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Hboicesckuti eocyoapemeennuiii mexnuueckui ynusepcumem umenu M.T. Kanawnuxosa,
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Ipunama k newamu 12.02.2018

CraTbst COIEepKUT TEOPETUUECKUE U TPAKTUYECKUE TEXHNUECKUE ITPEIOKEHMSI TIO CO3AHHIO ONITOIJIEK-
TPOHHOT'O KOMILJIEKCA KOHTPOJISI aBapUHHBIX COPOCOB 3arpsA3HEHUH B CTOYHBIE BOJBI IPEANPUSTHH.

IlokazaHa akTyambHOCTb 337a4l KOHTPOJIS CTOUYHBIX BOJ Ha HAJIMYUE aBaPUUHBIX CTYCTKOB B CTOYHBIX
BOJIaX JUUIsl COXpaHEHHs BOAHBIX NCTOYHUKOB. [IpuBeeHa CTpyKTypHas cXeMa KOMILJIEKca KOHTPOJIS BOIXHOU
cpensl. PaccMoTpena maremarndeckast MOJENb KOMILJIEKCA ONTOAIEKTPOHHOTO KOHTPOJIS 3a BOJHON cpesloi
Ha IpHUMepe CTOYHBIX BOJ MpeAnpusaTHs. KoMIIeke KOHTpOJIs ONMChIBAeTCs CIy4YailHONM MMITYJIbCHOM mepe-
XOIHOH (hyHKLMEH, comeprKallell 1Be He3aBUCHMBbIE COCTABIISIOIINE, OJJHA U3 KOTOPBIX ONpEeNsieT AMHAMHU-
YeCcKHe CBOMCTBA, Ipyrasi yUuThIBAET CTOXaCTUYHOCTh IPEOOpa30BaHUsL.

[IpuBenen npumep peannu3anuy ONTOIIEKTPOHHOIO KOMIUIEKCA KOHTPOJIS BOIXHOM Cpeibl B CHCTEME CTOU-
HBIX BOJI IPEINPUATHA. DKCIEPUMEHTAIBHO NOKa3aHa 3PEKTUBHOCTh KOMILJIEKCA IIPU U3MEPEHUH H3MEHe-
HUHM ONTHYECKON IUIOTHOCTU aHATM3UPYEMbIX cpell. i mpoBeIeHus SKCIIEpUMEHTa BRIOPAaHO 3arpsi3HEHHE
BOJIbI PACTUTENBHBIM MacIoM. AHaJIN3 CIIEKTPOB MOMIONIEHHS BOABI M PACTUTEJILHOTO Maciia IoKa3all, 4To B
KauecTBE M3JIydyarels 1ejIecoo0pa3Ho MCIOIb30BaTh Ja3epsl ¢ AIMHAMH BOJH B AuanasoHe 0,4-0,5 MkM, y
KOTOPBIX MUHUMAaJIBHOE MOMJIOLIEHHNE U3ITy4UEeHNs B BOJHOM Cpe/ie M 3HAUNTENIBHOE MOMIOLEHHE B CpeJie PH-
MecH, Hanpumep ¢uonerosslit nazep STLL-MM-405-200-52-4 ¢ niunoii BosHb! 0,405 MKM M MOIIHOCTBIO
200 MBT. B kauecTBe (hoTonpreMHIKa MOKHO UCIIONB30BaTh, Hanpumep, horoaunon tuna PDV-1400-46.

[IpuBenens! pe3ynabpraThl SKCIEPUMEHTA HCCIEI0BAaHHUS ONTHYECKON MIIOTHOCTH JKUIKON Cpefbl, COAep-
JKallle CryCTKU U3 pacTUTENILHOTO Macia. OHHU MMOKa3bIBAIOT (PYHKIIMOHAJIBHYIO CBSI3b 3arpsS3HEHUs CTOUHBIX
BOJI C I3MEHEHNEM ONTHUYECKON IITOTHOCTH BOJHOM CPEJbl IPU ONPEEIIEHHBIX JUIMHAX BOJIH 30HANPYIOLIETO
JIa3€pPHOTO U3JTyYEHUsI.

KiroueBble ¢j10Ba: KOMIUIEKC KOHTPOJIA, OIITUYCCKAA INIOTHOCTD, OHTOSHGKTpOHHHﬁ KOHTPOJIb 3arpA3HCHUA
CTOYHBIX BOJ, CTOXAaCTHYCCKasa 3aBUCUMOCTbD.
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Complex for monitoring of sewage optical density changes
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Abstract

Article contains theoretical and practical technical sentences on creation of an optoelectronic complex
of monitoring of emergency discharge of pollution in sewage of the enterprises.

The relevance of the task of monitoring of sewage on existence of emergency clots in sewage for sav-
ing water sources is shown. The structural scheme of a complex of monitoring of the water environment
is provided. The mathematical model of a complex of optoelectronic monitoring over the water environ-
ment on the example of sewage of the enterprise is considered. The complex of monitoring is described
by the random impulse transition function containing two independent components, one of which defines
dynamic properties, another considers stochasticity of conversion.

The example of implementation of an optoelectronic complex of monitoring of the water environ-
ment in the system of sewage of the enterprise is given. Experimentally the efficiency of a complex in case
of measurement of changes of optical density of the analysable environments is shown. For carrying out
an experiment water pollution is selected by vegetable oil. The analysis of absorption spectra of water and
vegetable oil showed that as a source of radiation it is expedient to use lasers with lengths of waves in the
range of 0,4-0,5 wum which have the minimum absorption of radiation in the water environment and the con-
siderable absorption in the environment of impurity, for example, the violet STLL-MM-405-200-52-A laser
with wavelength of 0,405 um and 200 mW. As the photo-sensor element, it is possible to use, for example,
the PDV-V400-46 photodiode.

Results of an experiment of a research of optical density of the liquid environment containing clots from
vegetable oil are given. They show the functional connection of pollution of sewage with change of optical
density of the water environment with certain lengths of waves of a probing laser radiation.

Keywords: control complex, optical density, optoelectronic control of pollution of sewage, stochastic
dependence.
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BBenenue

Jljii MOHUTOpPUHTA 3arpsi3HEHUS CTOYHBIX BOJ
MPOMBILUICHHBIX MPEANPHUITANH HCIOJIB3YETCs -
POKHI CHEKTP NPUOOPOB, Psii KOTOPBIX MPUMEHSIET-
s B ccTeMax KOHTPOJIsL. B ocHOBE MX paboThI JiekaT
pasnuHble (PU3NUECKO-XUMHUECKUE METOIbI (KOH-
JTYKTOMETPUYECKUE, IUAIBKOMETPUYECKHE, MOTEeH-
nuoMeTpuueckue, ontudeckue u ap.) [1, 2]. Cpenn
HUX OOJIBIIMMH BO3MOKHOCTSIMU 00J1a1al0T ONTHYE-
CKHE METObI, padoTaroume B yIbTPadrOICTOBOM,
peHTreHoBckoMm, OnmmkHeM uH(ppakpacaom u UK-
nuama3zoHax [3—5]. 3BecTHBI ONTHYECKUE JATYUKH
JUIS MOHMTOPHMHIA BOAHOW CpEIbl, MO3BOJSIOINE
BBISIBUTH N3MEHEHUE PO3PAYHOCTH U LIBETA, CBSA3aH-
HBIE C BO3MOXKHBIM 3arpsI3HEHUEM BOJIHOM cpensl [0,
7]. BrimyckaroTcs BHICOKOTOYHbBIE M HAJICKHBIE Kak
npuOOpbl, HpeAHa3HAYCHHBIC UL J1a0OPAaTOPHBIX
aHaJM30B MPoO, TaKk ¥ MPOTOUHBIC NPUOOPHI, ycTa-
HaBJIMBa€MbIe Ha KOHTPOIUPYEMbIX 00beKTax [8].
HauOonbiee pacnpocTpaneHre HALLI METOABI U3-
MepeHNs1 MyTHOCTH BOJTHOM cpesl [9—11].

[lepcneKTUBHBIMU SIBJISIIOTCSL METOABI M MPH-
OOpbl Ha OCHOBE HCIIOJIb30BaHUSI MCTOYHHMKOB H3-
JY4YEeHUS! C Pa3HOW [UIMHOW BOJHBI, B YaCTHOCTHU
JIBYX4aCTOTHBIE H3MEPUTEIN NPO3PAYHOCTH U MYT-
HOCTHU BOnbI [12], cucTeMbl KOHTPOJIS 3arpsa3HEHUI
CTOUHBIX BOJ HE(TENPOLYKTAMH B pe3yJIbTaTe aBa-
puitHbIX 3anmoBbix cOpocoB [13]. Mcmombsyrorcs
nprOOpbl HAa OCHOBE CEJIEKTUBHOIO ONTHYECKOIO
abcopOLMOHHOrO METO/Ia C MMPUMEHEHUEM TPEX HC-
TOYHUKOB M3JIyYCHHS C Pa3HOM IJIMHOM BOJHBI, MO-
3BOJISIIOIINE HPOM3BOAUTH HM3MEPEHHUS] KOHIIEHTpA-
uuu Bojbl B He(Tu B Amanazone ot 0,2 mo 40 % c
NorpemHocTeio He 6onee 2 %. Ilpu 3TOM LUK U3-
Mepenus cocraisieT Oonee 10 ¢ [14].

Haxomar mnpuMeHeHHe U ONTOIEKTPOHHBIC
YCTPOHCTBa Ha OCHOBE 3JIEMEHTOB HapyLICHHOTO
MOJHOTO BHYTPEHHETO OTpa)KeHUs, padoTaromue
B MH(PAKpPACHOM JHara3oHe, KOTOpPhIe MO3BOJISIOT
OnpenessiTh HAJIMYKE BOIABI M PsAJa 3arpsi3HCHUN B
He(tn u HerenpomykTax [15].

B psine ObICTpONPOTEKAIOLINX aBAPUIHBIX CUTY-
alyi, CONMPOBOXKAAIOIINXCS COPOCOM 3arps3HSIOIINX
BEIIECTB B BOAHYIO Cpefy (3aImoBbie COPOCHI), OMH-
CaHHBIC BBIIIEC MPHOOPHI HE MO3BOJISIT BOBpPEMs 3a-
(UKCHUPOBATH MPOXOXKACHUE aBAPHUIHOIO CTYCTKa 3a-
IPS3HSIONINX BEIICCTB B 30HE KOHTPOJIS, NOCKOJIBKY
paloTaroT He B peaJbHOM MacluTade BpeMEHH. JTO
MOKET MOBJIeYb 38 COOOH NPOHUKHOBEHUE 3arps3Hs-
IOLIMX BEILECTB B YUCTBIH BOJOEM U CYLIECTBEHHOE
3arpsi3HEHUE JOPOTOCTOSIINX (PUIBTPOB OUUCTKH.

Lenbro manHO#M pabOTHI ABISLTACH pa3paboTKa U
UCTIBITAHHE ONMTO3JICKTPOHHOTO KOMIUIEKCa KOHTPO-
JIsI 3arPS3HSIONINX BEIISCTB B CTOUHBIX BOJAX, pabo-
TAIONIET0, B OTIMYHE OT MMEIOIINXCS, B PEallbHOM
MacmTade BpeMEHH, KOTOPBIN TTO3BOJISIET OTIepaTHB-
HO 0O0HapYKMBaTh aBapUIHBIEC COPOCHI M TEM CaMbIM
CYIIECTBEHHO CHIIKATh MX BIIMSIHUE HA BOJIHYIO Cpe-
Iy ¥ QUIBTPBI OYUCTKHU ITyTEM CBOCBPEMEHHOTO OT-
BEJICHUS 3arpsI3HSIONINX BEICCTB B OTCTOWHUK.

