JPEG) ¢ makcumanbHbIM paspelleHnem; gonycka-
eTCsl NpeacTaBfeHne LBETHbIX PUCYHKOB, €CNN B Y4epHO-0enom
BapuaHTe TepsieTcs nonesHas nHhopmaums;

*  JINLUEH3NOHHOE COrMaLleHuE;

+ cornacue Ha 06paboTKy NEPCOHasbHbIX AAHHbIX.

REQUIREMENTS FOR EXECUTION OF PAPERS

Scientific reviews, full-text and brief papers are published.

A full-text paper should have a well-defined structure, including
an abstract, keywords, introduction, several substantive chapters and
a conclusion.

An abstract is intended for general public. It is necessary to set
forth the scientific content of the paper limited by 200-400 words in the
form of a brief abstract: the subject, the work objective, the method or
methodology of work, a brief description of the experiment, obtained
results, recommendations for their application.

Keywords should be connected with the information presented in
the paper. The main keyword is given first.

The introduction should contain a meaningful statement of the
issue in question, a brief analysis of the solutions known from scientific
literature (with references to sources), a criticism of their shortcomings,
scientific novelty and advantages (features) of the proposed approach.

The main body of the paper should represent exact statement of
the problem being solved, obtained assertions and conclusions are to
be set forth and explained in detail (proved), the results of experimental
studies or mathematical modeling should be given to illustrate the
statements made. The main text of the paper needs to be split up into
meaningful sections (2-3 sections).

In conclusion it is necessary to summarize the main results,
comment on them and, if possible, to indicate the areas of future
research and application.

A list of references is recommended: for a review paper — at least
50 items, for full-text paper — not less than 15, for a brief paper — at
least 8 references. References to standards and other regulatory
documents, as well as to Internet resources, are not included in
a reference list and are documented as footnotes.

The length of a review paper is coordinated with the editorial board
beforehand.

The length of a full-text paper, including illustrations, tables and
references, should not exceed 8 pages of typewritten text (figures and
tables included), font 12 pt, single-spaced.

The length of a brief paper is up to 3 pages, font 12 pt, single-
spaced.

No rubrication is required.

Papers are accepted in electronic form (ntvitmo@itmo.ru).

Materials are submitted to the editors on request after the
procedure of reviewing in a printed form signed by the authors.

A set of documents should include:

+ The text of the paper with make-up figures and tables;

+ The forms with information about the authors (for each author),
several employers can be specified by the author;

+ Files with pictures to the paper in their original format (preferably
JPEG) with the maximum resolution; should useful information is
lost in the black and white variant, color drawings are permitted;

+ Publishers license agreement;

+ Consent to the processing of personal data.
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