TeopeTnyeckuii aHaau3

OcHOBHBIM TpeOOBaHHEM K BBIOMpPAaEeMBIM arl-
napatype M MeToJaM SBISETCS WX NPUMEHHMOCTD
B IIUPOKOM HMHTEpBaje BUAOB M KOHLEHTpAIH 3a-
IPSA3HAIONIUX BEIIECTB (JIEMEHTOB), BKIIOYAIOLINX
KaK CJIe/IOBbIE KOJIMYECTBA B HE3arpsi3HEHHBIX 00b-
exTax (pOHOBBIX TPEHOB, TaK U BBHICOKHE 3HAUCHHUS
KOHIEHTpalMii B pailoHaX TEXHOTEHHOTrOo BO3AeH-
CTBUSL.

Hnst moctpoeHust (GOpPMaTM30BaHHONW CXEMBI
KOMIIJIEKCa KOHTPOJISI HEOOXOANMO COCTaBHTh Marte-
MaTU4eCcKyr0 (pOpMYIMpPOBKY 3a7a4i HUCCIIEJOBAHUS
C YKa3aHHEM HCKOMBIX BEJIMYMH M OLIEHHUBAEMBIX
3aBHCHUMOCTEH, ONHMCATh XapaKTEPUCTHKH Mpolec-
ca, CUCTEMY IapamMeTpOB, ONPEACIAIOUINX MPOLECC
npeoOpa3oBaHusl BXOIHOTO CHUTHAJIA, 3aBUCHUMOCTD
MEXKIY XapaKTepUCTHUKaMU KOMILIEKCa 1 ITapaMeTpa-
MM IIpolLecca NpeoOpa3oBaHusl C yUETOM BIHSIOMINX
(hakTopoB.

Hnst mpeoOpaszoBanust GpopmMan30BaHHON cXe-
MBI B MaTeMaTH4eCKyI0 MOJEIb BCE COOTHOIICHHS
HEOOXOJMMO MPEACTaBUTh B aHAJTUTUIECKOU opMe.
BrixoaHoii curnain y(¢) cBsi3aH ¢ OCHOBHBIMH Xapak-
TEPUCTHKAMH KOMILJIEKCa KOHTPOJIS U JICHCTBYIOIINM
BXOJHBIM CUTHAJIOM X(f), IMEIOIUM CITy4YaiHBINA Xa-
paKTep, MHTErpaJIbHBIM COOTHOIICHHEM:

»(0) = [ gt x(v)dr,

e g(¢,7)— nepexoaHas PyHKIUsI KOMITIEKCa KOHTPO-
JIsI; T — BPeMsl KOHTPOJISL.

KoMITjIeKC KOHTPOJISI OMUCHIBACTCS CITy4alHOM
UMITYJIbCHOM TepexoaHON (YHKIUEH, colepiKalien
JIBE He3aBUCHMBIC COCTABIISIONINE, OHA U3 KOTOPBIX
ompeiessieT TMHAMUYECKHE CBONCTBA, JIpyras y4H-
THIBA€T CTOXACTUYHOCThH IMPEOOpa30BaHMsI U TPE-
cTamiseT Oe3BIHEPIMOHHBIN TpeoOpa3oBaTelib Co
CITy4aiiHbIM K03(dunmeHToM npeodpa3oBaHus:

gl(t,T)=g0(l—‘C), gz(t,T)Zko(l)s(l—T).
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Hcnonb3ys MeTo KaHOHUYECKUX Pa3I0KEeHUH,
ciIy4aitHyro (DyHKITHIO MOXHO TIPEICTaBUTh B BHJE
CYMMBI TaK Ha3bIBA€MBIX AJIEMEHTAPHBIX CITydai-
HBIX QYHKITHI; ToTAa iepexoaHas GyHKINS TPUMET
BHI:

g(t;v) = [ g, 1)g, (1, D)dt =k (1)g, (=),

yi (S go(tf{) — HOPMHpOBaHHAsS HWMITYJIbCHAS TIEpe-
XomHas (QYHKIUS KOMITIEKca KOHTPOJS; k(f)— ciry-
JalWHBIH KOY(PPHUIIMEHT MpeoOpa3oBaHms, KOTOPHIH
B o0meM ciydae 3amacTcsl CIyJaiHBIM 00pazom
W TO3BOJISIET BBIPA3HUTh CIYYaWHYIO TEPEXOIHYIO
(GYHKIMIO dYepe3 HeCIy4alHyI0o HOPMHPOBAHHYIO
UMITYJIbCHYIO TIEPEXOAHYI0  (PyHKIMIO; g (1-T)
TeapTa-PyHKITIS;

+fé(z)dt =1

+00

j x(1)8(t — t)dt = x(1).

B 3aBHCEMOCTH OT BBIOPAHHOTO HW3MEPHUTEITh-
HOI'O ITapaMeTpa B KOMIUIEKCE KOHTPOJISI YTOYHSACT-
CA MaT€MaTu4eCKasd MOACIIb KOMIIJIEKCAa KOHTPOJIA,

}"ln
[ @, 00, (2)dn
j— 7“Im
D, =Aln~

n

j @, (M), (W)dh

A

M

HBIX TMana30HOB UCTOYHUKA W IPUEMHUKA H3ITyde-
Hus; T, (M) — CIEKTpasIbHas XapaKTEPUCTUKA ONTH-
YEeCKOW 3aIIUTHl NCTOYHHUKA U3TYUEHUS OT BIUSAHUS
IIOMEX B BOJHOH Cpejie B ONTHYECKOM TPAaKTe afl-
rmaparypbl KOHTPOIIS, HAlpUMeEp, 3allUTHOTO CTEK-
Jla ¢ 3aJlaHHOW CHEeKTPaJIbHOM XapaKTepHUCTUKOMN;
®, (A) — cieKTpanbHas MIOTHOCTh CBETOBOTO ITOTO-
Ka MCTOYHMKA M3JTy4eHHus; , A , A, — MPENENbl UH-
TerpupoBaHus (TPAHUIILI 30H CIIEKTPAa MCTOYHHKA);
T(A) — cHeKTpaibHas XapaKTEPUCTHKA ONTHYECKOH
3aIIUTHI TPUEMHWKA U3TYYSHHsI OT BIUSHHUS BOTHOM
cpenbl; @ (A) — crekTpanbHas MIOTHOCTh CBETOBO-
ro TMOTOKa, MOCTYMHUBIIETO HAa MPUEMHHUK H3ITyde-
HusS; A, A — NPENENbl HHTErPUPOBAHHUS (TPAHHMIIBI
30H criekTpa (oTonpueMHnKa), A — KodpuimeHt
JUTSL TIepeBOJla NECSATHUYHBIX JIOTapU(PMOB B HaTy-
panbHbie, paBHbIH 0,434,

[IpuHSAB, YTO ONMTHYECKas 3aluTa HCTOYHHKA
Y TIpHEMHUKA W3IydeHHs HEe HM3MEHSET WX CIIeK-
TPAJILHBIE XapPAKTEPUCTHKH, 3HAYEHHUEM T (L) MOXKHO
peHeOpeyb.

—Aln [ ®, (L), (W)dh—Aln

M3 MHOXKECTBAa BO3MOXHBIX peaiu3anuii BHIOUpa-
eTCS KOHKPETHAasl, COOTBETCTBYIONIAs KOHKPETHO-
My IapaMeTpy, oOecreunBaromeMy Hauboee cy-
IIECTBEHHBIE KPUTEPUH HACHTU(DHUKAIIUN C TOYKH
3peHUs YBEIWYEHUS TOBEPHUTEIHHON BEPOATHOCTH
MPUHATUS TpaBWiIbHOTO pernenus. Ha ocHoBa-
HAH (POTOMETPUUECKOTO METOoja, Oa3HPyIOMIEroCs
Ha 3akoHe byrepa—JlamGepra—bepa, cpaBHUBaeM
ONTHYECKHE TIOTHOCTH HCCIEAYEMOH KUIKOCTH
1 KOHTPOJBHOMU, UCITONIB3yeMOI B KauecTBE 00pa3-
na. B xagecTBe mHPOPMATHBHOTO TTapamMeTpa KOM-
MJIeKca KOHTPOJIS BRIOMpaeM TUHAMUKY N3MEHEHHUS
ONTHYECKONW TUTOTHOCTH KaK Mepbhl OclIadieHus
CBeTa Mpo3padyHbIMUA 00bekTaMu. OHa BBEITUCIISACT-
¢ KaK HaTypaJIbHBIN Jorapu(M OTHOIIEHUS HHTEH-
CHBHOCTH H3JIy4€HHUs, MAJAIOUEro Ha 00bexT, /, ,
K MHTEHCUBHOCTH M3JIy4YeHHS, TPOIIEAIIETO Yepes
Hero, [ .

Bo MHOTHX cimydasx OKa3bIBaeTCs IOJIE3HBIM
WCITONIB30BATh TAKyI0 BEIHMYMHY, KaK CIIEKTpalibHas
MJIOTHOCTH TTOTOKA U3ITyYEHHUS.

C y4eToM YacCTOTHBIX JHMAITa30HOB MCTOYHHKA
Y TIPUEMHHKA M3ITyYCHHs] KOMILIEKca KOHTPOJIS 3a-
TPSI3HEHUH CTOYHBIX BOJ| M HEOOXOAMMOCTH 3alllH-
THI ICTOYHHUKA U3ITYUEHHUS OT MTOMEX TOTyUnM:
rae D~ onTuyeckas IIOTHOCTh C YYETOM 4acToT-

[ @, (e 0o,

OTnuane mperaraeMoro KOMILIeKca KOHTPOIIS
CTOYHBIX BOJI 3aKJIFOYAETCS B IIEJIEBON OPHUEHTAIINU
KOHTPOJISI Ha ONpEeAeNIeHHOE BEIIeCTBO, TOMaIar0-
1iee B CTOYHBIE BOABI NPU aBAPUHMHONW CUTyalUU.
[IpenBapuTenbHO TPOUCXOJUT HACTPOMKA KOMILIECK-
ca Ha JTaHHOE BEMIECTBO, 3aKJIIOYAOIIAsCS B OIpe-
JIEJICHUW JUTHHBI BOJHBI JIA3€PHOTO 30HAUPYIOIIETO
W3ITy4YEeHHS.

B ortnmume oT Bcex M3BECTHBIX 3apyOekKHBIX
U POCCHUCKUX pPa3pabdOTOK KOMILJIEKC IT03BOJIS-
€T TPOBOANTH M3MEPEHUS B peallbHOM MacIiTade
BPEMEHH, YTO WMEeT 3HAuYeHHE IS JINKBUIAIUN
3aMpOEKTHBIX aBAPUUHBIX CHUTyalWil co cOpocoM
3arps3HEHUN B CTOYHBIE BOMbI. KoMiieke oOHapy-
KUBAET CTYCTOK 3arps3HEHUH, OTCIIeKUBAET €ro
NIBIDKEHNE B CTOYHOW TpyOe M, OTKpHIBas CIIEIH-
aTpHYIO 3aCJIOHKY B TpyOe, cOpachIBaeT CryCTOK
B OTCTOWHHUK.

Takoii momxon oOecrednBacT COXPAHHOCTD
(UITBTPOB OUMCTKU CUCTEME CTOYHBIX BOJ U YMEHb-
1aeT BEPOSTHOCTH cOpoca 3arpsi3HEHUH B BOJOEMBI.
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IIpumep peanu3anmum  ONTOIEKTPOHHOTO
KOMILJIEKCA
Pa3paboTan  ONTO3JEKTPOHHBIN  KOMILIEKC

KOHTPOJISI CTOYHBIX BOJ[ C YIIPABICHUEM HCIIOIHH-
TEIbHBIM YCTPOMCTBOM — 3aCIOHKOM B CTOUHOMU
TpyOe [16]. Cxema KoMIUIeKca NpeAcCTaBlIeHA Ha
pucyHke 1. B cTpykTypHOIl cXxeMe OpUTrHHAJIbHBI-
MU DIIEMEHTaMH SBIISIOTCS YCTPOWCTBO TIpeoOpas3o-
BaHUA U OOpHOBI ¢ TTIOMEXaMH W UCIIOJHUTEIHHOE
YCTPOWCTBO, YIMPaBIsieMOE MHUKPOKOHTPOJIIEPOM.
[TepBeIif IeMEHT MO3BOJISIET BBIICITUTH TMOJIC3HBIN
CUTHAJI CTaTUCTUIECKOW 00pabOTKOM JTaHHBIX C HC-
MOJIb30BAHMEM alPUOPHBIX CBEJCHUN O XapakTepe
CUTHAJIA U 3TaJI0OHA, ITOJIYYeHHOTO C UCITOJIb30BaAHH-
€M OTHOCHUTENIbHOTO onucaHus [17] B BUJE OTHO-
IIeHUs, 33JJAaHHOTO Ha MHOXKECTBE MPU3HAKOB HIIA
COCTABJISIONIUX AUCKPETHBIX (DYyHKIIMOHAIBHO-PE-
I'PECCHOHHBIX 3aBUCHUMOCTEH MapamMeTpoB 3aperu-
CTPUPOBAHHBIX TNPOINECCOB (M3MEHEHHE OITHYE-
CKOH IJIOTHOCTH BOAHOM Cpebl TP ONPEAEICHHON
JUTITHE BOJTHBI M3ITyYEHHUSI) 1 UICTUHHBIX ITapaMETPOB
3arpsi3HeHHi (BUa W CTETICHH 3arps3HEHH) C HC-
MOJIb30BAHHMEM allliapara TEOPHH BEPOSITHOCTEH U
MaTeMaTH4eCKOM CTaTUCTUKH.

MareMaTHUeCKH 3TO BBIPAXKACTCS CIICAYIOIIIM
oOpazom:

Rm(Ql’Qz’“"Qm) :(p[RJ'(Yl’YZ’“"Yj)l

e Rm — HICHTU(UKAITMOHHBIE TTapaMeTPhl H3Me-
HEHUSI ONTHYECKOW TIOTHOCTH TPU OMpPENeIEHHON
JUIMHE BOJIHBI W3JIyYEHHs, 3aperuCTPHpPOBAHHBIC
OTITORJIEKTPOHHBIM KOMITJIEKCOM KOHTPOJISI CTOYHBIX
BOJ (BBIXOJHOW CHUTHAII); Rl_f rapaMeTpbl 3arpsizHe-
Hust (BxoxHoH curnan); Q,, Q,,..., 0 —uaeHTuduxa-
[IMOHHBIE TTapaMeTPhl N3MEHEHHUS ONTHYECKOM TIO0T-
Hocrw;, Y, ¥,..., Y/ — BUJIBI U YPOBHU 3arpsi3HEHUI;
M — KOJIMYECTBO MICHTU(PUKAIIMOHHBIX TapaMeTpOB
M3MEHEHHS ONTHYECKOH MIOTHOCTH; j — KOIUYECTBO
MapaMeTpoB 3arpsi3HeHUs; (¢ — QyHKIIMOHATHHO-KOP-
peNAnrMOHHAs 3aBUCUMOCTD, CBA3BIBAIONIAS TTapame-
TPBI PErHCTPHPYEMBIX IPOILECCOB C IMapaMeTpamMu
3arpsa3HEeHHUS.

Co3nmanHas aaropuTMHUYecKasi 0a3a KOMIUIEKca
MO3BOJISIET PEIIaTh CIEAYIONINE 3a7adH, 00ecTedn-
Balolie OOHApYXeHHWE aBapHHHOTO cOpoca, BHI-
BEJICHWE CTYCTKa 3arpsS3HEHMH M3 CTOYHOW TPYyOBI
Y TMIPUHATHE PEIIeHUH 1Mo AanbHelmel GuisTpanun
CTOYHOM KUJIKOCTH:

— pacrio3HaBaHHWE THIIA CTYCTKa 3arpsA3HEHUN
JUTSI TIPUHSTHAA PemieHus 00 yIpaBIeHUN 3aCITOHKOMN;

— CIIe)KEHHE 32 JIBKEHUEM CTYCTKa M0 CTOYHOMN
TpyOe;

— yIOpaBlieHUE 3acCIOHKOM, PacroOKEHHOU
MEXIY CTOYHOM TPyOOH M OTCTOMHHUKOM, JJIS BBIIE-
JICHHBIX 3arpsi3HEHUN;

— MPOTHO3MPOBAHNE HOBBIX CT'YCTKOB B JAHHOU
aBApUMHON CUTYaLIUHU.

Bce ykasanHble 3amauM BBEIMONHAIOTCA B pe-
aJBHOM MacIiTabe BPeMEHH, YTO OTINYAeT JNaHHBINA
KOMIUIEKC OT M3BECTHBIX CHCTEM aBTOMAaTHYECKOTO
KOHTPOJISI CTOYHBIX BOJI.

Pucynok 1 — Cxema xoMmmiekca KOHTpossi: 1 — ycTpoii-
CTBO YIIPABJICHUS; 2 — YCTPOICTBO Ipeodpa3oBaHus u 00-
PpBOBI ¢ IOMeXaMu; 3 — MUKPOKOHTPOJUIEP; 4 — KOMITBIO-
Tep; 5 — UCTOYHUK H3ITyUCHHUSI, 6 — MPHUEMHUK H3JTyUCHIS,
7 — UCHIOJIHUTEIILHOE YCTPOICTBO; 8 — THapOCHUcTEMA
Figure 1- Scheme of a complex of control: 1 — control
device; 2 — device of transformation and fight against hin-
drances; 3 — microcontroller; 4 — computer; 5 — radiation
source; 6 — the receiver of radiation; 7 — actuating device;
8 — hydrosystem

[Ipy BKJIIOUEHMM KOMIUIEKCA KOHTPOJS MHU-
KpPOKOHTpoJIIep 3 1o 3aJlaHHOW IporpamMMe Ha-
cTpauBaeT ycTpoiicTBo ynpasienus 1. C ycrpoii-
CTBa YNpPaBJICHUS KOMAHIHBIA CHUTHAJ MOCTYIAeT
Ha YCTpPOMCTBO mpeoOpa3zoBaHusi U OOPHOBI C TO-
MexaMu 2, 3aJ1aBasi BBIXOJHOM TOK MCTOYHUKA W3-
Jy4eHHs 5; Tyla K€ MOCTyNaeT TaKTOBBIA CUTHAII,
KOTOPBI MOIYJIUPYET BBIXOJHOH TOK H3JIyyaTe-
ns. B pesynprare Ha u3nydarene (GopMupyroTcs
UMITYyJIBCHI C ompeneneHHor dactoroil (4000 I'm)
U CTaOMIIbHON aMIUTUTYION Toka. Moaynupyroiee
U3Iy4YeHHe, HMPOHAs BOAHYIO CpeLy THAPOCHCTe-
MBI 8, MOCTYIAET Ha NPUEMHUK U3inydyeHus 6. Tok
C IIPUEMHHUKA U3JIy4YEHUS TOCTYIIAaeT Ha yCTPOUCTBO
npeobpa3oBaHuss W OOpPHOBI C MOMexaMHu, KOd(-
(umueHT MpeoOpa3oBaHUs KOTOPOTO H3MEHSIETCS
ycTpoiicTBoM ynpaienus. C BbIXOAa yCTpoOiCcTBa
npeoOpazoBanus U OOpLOBI C TOMeXaMH Mpeodpa-
30BaHHBIN CUTHAJI MOCTYHAaeT B MUKPOKOHTPOJIIED.
OundpoBaHHBI CUTHAN CIYXHUT AJS YIPaBICHUS
k03 umeHToM mpeodpazoBaHMs Yepe3 yCTpOu-
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cTBO ympasiieHud. [Iponecc perynupoBku npoaos-
JKaeTcs 70 TeX MOp, MOKa CUTHAJ HE YCTaHOBUTCA
B HOMUHaNbHOE 3HaYeHue. OnudpoBaHHBIN CUTHAT
repenaeTcs B IeEpCOHANbHBINA KOMIBIOTEP 4, oCIe
00pabOTKH KOTOPOTO OCYIIECTBISETCS MOHUTO-
PHUHT U aBTOMaTHYECKOE YIIPaBIeHUE UCTIOIHUTEIb-
HBIM YCTpPOMCTBOM 7.

Kommiiekec KOHTpOIIS TO3BOJISET:

— 3a/aBaTh JIOMYCTHUMOE OTKJIOHEHHE YPOBHS
nH(pOPMATUBHOTO CUTHAJIA;

— 3a7aBaTh BPEeMs aBapHIHOM 3a/1€PKKH;

— 3a/1aBaTh BpeMs cOpoca mocie aBapuiHOTO
BKJIIOUCHUS;

— 3a/1aBaTh BPEMs MEXIYy LUKIaMH aBTOMO-
CTPOMKH;

— IepecTpauBaTh PEryjlupyeMble HCTOYHHKH
U MPUEMHUKH ONTHYECKOTO H3Iy4YeHHs], padoTato-
mue B ynerpaduoneroBoit (menee 0,4 MKM), BUIU-
moii (0,40-0,72 mxm), 6rkHEH 1 cpenHeit nHdpa-
kpacHoit (0,72—20 MKM), JUIMHHOBOJIHOBOH (Oosee
20 MKM) 0O0nacTsX CIEKTpa 3JIEKTPOMAarHUTHOTO
U3ITyUYCHHUS,

— nepeaaBarh JaHHbIE B IU(PPOBOM BHJE B KOM-
MBIOTED;

— BBIpabaThIBaTh  KOMAaHIbBl  YHPaBICHUS
JUTS pa3feieHNs U YTUIM3AlUK TOTOKOB JKUAKOCTH
Ha BBIXOJIE.

J1y1s mpoBepKH aIeKBaTHOCTH ITOJTyYCHHBIX aHa-
JUTUYECKUX BBIPAKECHUH HCCICIYEMOMY MPOLECCY
MIPOBEJICHO CPaBHEHHE 3HAYCHUM CUTHAJIOB HA BBI-
X0JIe KOMITJIEKCA M YHCIICHHBIX 3HAUCHHMH, MTOTy4YeH-
HBIX B PE3yJbTaTe pacyeToB MpPU TEX K€ BXOAHBIX
BO3/EHCTBUSAX. B mporpamMe u METOIHMKE 3KCIIEpU-
MeHTa c(hOpMyTUPOBaHbl TPEOOBAHHS K METOAY, all-
naparype U yCJIOBHUSM IPOBEACHUS HKCIICPUMEHTA,
YyBCTBHUTEJIBHOCTH U TIOPOry cpalarbIBaHUs, MPO-
H3BEICH BBIOOP MCCIEAYEMBIX TOUCK 110 THANa30Hy
WU3MEPEHHH, YNCITy U3MEPEHHUH B TOUKE, MOTYUCHHIO
MIPEACTABUTEIBHON BEIOOPKH, yCTAaHOBIECHO (haKTop-
HO€ MPOCTPAHCTBO, NMOCTPOCH IJIaH 3KCHEPUMEHTA
JUIs1 OUCHKH (DYHKLUH BIMSHUS.

g npoBeneHus] SKCIEepUMEHTa BbIOpaHO 3a-
I'PSA3HECHHE BOABI PACTHTEIBHBIM MAacjioM. AHaIW3
CIEKTPOB TomiomieHuss Bomael [18] (pucyHok 2)
u pactutensHoro macna «OumeiiHay [19] (pucy-
HOK 3) mokasaj, 4TO B KaueCTBE M3JIydarelis Lele-
c000pa3HO MCHOIB30BATh Ja3ePbl C AJIMHAMU BOJIH
B auanazoHe 0,4-0,5 MKM, y KOTOPBIX MHUHUMAaJb-
HOE MOIVIOLICHNE U3IIyUYeHNUs B BOJHON Cpejie U 3Ha-
YUTEJIBHOE MOVIOIIEHUE B CPeAe NPUMECH, Halpu-
Mep ¢uoneroBelid nazep STLL-MM-405-200-52-4
¢ nimuHoM BoJHEI 0,405 MxkM Bt MontHOCTERIO 200 MBT.

B xauecTtBe QoTONpHEeMHNKA MOKHO HCIIOIB30BATH,
Hanpumep, ¢potoaunoxa tuna PDV-V400-46.

o
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Pucynok 2 — Cnextp nomonienus Bojsl [18]

Figure 2 — Absorption spectrum of water [18]
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Pucynok 3 — Cnexrtp moroneHus pacTUTEIHHOTO Macia:
4 — XOJIOHOE MaciIo; M — MAacJyo MOCIIe TeIIOBOH 006padoT-
Ki; A — 0CaJIoK MoCTIe TeIIoBOH 00paboTku Macia [19]
Figure 3 — Absorption spectrum of vegetable oil: ¢ — cold
vegetable oil; m — oil after thermal treatment; A — a sedi-
ment after thermal treatment of oil [19]

BcresicTBre TOTO, 4TO BO BpeMsl SKCIIEPUMEHTA
PEeXHUMBI PabOTHI KOMIUIEKCA OCTAIOTCS HEW3MEH-
HBIMH, ISl OLCHKHM HEONPEIeNICHHOCTH TTOKa3aHUi
B CTaTMYECKOM PEKMME M HOPMAIIBHBIX YCIOBHSX
IKCIUTyaTaIMH JUIsl OTHOIIAPAMETPHUYECKOTO CHUTHAIa
MOy YHM:
y=kyx (1)
rae k, — peanmsanus Ciy4adHOro kodpduuuenta
peoOpa3oBaHMs.

ITpu M3MeHEeHNH BXOJHOTO CUTHAJIA HA BEJIUYH-
HY Ax BBIXOJHOHN CHUTHAJT U3MEHHUTCS HAa BEITUUNHY
Ay ¢ yyeToM HOBOM peajn3aluu CIy4yalHOro Ko-
>(punmnenra npeobpazosanus k , B 00LIEM Cllydae,
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YUUTBIBAOIIEM BO3MOXKXHOCTb U3MCHCHU A yCHOBI/Iﬁ
SKCIICPUMCHTA (33I‘p5[3HeHI/Ie OIITHKH, HEJIMHCHHBIS
mpoucccorl B BO)IHOﬁ cpeac, IMHAaMHUYCCKUC U3MC-
HCHUS ITIOTOKAa CTOYHBIX BOJ U I[p.):

y+Ay =k (x+Ax), )
rae k, — mocieayomas peanusalnus Cily4aiiHoOro
ko3 dunrenta npeodpazoBaHusl.

PaznenuB mo4sieHHO MOyYCHHBIC BBIPAYKCHHUS
(2) u (1), monyynM BeIpaKEHUE Ul pacuera OTHO-
CUTETILHOTO M3MEHEHHUS BBIXOTHOTO CUTHAJIA:

Ay k(xr+Ax)

1. 3
- (3)

B skcnepuMeHTe BXOJIHBIM CUTHAJIOM SIBIISI-
€TCSI CTETICHB 3arpsS3HEHHS BOIHON CPEIbl PacTH-
TEJABHBIM MAacCJIOM, BBIXOJHBIM CHTHAJIOM — OITH-
YeCKas IJIOTHOCTh BOAHOM cpelbl. B craTnueckom
peXrUMe U HOPMAJIbHBIX YCIOBHUAX JKCILTyaTalluH
HavyalbHBIMU (MCXOMHBIM) CUYUTAEM OTCYTCTBHE
3arpsI3HCHUN BOJHOW Cpenbl (comepikaHue pac-
THTEJIHHOTO Macja HyJIb MPOIEHTOB) M COOTBET-
CTBYIOIIIEE ITUM YCIOBUSIM 3HAUCHHUE ONTHUIECKON
MIOTHOCTU. V3MeHeHne BXOAHOTO CUTHaja Mpo-
W3BOJIUTCS BBEJICHUEM 3arpsi3HEHUS Ha 3aIaHHYIO
OTHOCHTEIIbHYIO BEJTUYHHY OT MCXOJHOTO (B MpO-
[EHTax), IPH 3TOM ONpPEIENseTCS OTHOCUTENb-
HOC U3MCHECHUE B IIPOIICHTAX BBIXOAHOTO CUTHAJIA
OT WCXOHOTO, TTOTYYECHHOTO MPHU OTCYTCTBUU 3a-
TPSI3HEHUS.

Jns aKCcnepuMeHTaIbHOTO OINpeaeTeHus 3a-
BHCUMOCTH OTHOCHUTEIBHOIO W3MEHEHUS BBI-
XOJIHOTO CHTHajla OT OTHOCHTEIIBHOIO H3MEHE-
HUsI BXOJAHOTO CHUTHaja MPOBEICH JKCIECPUMEHT
MPU 3aTrPSI3HCHUU BOJBI PACTUTEIBHBIM MAaCJIOM
B cootnomenunn 0 %, 60 %, 100 %. B sxcrepu-
MCHTE HCIIOJB30BAINCh B KaueCTBE HCTOYHHKA
M3JIyYeHHs] TIONYMPOBOJHUKOBBIN Jlazep C JJd-
HOM BomHBI A = 0,619 MM, B kadecTBe ¢oTO-
npuemHuka — oronuon tuna MJI-K-155, nuama-
30H CIEKTPaIbHON UYBCTBUTEIBHOCTH KOTOPOTO
0,4-1,1 MKM, MakcuManbHasi CIIEKTpaJbHAsI YyB-
cTBHTENLHOCTE B oOmactu 0,75-0,85 Mkwm, pac-
CTOSTHUSI M@Ky 3alIUTHBIMU OKHAMH HMCTOYHHKA
n3nydeHus U GoTonprueMHuKa 15 Mm.

[Tonyyennsie rpaduku H3MEHEHHUS OITH-
YECKOW TUTIOTHOCTH BOJHOM CpeIbl TMPHUBEICHBI
Ha pUCYHKe 4.

A
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Pucynok 4 — I'paduku m3MeHEHHST ONTHYECKOH TIIIOTHO-
CTH BOJIHOM CPEJIbI TPH 3arps3HEHHHU BOJBI PACTUTEIILHBIM
MacjoM B cootHoteHuu: a — 0 %; b — 60 %; ¢ — 100 %; 1 —
Hayaso TPOXOXKICHHS dYepe3 ONTHYECKHH TPaKT MOTOKa
BOJHOI CpeJibl, 3arps3HEHHON MaciIoM; 2 — POXOXKICHHE
HOTOKA 3arpsI3HCHUS Yepe3 ONTHYECKHUI TPAKT; 3 —OKOHYa-
HHE IIPOXOXKICHHS [IOTOKA Maciia yepe3 ONTHYCCKHH TPaKkT
Figure 4 — Schedules of change of optical density of the
water environment at water pollution by vegetable oil in
the ratio: @ — 0 %; b — 60 %; ¢ — 100 %; 1 — the beginning
of passing through an optical path of a stream of the wa-
ter environment polluted by oil; 2 — passing of a stream
of pollution through an optical path; 3 — the end of pass-
ing of a stream of oil through an optical path

Ha rpaduxax oGmactp, oOo3HadeHHAs IHU}-
poit 1, cooTBETCTBYET MOMEHTY Havaja MpoXoxKIe-
HUSI 4epe3 ONTHYECKUH TPaKT MMOTOKA BOIHOU cpe-
JIbI, 3arpSI3HEHHON MaclioM, U CBS3aHHOMY C 3TUM
W3MECHECHHEM KOd(h(UIIMEHTOB TPOITyCKaHUsA, OTpa-
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JKCHHS W TIOTJIONIEHUS KUAKOH cpenbl. OOmacts 2
COOTBETCTBYET MPOXOXKICHUIO MOTOKA 3arpsS3HEHUS
yepe3 ontudeckuii TpakT. CpenHee 3HaUCHHUE OITH-
YECKOH MIIOTHOCTH MPH MPOXOXKJICHUH TTOTOKA Maciia
gepe3 ONTHYCCKUH TPaKT BEHIIIE, YeM MPHU MTPOXOK-
JICHUH TIOTOKOB YHCTOH BOJIBI, COOTBETCTBEHHO, YPO-
BEHb CHTHaJa CHrKaeTcs. O0nacTh 3 COOTBETCTBYET
MOMEHTY OKOHYAHHS MPOXOKICHUS MOTOKa Macia
4yepe3 ONTUYECKUM TPAKT.

Pe3yJ'II>TaTl>I H uUX oﬁcymeﬂne

B pesynbrare 00paboTKy IPHUBEICHHBIX KPUBBIX
o BeipaxkeHusiM (1)—(3) paccunrtana 3aBUCUMOCTD
M3MEHEHUS ONTUYECKOW IUIOTHOCTH BOJHOH CpEIIbI
OT CTEICHHU €€ 3arps3HEHHsI PACTUTEIbHBIM MaciioM,
rpadyK KOTOpPOI MpHUBEEH Ha PUCYHKE 5.

Jlns onpenienieHnsi aHaATUTUYECKUX BbIPaXKEHUN
MIPUMEHEH METOJ MHTEPIIOJIANNN U AKCTPATIOISIIHH
C HCIIOJIb30BaHUEM aIIPOKCUMAITUH 10 METOY HaH-
MEHBIIIUX KBAIPATOB C BBHITIOJTHEHUEM YCIOBHUS:

F = Z;[Yi —y(t)]> — min,
rae [’ — MuHuMusupyeMas QyHKuus; Y, — sMImpH-

YECKUE TOYKH CTATUCTUYECKON 3aBUCUMOCTH; V(7)) —
aHaTUTHYeCKast QYHKITNOHAbHAS 3aBUCUMOCTD.
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(=23
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t t t
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v

HOCTH BOJHOI CPEJIBI OT CTEICHH e€ 3arpsI3HCHUS PacTH-
TEIBHBIM MacjoM: 1 — SKCIepHUMEHTaJbHask KpHBast; 2 —
pacueTHas KpuBas

Figure 5— Schedule of dependence of change of optical den-
sity of the water environment on extent of its pollution by
vegetable oil: 1 — experimental curve; 2 — calculated curve

3aBHCHMOCTh, HM3MEHEHHS ONTHYCCKON TIIOT-
HOCTH BOJIHOHM Cpelbl OT CTEINEHH €€ 3arps3HeHHS
pacTHTEIbHBIM MaciioM (PUCYHOK 5) C JOCTarou-
HOI>'I CTCIICHBKO TOYHOCTU aHHpOKCI/IMI/IpyeTCSI I10-
JIMHOMHUAJIbHBIM BBIpa)KeHI/IeM BTOpOFO HOpSI,Z[Ka

y=0,0047x* —0,0167x+5,7737.

B nmamazone ot 30 % mo 100 % (pucynok 6)
3aBHCHMOCTh M3MEHEHHUS OINTHYECKOM IJIOTHOCTU
BOJIHOW Cpefbl OT CTENeHH ee 3arps3HeHusl pac-
TUTEIBHBIM MAacjoM C OOJBIION CTENEHBI0 TOYHO-
CTU aNNpOKCUMHUPYETCS JMHEHMHON 3aBHCHUMOCTBIO

v =0,6304x—13,485.
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Pucynok 6 — 3aBUCHMOCT U3MEHEHHUS ONITHIECKON TIJIOT-
HOCTH BOJHOI Cpe/bl OT CTEIICHH €€ 3arpsI3HEHUS PacTH-
TeNbHBIM MaciioM B quana3one ot 30 % mo 100 %: 1 —skce-
HepUMEHTaJIbHAst KpUBasi; 2 — pacyeTHasi KpUBast

Figure 6 — Schedule of dependence of change of optical
density of the water environment on extent of its pollution
by vegetable oil in the range from 30 % to 100 %: 1 — ex-
perimental curve; 2 — calculated curve

B nuamnazone ot 0 % mo 35 % (pucyHnok 7) 3a-
BUCHUMOCTh HW3MCHEHUSI ONTHYECKOW TUIOTHOCTH
BOJIHOM Cpelbl OT CTETNCHW e¢ 3arpsi3HeHUs pac-
TUTETBHBIM MAclioM C OOJBIIONW CTEMNEHBIO TOYHO-
CTH anmpOKCUMHPYETCSl JINHEHHON 3aBUCHMOCTBIO

1 =0,0364x+7,1.

o
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O = N W s OO N O
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change of indications of a complex,

t 1 t t t
5 10 15 20 25

3arpsis3HeHue Bofbl PacTUTENbHLIM Macnom, %
water pollution by vegetable oil, percent

Pucynok 7 — 3aBUCUMOCTb U3MEHEHHSI ONITUYECKOM IJI0T-
HOCTH BOJTHOM Cpejibl OT CTENEHU €€ 3arps3HeHHs PacTh-
TEeJNbHEIM MacjoM B auama3one ot 0 % mo 35 %: 1 — ake-
MIEpUMEHTAIbHASI KPUBAsE, 2 — paCUCTHAsI KPHUBast

Figure 7 — Schedule of dependence of change of optical
density of the water environment on extent of its pollution
by vegetable oil in the range from 0 % to 35 %: 1 — experi-
mental curve; 2 — calculated curve

[ToBbiieHne 3¢p(HEKTUBHOCTH ONTOAIEKTPOH-
HOTO KOHTPOJISI 3arpsi3HEHUs] CTOYHBIX BO[, IOBBI-
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IICHHE JIOCTOBEPHOCTH, OOBEKTUBHOCTH, OIllepa-
TUBHOCTH, CHW)KEHHUE JUIMTEIHHOCTH IPOIETyPHhI
KOHTPOJIS, HCKJIFOUEHHUE BIUSHUS METOIUKHY U arlia-
parypbl KOHTPOJISL Ha CAaHUTAPHO-0aKTEPHOIOTHYE-
CKHE CBOWCTBA KOHTPOIIMPYEMBIX ITPOO oOecreurnBa-
€TCSl YYETOM CTOXAaCTUYECKOW 3aBUCUMOCTH MEXIY
BHJIOM W CTEIICHBIO 3arpsi3HEHUS W peaklued dKo-
CUCTeMBI. B pesynprare aHanmm3a CHEKTPOB MOTIIO-
IICHHSI BOJIBI KAK OCHOBHOTO KOMIIOHEHTa CTOYHBIX
BOJl W 3arpsi3HUTENICH B BHJE Maces, He)TH U He-
(TenponyKTOB BBIOpaH pabo4Mii AMANAa30H YaCTOT
or 0,25 mo 0,60 mxMm. B sToM nmamazone Boma J0-
CTaTOYHO TPO3payHa, YTO ITO3BOJIAET ONTHYECKO-
My H3IIyYEeHUI0 MPOHUKATh Ha OOJIBIIYIO TITyOWHY,
a CIle/Ibl 3arpsI3HeHUN, J1axe HeOOJBIIIOTO pa3Mepa,
XOPOIIO pa3Iu4YMMbIHA (POHE E€CTECTBEHHBIX MPH-
POIHBIX TPEHIOB.

[IpoBeneHre HATYPHBIX IKCIIEPUMEHTOB Ha CIIe-
[UaTU3UPOBAHHON HKCIEPUMEHTAIBHONW yCTaHOB-
Ke, pa3pabOTaHHOH Ha OCHOBE HWMHUTAIMOHHOU
MOJIETU TIOCTYIUICHUSI 3arpsi3HEHUs] CTOYHBIX BOJI
Ha OYHCTHBIC COOPYKEHUs, MO3BOJISIFOIICH UMHUTH-
poBarh JF000€ W3 PaCHpPOCTPAaHEHHBIX 3arps3He-
HUH, BUJ, COZepIKAaHUE U KOHIIEHTPAIUIO 3arpsi3He-
HUU, BIHSHUE (PAKTOPOB, CHIDKAIOIIUX JIOCTOBEP-
HOCTh KOHTPOJIS, TO3BOJIMJIO OSKCIEPUMEHTATBHO
000CHOBaTh MPABUILHOCTH BRIOOPA TOYHOCTH, TYB-
CTBUTEIBLHOCTH, AHMAIa30Ha W3MEpPEeHHs, OBICTPO-
JeHCcTBUSA, (YHKIIMOHAIBHBIX BO3MOKHOCTEH KOM-
MJIeKCa KOHTPOJIS M3MEHEHUH ONTHYECKOH TIOTHO-
CTH CTOYHBIX BOJI.

3akjoueHue

B nanHO# paboTe BMECTO TPaAULIUOHHBIX MPH-
OOpOB HM3MEpeHMs] MYTHOCTH JKUIKOCTH IIpejyia-
raeTcsl ONTUKO-IJICKTPOHHBIM KOMILJIEKC KOHTPOJISI
W3MEHEHUM ONTUYECKOM IUIOTHOCTH CTOYHBIX BOJ
MPOMBIIUICHHOTO — MPEANPHUSITHS,  [MO3BOJSIOUINI
BBISIBIISITH aBapUitHbIE COPOCHI 3arpsi3HEHUI B BHJE
CTYCTKOB B CTOYHBIX BOJaX.

B otnnune oT UMEIOMUXCST aHATIOTOB KOMITIEKC
paboTaet B peaibHOM MaciiTade BpeMEHU U 103BO-
JISIeT YOPaBISTh HUCHOIHUTEIBHBIM YCTPOMCTBOM
B CTOYHOH TpyOe yis cOpoca CrycTka 3arps3HeHHI
JUIsl yTriu3anuu. Pa3pa0oTaHHBIA KOMIUIEKC KOH-
TPOJISL CTOYHBIX BOJ U MPOMBIIIIEHHBIX CTOKOB, HC-
MOJIL3YIOIIMN B KayecTBe HMH(OPMATHBHOIO Iapa-
MeTpa U3MEHEHHE ONTHUYECKOW IIIIOTHOCTH, TOCTa-
TOYHO TICPCIEKTUBEH B KOMIUIEKCHOM OOECIICUEHUU
CTaOMIILHOCTH  (DYHKIIMOHUPOBAHUSI JKOCHCTEMBI,
JTaXke MPH DKCIIPECC-KOHTPOJIE COCTABA KUAKUX CPEIl

¢ OMU3KMMH ONTHYECKHMHU XapaKTEPUCTUKAMH, Ha-
MIPUMED 3arpsI3HEHHOU BOJIbI, ONTHYECKAs INIOTHOCTh
kotopoii 0,40 u HepaUHUPOBAHHOTO MMOJCOIHEYHO-
ro MacJja, ONTHYECKas INIOTHOCTH KoToporo 0,36.
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yCTpOﬁCTBO JJIA epeaavdu M IpueMa IBONYHbDbIX JTAaHHBIX
I1I0 BOJIOKOHHO-OIITHYC€CKOMY KaHaJy CBA3HN

Tumogeen A.M.

Benopycckuii cocyoapcmeennulil yHusepcumen uH@GOPMAmuKu u paouosiekmpoHuKi,
yn. II. Bpoeku, 6, 2. Munck 220013, Berapyco
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[pu nepenaue mHMOPMAITUK IO BOJIOKOHHO-ONTHUECKUM KaHAIaM CBSI3M HEOOXOJIUMO 00ECIIeuuTh ee
KOH(UICHITHATIBHOCTD U ONPEIENISATH MOJUIMHHOCTh UCTOYHHKA HH(OopManu. AGCONIOTHAS] CKPBITHOCTD WH-
dbopManu OT JOCTyIa TPEThHUX JIUI], KOTOPHIM OHA HE IMpEJAHa3HAuYCHA, MOXKET OBbITh peajn30BaHa ITyTeM
UCIIOJIb30BAHUSI KBAHTOBO-KPUNITOTPahUUIECKUX CHUCTEM, KOTOPBIE MPEJIONararoT repeiady Kaxjaoro oura
MPY TIOMOIIN MAaJIOMOIIHBIX ONTUYECKHX CHUTHAJIOB, COJCPIKAIINX OT JIECATKA JIO OTACIBHBIX (DOTOHOB M3-
Jy9eHUsI, OHAKO XapaKTePU3YIOTCS OOJIBITUM KOJIUYIECTBOM OIMHOOK BCEACTBHE dPdeKTa NemoIIpru3aii
OINTUYECKOTO M3NydeHus. [103ToMy 1einb paboThl — cO3/1aTh YCTPOUCTBO JUISI MEpeadn U mpreMa KoH(H-
NEHITHATBHBIX JaHHBIX, KOTOPOE OBl 00ecIednBaio aOCOMIOTHYIO CKPBITHOCTD TTepeaaBacMoi HH(OpMAaIIHH,
MPUCYIIYIO KBAHTOBO-KPUNITOTPaQUIECKUM CHCTEMaM CBSI3U, H BMECTE € TEM UMEII0 MaJIOEe KOJHUYECTBO Ta-
KHX OIITHOOK.

[peioxkeHo ycTpoicTBO Uil CHCTEM KBaHTOBO-KPUIITOTPaQHUUECKOW CBSI3H, B KOTOPOM B KayecTBE
MPUEMHOTO MOJYJISl UCIIONIB30BaJIcs cueTunk (GoToHOB. [IpomeMOHCTpUpOBaHa BOBMOXHOCTD MPUMEHEHHUS
KPEMHHUEBBIX JIABUHHBIX (POTONMPUEMHHUKOB B pekUMe cueTa (OTOHOB Ul CHCTEM Mepenadd KOH(UICHIIH-
aIBHON MH(OPMAIINH, OTIPENISIISIONINX TOJUIMHHOCTh HCTOYHHKA TIepeiaBaeMoil HHPOpMAIIHH.

Paspaborannas cricremMa BOJOKOHHO-ONITHYECKOM CBSA3HM, coliepKalias B KaueCTBEe MPUEMHOTO MOIYJIS
cueTurK (hOTOHOB Ha 6a3e JaBUHHOTO (POTOMPHUEMHUKA, ITO3BOJSICT OOHAPYKUTH HECAHKITMOHNPOBAHHBIH J0-
CTyN K MH(QOpPMAIIMU ¥ HApyIICHHE ee EJIOCTHOCTH U YCKOPUTH Tpoliecc 0OMeHa HH(pOopMaIieid, B cpaBHe-
HUH C U3BECTHBIMU KBAHTOBO-KPUITOTPAQUIECKUMHI CUCTEMAaMH CBSI3H.

KioueBbie cioBa: cueTdunk (OTOHOB, CHCTEMa KOH(PHUICHIMAILHOU Mepeaayn HH(POPMAITUH, JTaBUHHBINA
(OTOTIPUEMHUIK.
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Abstract

When transferring data over optical fiber communication channels, it is required to provide data secu-
rity and the authenticity of their source. To limit the access to the data for a third party, there can be applied
quantum-cryptographical systems which are supposed to transfer every data bit by means of low power opti-
cal signals containing radiation photons the number of which could be in the range from 10 to 1, however,
are far from being perfect and suffer from shortcomings, the main of which being a large number of errors
due to the depolarization effect of optical radiation. The aim of this work was, therefore, to create device for
sending and receiving confidential data which could provide complete security of transferred data, inherent to
quantum-cryptographical communication systems at the same time could have a low number of such errors.

A device for quantum-cryptographic communication system with a photon counter applied as a receiving
module has been proposed. The possibility to use silicon avalanche photodetectors operating in the photon
counting mode for confidential information transmission systems and defining authenticity of the source of
transmitted information has been shown.

I develop modern optical fiber communication system incorporating avalanche photodetector photon
counter as a receiving module, that allow to detect unauthorized access to information and violation of its
integrity and speed up the exchange of information in comparison with well-known quantum-cryptographical
communication systems.

Keywords: photon counter, confidential information transmission system, avalanche photodetector.
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BBenenue

B Hacrosiiee Bpemsi K ammapaTHO-TIPOTpaMM-
HBIM KOMIUIEKCaM, HCIIONIb3YEeMbIM JIJISi CUCTEM 3a-
IIUTHl UHPOPMAIIMH, TPEIBbSIBISAIOT psl TpeOoBa-
HUH, BKJIIOYas Kak obOecriedeHne KOH(HIICHIUAb-
HOCTH IiepenaBaeMoil MHpOpMaIHuU, TaKk U OIpe-
JIeJICHUE TOJJIMHHOCTU MX ucTouHuka [1, 2]. s
BBITIOJTHEHHSI 3THX TpPeOOBaHUU IEIeco00pa3HO
MPUMEHSITh KpUNTOTpaduiyecKue Mpeodpa3oBaHus
nH(OpMAIUHU, KOTOPbIE HCIOIB3YIOT IH(POBAHKE
U pacuippoBaHUE JaHHBIX, MEXaHU3MbI B3aUMHOM
UICHTH(DUKAIIMY W ayTeHTU(UKAIUU [OJIb30BaTe-
el u ganHbix [1—4]. OgHako B CUIIy OTKPBITOCTU
OOJIBIIMHCTBA KPUNTOrpapUUECKUX aIrOpPUTMOB
WX KPUNTOCTOMKOCTh 3aBUCHUT OT BBIYMCIUTEIBHBIX
BO3MOYKHOCTEH 3JIOyMBIIICHHUKA, YTO SIBIISETCS
yrpo3oii MH(QOPMANMOHHOW 0E30MacHOCTH KpHII-
TOCUCTEM. AOCOIIOTHYHO KOH(UACHIIUAIHLHOCTh
nepenaBaeMoii MHGopMaIu 00eCIeYnBaOT CH-
CTEMBI CBSI3H, HCIIOJIB3YIONINE MPUHIUIIBI KBaHTO-
Boil kpunrorpaduu [5]. Takue cuctembl TpeOyrOT
JIOCTAaTOYHO CJIOKHOH MPOIEIYpPhl COTIIACOBAHHMS
0a3uCcoB, UCIOIB3YEMbIX JUIsI KOIUPOBaHUS Iiepe-
JIaBa€MbIX CHMBOJIOB U HX IIPHEMa, H XapaKTepu3y-
FOTCSI HOSIBJIEHHEM OOJIBIIOr0 KOJIMYECTBA OIIMOOK
BcaencTBrue 3PQexTa Menoiaspu3aliil ONTHYECKO-
IO W3IyYEHUs B BOJOKOHHO-ONTHYECKHX JHHUIX
CBsI3M, YTO OTPaHUYHMBAET O0JACTh MPAKTHYECKOTO
MPUMEHEHHUS KBaHTOBO-KPUNITOrpapUUECKUX CH-
CTeM CBsi3U. B 3TOli CBSI3M TIpeACTaBIsIeT MHTEpEC
pa3zpaboTarh TpHEMO-TIEpeNarIee YCTPOHCTBO
JUISl CHCTEM KBaHTOBO-KPUITOTpaUuecKoi CBS3H,
KOTOpPOE YIPOIIaeT U3BECTHBIE YCTPONCTBA 32 CUET
YCTpaHEHUs MPOIEIypPhl COITacoBaHUS 0a3HCOB, B
KOTOPBIX IepellaHbl U MPUHATHI CUMBOIIBI, 00ecTe-
YUBAET ONpE/IeICHNEe TOMJIMHHOCTH HUCTOYHHUKA TIe-
penaBaeMoit MHGpOpMAIMK, KOH(PUACHIIHATHLHOCTb
JIAHHBIX, a TaK)Ke YMEHBIIAeT OIIMUOKY Iepenaqn
JIAHHBIX, CBA3aHHYIO C JACTIONSIPU3aIAel ONTHIECKO-
TO U3JTY4YCHHUS.

CymHocTh (PYHKUMOHHPOBAHUS CHCTEMbI
CBSI3HM

CymHocTh QyHKIIMOHUPOBAaHUS CUCTEMBbI KBaH-
TOBO-KPUINITOrpadUuecKol CBSI3U 3aKIIOYaeTCs B
TOM, YTO Ha Tepelarollell CTOpOHE IaHHBIC, TOJ-
JIeKalIne nepeaade, CMEINBAIOT ¢ WACHTU(DUKAIIN-
OHHOM MH(pOpMaIUei OTIpaBUTells, 3aUPPOBHIBA-
10T JIaHHBIC ¥ MJICHTU(UKALMOHHYIO0 HH(OPMAIUIO
OTIIPAaBHUTENS Ha OTKPBITOM KPUITOTpapUIecKoM

KIIIOYE OTIIPABUTEINA, KOAMPYIOT W IepenaloT II0
HE3aIUIIEHHOMY BOJIOKOHHO-ONTHYECKOMY KaHa-
JIy CBSI3W HA OJHOW JTMHE BOJHBI MIHU(PPTEKCT MPH
MOMOIIIM ONTHYECKUX HMITYJIbCOB CIIAa00N MOIITHO-
CTH, KOTOPBIE COZAEpPk AT OT OIHOTO JI0 HECKOIBKUX
necsTkoB (oToHOB. Ha mpumHMMaromell cropoHe
JEKOANPYIOT ONTHYECKHUE UMIYIBCHI CI1ad0i MOII-
HOCTH TTOCPEICTBOM pabOTAaIOIIEeTo B PEXKUME CUeTa
(OTOHOB TIPUEMHUKA, PACIIH(PPOBHIBAIOT ITONTYUICH-
HBI MUGPTEKCT HA CEKPETHOM KITIOYE MOTydaTels,
BBIJICILIIOT UACHTU(MUKAIIMOHHYIO0 HHPOPMAITUIO OT-
MIPABUTEIISL M OTPEACISIOT MOAITUHHOCTD PUHATHIX
JTAHHBIX ¥ UX OTIPABUTEIIS.

dopmupoBaHUe TPEIENBHO CIadoro ONTHYE-
CKOTO M3JIYYEHHS OCYIIECTBISIETCS C TIOMOIIBIO HC-
TOYHUKA OIMHOYHBIX ()OTOHOB, MIOJIYYEHHOTO ITyTEM
OCJTa0JIeHNsI ONTHUYECKUX HMITYJbCOB. Takue wuc-
TOYHUKHU TIO3BOJISIOT TIOJIYYUTh HAIIPABICHHBINA I10-
TOK ()OTOHOB Ha JJIMHAX BOJIH, UCTIOJB3yEMBIX IS
BCEX OKOH IMPO3PAaYHOCTH BOJIOKOHHO-ONTHYECKHX
JUHUH CBSI3U, U HE TPeOYIOT YIBTPaBBICOKOTO BaKy-
yMa, 9KCTPEMAIIbHO HU3KHUX TeMIIepaTyp 1 HATUIHS
JIOPOTOCTOSIIIIMX UCKYCCTBEHHBIX KPUCTAIIIOB U Jia-
3epoB [5].

Jns 3ammdpoBbIBaHUS HA OTKPBHITOM KPHIITO-
rpaduuecKoM KITFO4Ye OTIPABHUTEINSI CMECH JaHHBIX,
MOJUIeKAIINX TIepeAade, W HWACHTU(DUKAIUOHHON
nH(GOPMAIIUU OTIPABHUTENS, a TAKKE UX IMOCIEIy-
IOIIEeT0 pacmr(pOBBIBaHUS HA CEKPETHOM KPHUIITO-
rpaduueckoM KIIIO4e MOoIydareiss MOTYT OBITh HC-
MOJTb30BAaHBl ACHMMETPUYHBIE alTOPUTMBI, OTICAH-
HEIC B [3, 4].

Perucrpanus npenenpHO C1aboro ONTHYECKOTO
W3ITyYEHUS] BBIMONHACTCS C ITOMOIIBIO TPUEMHO-
T0 MOAYINA, (PYHKIHOHUPYIOMIETO B PEXHME CUeTa
OTHIETBHBIX (DOTOHOB. DTOT PEKHUM PETHUCTPAITIH
MO3BOJISIET O0ECIIEYHUTH JyUYIIyI0 TOPOTOBYIO YYB-
CTBHTEIBHOCTh B CPaBHCHHH ¢ nIpyrumu [6]. IIpu
ATOM CUETYHK (POTOHOB I1€7IECO00PA3HO BBITOIHSITH
Ha 0Oa3e jaBUHHBIX QoromuomoB (JIDJ), T.x. 3Tu
(hoTOTPUEMHUKHA MMEIOT BBICOKHI KBAaHTOBBIH BBI-
XOJl, IIUPOKUHN Jharna3oH CHEKTPAIbHON YyBCTBH-
TEJIHHOCTH, BKIIOYAIOIINN OKHA MPO3PavyHOCTH OTI-
TUYECKOTO Kadess, HU3KHE HaNpsOKEHUS MUTaHMUS,
001a/1al0T BBICOKUM KOA(PPHUITUEHTOM yYMHOXKEHUS
dboToHOCHTENICH, WMEIOT HEOOIbIIHEe TabapUTHI
(HECKOJIPKO MHJTUMETPOB B IHaMeTpe) U Bec (He-
ckoipko rpamMm). Crenyer Takke OTMETHTh, 4TO
kpemHueBble JID/ Mo3BOISAIOT pean30BbIBATh pe-
JKUM cdeTa (DOTOHOB ITPH KOMHATHBIX TEMIIEpaTypax
JUTSL TIEPBOTO W BTOPOTO OKOH MPO3PAYHOCTH ONTH-
YECKOTO Kalels U UMEIOT JTyUIIyIO TOPOTOBYIO YyB-
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CTBUTEJIBLHOCTh B CpaBHEHUHM ¢ TepMaHueBbIMU JID]]
n JI®]] Ha ocHOBe coenmHCHUH TamTus [7, §].
YcTaHOBJICHHE TOITMHHOCTH TPHHATHIX IaH-
HBIX U WX OTIPABHUTENS OCYIIECTBISIETCS Ha OCHO-
BE CXEMbl HEMNPEPHIBHOW MPOBEPKHU, OMHUCAHHOW B
[2—4]. B aT0if cXeMe OTIPaBUTEIIO M TMOIyJaTeITIO
COO0MIaroTCs WACHTH(UKANMOHHAS HHGOPMAIIHS
OTIIPaBUTEN W JIOTOJHUTENbHBIE OJOKHM JaHHBIX
JUTSI TIOZICTAHOBKH, KOTOPBIE SIBIAIOTCS OOIIUMU TS
OTIIPaBUTEIIS U TTOTydaTels JaHHBIX, IOCTaBISIOTCS
1 OOHOBIISIFOTCSI B YCTAHOBJIIEHHOM TTOPSIZIKE, PEIKO
M3MEHSIOTCS U COXPAHSIOTCS B CEKpETe.
Wndopmarus, xpausmas ¥ Tepeaaromascs
B CHCTEME KBaHTOBO-KPHUMNTOTPA(UIECKON CBS3ZH
(mamHBIC, TIOUICKAIIIAE TIEpenade, UACHTH(HUKAITH-

OHHas WHGOPMANUS OTIPABHUTEINS, KpUITOrpadu-
YECKHUE KITFOUH), TIPE/ICTABISICTCS B BUJIC JIBOMYHBIX
KOJIOBBIX CIIOB, COCTOSIIIIMX M3 CUMBOJIOB «0» 1 «1».

CTpykTypHasi cxemMa M omucaHue padoThl
NpueMo-nepeIarinero ycTpoicraa

KBaHTOBO-KpUNTOrpaduyeckas cucrema CBsi-
3U COAEPXKUT JABA MPHUEMO-IIEPENAIOIINUX YCTPOii-
CTBa, OJHO U3 KOTOPBIX YCTAHABIMBAETCSA Ha CTO-
pPOHE OTIPABUTEIIS JaHHBIX, BTOPOE — HAa CTOPOHE
nonyyarens AaHHbIX. CTpyKTypHas cxema IIpH-
€MO-IIEPEAAOLIET0 YCTPOMCTBA Ul CUCTEM KBaH-
TOBO-KpUNTOrpadMuecKoi CBSA3U MPeACTaBlIeHa Ha
pucyHke 1.

H (NF)

1 Brixon 1
L E 2 0y 0| 3| |~ [OBZOF2
2 3 (Output 1)
Boixos 2
Bxoa 1 1, MCiicicwa yripasicuin Ljyj (Output 2)
IT |(Input 1) 2 | (Control system) | Bblxozl,é
V) 31 [ TK][BITF K T — [Output 3)
Bz Ty |G ) 0]
ot O~ ik -
e Al | dc] cy LT
' ADYT ol g | |(Co)f @Iy b
R (R) R I
S| Tp IE! J
R(RS)—«— T (DL)
i

Pucynox 1 — CrpykTypHas cxema IIpHUeMO-IIepearoIero yCTPOUCTBA AT CHCTEM KBaHTOBO-KPHUITOrpa(puIecKoit CBA3NU:
OB1 u OB2 — BX0oiHOE ¥ BBIXOJJHOE ONTHYECKUE BOJOKHA COOTBETCTBEHHO; E 1 D — Onoku 3ammdpoBanus u pacmud-
pOBaHUs JAHHBIX COOTBETCTBEHHO; 11 — HCTOUHMK MOcTOsHHOrO Hanpsxenus; JID/] — naBunnbll potomuon; R — Harpy-
304HBIA pe3uctop; Y — ycmwutenb, ® — dopmupoBarens gaHHbIX; [ — ammmuTynHbIi auckpumuHarop; 'K — rereparop
kpunrorpaduueckux kirodeit; M — noruyeckuit anement «M»; UC — nCTOUHUK onTHYeCKOro curnana; bIT — 6ok mamsiTu;
H — neiitpansubiii cBeTodmiIbTp; K — kommaparop; C4a — c4eT4rK UMITYIbCoB; Tp — RS-tpurrep; I' — reHeparop mpsmMoy-
TOJIBHBIX UMITYNbcOB; T — Taiimep; JI3 — nmuHuA 3a1epKKU

Figure 1 — Structural diagram of the transceiver for cryptographic communication systems: OF 1/OF2 — input/output opti-
cal fiber; E/D — data encryption/decryption unit; V — constant voltage source; APD — avalanche photodiode; R — resistor;
A — amplifier; D — data shaper; AD — amplitude discriminator; KG — cryptographic key generator; & — logical element
«AND»; OS — optical signal source; MB — memory block; NF — neutral filter; C — comparator; Cn — pulse counter; RS —
RS-trigger; G — square wave generator; T — timer; DL — delay line
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TIpuemo-nepenaroiiee yCTPOMCTBO CONEPIKUT
JIBa BXOJla M TpH BBIXOona. llepBBIX BXOH MOIKIIIO-
YeH K WCTOYHUKY JAHHBIX, MOUICKAIUX TepeIadn
10 BOJIOKOHHO-ONITHYECKOMY KaHaly CBs3U. BTopoit
BXOJl U TIEPBBII BBIXOJ YCTPOUCTBA COEUHEHBI CO-
OTBETCTBEHHO C MPUEMHBIM ONITHYECKUM BOJIOKHOM
OB1 u mepemaromuM onTHICCKUM BomokHOM OB2.
BTopoii BbIX0/] yCTpOHcTBa MOAKIIOUEH K MPUEMHU-
Ky JIaHHBIX. TpeTHil BBIXOJ MHpPHUEMO-TIEPEIatoIIeTo
YCTpPOMCTBA SBISIETCS CUTHAIBHBIM U MCIIONB3YeTCS
JUTST. MHAWKAIWW HaJWYus 3JI0YMBIIUIEHHUKA, OCY-
IIECTBISIONIETO HECAHKIIMOHUPOBAHHBIN CHEM HH-
(opmanmn, mepenaBaeMoi M0 BOJOKOHHO-OIITHYE-
CKOMY KaHaJIy CBSI3W, W/WMJIM HaBS3bIBAIOIIETO JIOXK-
HBIC JJAHHEIE.

Kaxnoe nmpuemo-niepenatoiiee yCTporucTBO CO-
NEepP)KAT CHCTEMY YTIpaBieHUs, OJOKHW 3amudpoBa-
HUS ¥ pacimudpoBaHus, TIEPEAAIOTINN U TIPUEMHBII
MOJYJTA ¥ pabOTaeT B YETHIPEX PEeKUMax: Mepeaadn
OTKPBITOTO KPUTITOTpaUIecKOro KIro4a, MpHeMa
OTKPBITOTO KPHUMITOTpapUIecKoro Kiroda, mnepera-
gu mudpTercTa u npuema mudprekcta. [Ipuaem
MpH  TIOCTPOCHWH KBAHTOBO-KPHUNTOTpa(HUeCcKOn
CHCTEMBI CBS3M HEOOXOIMMO TPHEMO-TIepeIaroIine
YCTPOWCTBA COCAMHHUTH TAKUM 00pa3oM, UTOOBI ITe-
pelaromui MOIySib OTIIPABUTEIISI Yepe3 MEePBbIN BbI-
XOJI YCTPOMCTBA OBLT MOKITIOYEH KO BTOPOMY BXOIY
MPUEMHOT0 MOAYJISI yCTpoicTBa nonydarensd. [lepe-
KITFOUEHUE MEX/TY peknMaMi paboThI TpreMo-Tiepe-
JTAIOMINX YCTPONCTB OCYIIECTBISIETCS MOCPEACTBOM
WX CHCTEM YTPaBJICHUS.

Ha ctopone otmpaButess TaHHBIX MpHEMO-Tie-
penatoriee yCTPOMCTBO TMOCIEI0BATENEHO paboTaeT
B peXHMax IMpHUeMa OTKPBITOTO KPUITOTpaphuIecKo-
TO KJT0Ya U TIepeadn Mu(pTeKCTa.

Ha ctopone momyuarenst TaHHBIX TPHEMO-TIepe-
JTAIOIIee YCTPOIMCTBO MOCIIEAOBATEIFHO paboTaeT B
peXHMax mepenadn OTKPHITOTO KPUMTOrpadhudecKo-
o KJTI0Ya ¥ IpreMa mudprexcra.

Jo Hadanma mepemadn MaHHBIX CYETYHUKH HM-
myascoB Cu, RS-tpurrepsl Tp W BHEITHHE BBIBO-
Bl  CHCTEM VTPABICHHS TPHEMO-TIEpETatoNuX
YCTPOMCTB OTTIPaBUTENS U TIOIYyJaTeNs cOpachIBarOT
B HYJICBO€ COCTOSHHE W 3alTMCBHIBAIOT B OJIOKHU TTaMsI-
T bI1 (prcyHOK 1) OJTOKW TaHHBIX JJIST TIOJACTAaHOBKU
B BHJIC IBOMYHBIX KOJOBBIX CIIOB, KOTOPBIE SBISIOT-
Cs JONTOBPEMEHHBIMH CEKPETHBIMU JIIEMEHTaMH,
OOIMME IJI1 OTHPABUTENS U TONydaTems JTaHHBIX.
biioku mamsitu BI1, a Takxe reneparops! kiroueit 'K
1 KoMmaparops! K peanmnsyrorcs B cucTeMax yrpaB-
JIEHWsI, TTOCTPOCHHBIX Ha 0a3e MUKPOKOHTPOJIEPOB
MCS-51, mporpaMMHCTCKas W CXEMOTEXHUYECKAs

MOJIENTM KOTOPBIX HambOoyiee MpeInOYTHTETbHBI IS
OCYIIECTBIICHUST O0paOOTKM MaHHBIX, Iepeaadn
VOPAaBJISIONIAX CUTHAJIOB W BBITOJHEHHS JIOTHYE-
CKHAX W apu(PMETUIECKUX OIepalnuii B PeKUME pe-
aJpHOTO BpeMeHH [9].

KonmnyecTBo ONOKOB MaHHBIX JJIsI TOACTAHOB-
KU pPaBHO YHCITYy OWT WACHTU(DUKAITMOHHON WH-
dopmarun  otnipaBuTens /DA, mimMHA KOTOPOH,
B CBOIO OYEpPEIb, ONpPEEeNSeTCS IO aHAJIOTHU C
BBIOOPOM JUIMHBI MMHTOBCTaBKH'. Kakmsrii 670K
MAHHBIX IS TTOACTAaHOBKHU comepkuT (log2n + 1)
JMBOUYHBIX Pa3psaoB, TA€ 7 — KOJIWYECTBO JTBOMY-
HBIX pa3psoB JAHHBIX, TTOMJIEKAIINX TIePeIadn 110
BOJIOKOHHO-OTITHYECKOMY KaHally cBs3u. llpmuem
cTapimuii OWT TepBoOro OJI0Ka JAHHBIX TSI ITOACTA-
HOBKHU COICPKHUT TIepBBINi 6uT /DA, crapmmii OuT
BTOpOTO OJIOKA JaHHBIX /IS TOJICTAHOBKH — BTOPOU
our IDA n 1.n. Ocranbuble OUTHI OJIOKOB JaHHBIX
JUTSL TIOJICTAHOBKHM 0Opa3yroT KOJOBBIE CIIOBA, KO-
TOpbIE UCTONB3YIOTCSA NJISi OMpPEIETICHHs MOpsIKa
CMEIINBAHUS aHHBIX, TOJICKAIINX Tepeadn 1o
BOJIOKOHHO-OTITHYECKOMY KaHally CBSI3U, U UICHTH-
(hukanmoHHON HHGOPMATIH oTIpaBuTels [DA cie-
nyromuM oopa3om. KomoBoe ciioBo mepBoro 010ka
JAHHBIX JJIA TTOJICTAHOBKH OMpeesieT HoMep Onura
JAHHBIX, MOJICKAIUX Tepeadu, MociIe KOTOPOTo
MTOAMEIIIMBAETCS TEPBBIA OUT /DA, KOIOBOE CIIOBO
BTOpOTO OJIOKA JJAaHHBIX /IS TTOJICTAHOBKH — BTOPOH
our IDA w 1.1

Crnemyer OTMETHTD, YTO JIJISl BHITIOJTHEHUS KPHII-
TorpaduuecKkux mpeodpa3zoBaHuit HHMOOPMAIINH TTPU
hopmupoBaHUN MUGPTEKCTAa W3 CMECH NAaHHBIX U
UICHTU(DUKAIMOHHON WH(OPMAITUN  OTIIPABUTEISI
1 TIOCIIEIYIOIIET0 00paTHOTO MpeoOpa3oBaHUs WH-
(hopmanuu TpH BBIICICHUH W3 MHA(PTEKCTa CMECH
JMAHHBIX W WACHTH()HUKAITMOHHONW WH(OpPMAITIH OT-
MPaBHUTENS 11eTIeco00pa3HO MPUMEHATh B KadecTBE
anreOpamdeckoit cTpykTypsl mons [amya GF (27) ¢
MHOXECTBOM 2" 3JIEMEHTOB, YTO MTO3BOJISET MCTIONb-
30BaTh BCE Leble yncia B quanazone or 0 no 2" — 1 u
peaTn30BLIBATh HEOOXOANMBIC KPUTITOTpa(PUICCKIEe
oTIepanyy Ha TIOJTMHOMAX [2—4].

3areM OTHOBPEMEHHO MPHEMO-TIEpPEIAIOIIIe
YCTpOMCTBA Ha CTOPOHAX OTIIPABUTENS W TOTyJaTe-
TSl TAaHHBIX TIEPEXOAT COOTBETCTBEHHO B PEKHUMBI
MpreMa 1 epeadr OTKPBITOTO KPUITOTparIecKo-
rO KITFOYa, KOTOPBIA Oy/IeT MCIONB30BaH Ui TIOITY-
geHUs MUGPTEKCTa U3 CMECH JaHHBIX U UICHTHDU-
KaI[MOHHOM WH(OpMAITIH OTIIPABUTEIIS.

1 Cucremsl o6paborky nHboOpManuy. 3amyra Kpunrorpadu-
Jeckas. ANTOpUTM KpUITOrpadudIeckoro IMpeoOpasoBaHM:
T'OCT 28147-89. - Been. 01.07.90. — M. : UTIK M3pmarenbcTBO
CTaHJAPTOB, 1996. — 26 c.
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CyuHocTh (DyHKIIMOHUPOBAHUS IPUEMO-TIe-
penaolero ycTpoiicTsa Ha CTOPOHE MOIydaress
JAHHBIX B PEXHUME MEpeaadd OTKPBITOrO KpHII-
TOrpa)uuecKoro Kiroya 3aKjovaeTcsl B Cleoylo-
meM. [ereparop kimroueit 'K (pucynox 1) Beipa-
0aTbIBaeT OTKPBITHIA U CEKPETHBINM KpUITOrpadu-
YeCKHe KIIOYM B BUJE JBOUYHBIX KOJIOBBIX CIIOB.
YcnoBust, KOTOPBIM JIOJKHBI COOTBETCTBOBATH ATH
Kpunrorpaguueckue KiIouH, ONPEaesiioTCsS Bbl-
OpaHHBIM aCHMMETPUYHBIM AJITOPUTMOM H pea-
JU3YIOTCSl TIOCPEICTBOM INPOTrpaMMHOro obecre-
YeHUsl CUCTeMBbI ynpapieHus. CiaenyeT OTMETHUTD,
YTO TaKOW BHIOOP 3aBUCHUT OT KpUNTOTpapuuecKux
TpeOOBaHUH, MPEABABISIEMBIX HEMOCPEACTBEHHO
K CHCTEME€ KBAaHTOBO-KpUNTOrpaduueckoil cBs-
3u. IIpu 3TOM HETeco0Opa3HO HCIONB30BaTh aj-
TOPUTMBI, Ul KOTOPBIX JJIMHA HIM(PTEKCTa HE
MPEBBIIACT JJTUHBI 3aIU(POBBIBACMBIX TaHHBIX,
MTOCKOJIbKY B TPOTHBHOM CJIy4ae Mpy IPOYHX pPaB-
HBIX YCIIOBHSIX IEpeAadd W MpueMa HE YAAcTCs
o0ecrnednTh MaKCHMaJIbHO BO3MOXKHYIO IPOITYCK-
HYI0 cTOcOOHOCTh KaHama cBs3u [ 10]. CexkpeTHbIit
KpunrorpadguuecKuil KoY Moyrydarelns mepesa-
eTCsl Yepe3 MIECTOW BBIXOJA CHCTEMbl yIPaBICHUS
Ha BTOpO# Bxox Onoka pacuudposanus D. OnHo-
BPEMEHHO Ha TIEPBBIM BBIXOJ CHCTEMBI yIpaBe-
HUSL TOOUTHO MEpenaeTcsi OTKPBITHIM KpUIITOrpa-
(bruyecKuil K04, HA TPETUH BBIXOJ — JOTHYECKasI
eAMHUIIA.

Hndopmanmonnstii Bxox ©
(Information input D)

Cursan ¢ mepBoro BbIXOJa CHCTEMbI YIIpaBJie-
HUS TIOCTyTNAeT Ha MepBbId BXOJ OJ0Ka 3ammdposa-
HUS AaHHBIX E M Ha BTOpO# BXOj (opMUpOBaTes
naHHbIX @. CUrHam ¢ TPEeThEro BBHIXOJA CHCTEMBbI
yHpaBieHUs MOCTyNaeT Ha TPEeTUil BXox GopMHPO-
Baressi naHHbIX @. [lepBblit 1 Bropoi Bxoasl (op-
MupoBarens AaHHbIX @ sgBisoTCS MH(DOPMAITOH-
HBIMH, a TPETUH — yIPaBIISIOLIUM.

®opmuposarenb D, HCTOYHUK ONTHYECKOTO
curana MUC wu Hedrpanpbiii cBeTohmiasTp H 00-
pasyroT Nepeaaroi MOIYJb YCTPOHCTBA, KOTOPBIN
paboTaeT B pexxrMe aCHHXPOHHOH nepenadn napop-
Maruu. Takoll pexxuMm He TpeOyeT HaIH4us JIOTOJI-
HUTEJIBHON JIMHUU CBA3M AJIS NEpefayd M Ipuema
CHHXPOUMITYJIBLCOB, UYTO B PsAJe CIy4dacB OKa3bIBa-
eTcst 0osiee MPEANOYTHTENbHBIM, YeM OpTaHUu3aLHsI
pEKMMa CHHXPOHHOM TIepeaadn HHPOPMAIIHH.

[lepenaromuii Momynb ycTpoucTBa (DYHKIIMO-
HUpYeT chenyromuM obpazom. dopmuposarens O
KOAMPYET MOCTYMAIONINE Ha ero HH(OpMaIlMOHHbIE
BXOJIbl MMITYJIbCBI, KOTOpBIE MPEACTABISIIOT cOOOi
JIBOMYHYIO TIOCJIEAOBATEIbHOCTb, TAKUM 00pa3oM,
yT0 cuMBoaaM «0» 1 «1» COOTBETCTBYIOT MPSIMOY-
TOJIbHBIE UMITYJIbChI JUINTEIILHOCTBIO Af U Hallpshxe-
auem U, u U, coorserctBenno (U, < U,). [lpudem
MEX]y KaKJI0W Mapoil CHMBOJIOB HAXOIUTCS TaK Ha-
3bIBAEMBIN 3aLIUTHBIM BPEMEHHON MHTEpBai, B TE-
YeHHe KOTOPOTO CUTHAJI Ha BBIXOE (POPMHUPOBATEIIS
@ 0TCYTCTBYET, KaK IIOKa3aHO Ha PUCYHKE 2.

0 0

Boixon @
(Output D)

Ywucno dporoHoB B
ONTHYECKOM HMITYIIbCe
(The number of photons

B

in the optical pulse)

Brixoa [{
(Output AD)

(Output T)

I
I
|
Bexon T !
I
I
I
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Pucynok 2 — Bpemennas quarpaMMa (pyHKIIMOHHPOBAHMS yCTPOHCTBA

Figure 2 — Timing diagram of the device operation
BbiOop mepBoro Wi BTOPOrO KOAUPYEMOIO HH-

(hopmarmorHoTO BXOa (hopmuposarenst O yrpapiseTcs

CUTHAJIOM, IIOCTYTIAIOIIMM Ha €r0 TPETUM BXOM: IPU Ha-

JIMYUK HA YTIPABIISIOIIEM BXOJIE JIOTUUECKOTO HYJIS U JIO-
THYeCKor eauHHIB! hopMuposarens @ komupyer cooT-
BETCTBEHHO TIEPBBIN U BTOPO MH(DOPMAITIOHHBIC BXOIBL.
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TakuM 00pazoM, B peKUME Mepeiauul OTKPHITO-
ro KpuITorpaguyeckoro kitouda ¢popmuponarens D,
BXOJSIILIMI B COCTAB MEPEAAIOIIECI0 MOLYIIsl IPUEMO-
MEepEealoIIero yCTpoiicTBa MOIydaTess, KOOUPYeT
HMITYJIbCBI, TOCTYTIAIOIINE Ha €ro BTOPOH nHpopma-
[AOHHBII BXOJI.

C dopmupoBarenss @ HMIYIbCHl MOCTYHAIOT
Ha BXOJl MCTOYHHKa ontuueckoro curnaira MC. Ha
BbIXozie uctounnka MC ¢opmupyercss onTuuecKkuid
CHTHAIl JUTMTENBHOCTBIO Af M MOIIHOCTBIO P 1ox
BO3JICHCTBHEM Ha €10 BX0/ HanpsukeHus U . [pu 1mo-
SBJICHUU Ha BXoze ucrounuka VC ummynsca ¢ Ha-
npsbkeHueM U, Ha €To BBIXOJ€ T€HEPUPYETCS ONTH-
YECKUN CUTHAJ JJIUTEIbHOCTEIO Af U MOIIIHOCTBLIO P2
(P, <P).

Onrtryeckoe M3My4YeHHE C BBIXOJAa MCTOYHHKA
curHana MC mocTymaer uyepe3 HEUTpajbHBIM CBe-
TopuneTp H, obecrneunBaromuii ocimadieHne MoI-
HOCTH ONTHYECKOI'O CUTHAJA, Ha MEPBBIH BBIXOA
YCTpOWCTBA U Aajiee B oNTHUecKoe BookHO OB2.

B pesynprare nBomdHas KOOOBas IOCIIEAOBa-
TEJIBHOCTh MMITYJIbCOB, COOTBETCTBYIOLIAsi CHMBO-
JlaM OTKPBITOTO KPUIITOrpauIecKoro Kikoua, nepe-
JaeTcsl M0 BOJIOKOHHO-ONTHYECKOMY KaHally CBSI3U
ornpasutento. [locne 3toro mpuemo-mepenaromee
YCTPONCTBO MOJIydYaTes sl IEPEXOIUT B PEXUM IIPU-
emMa mudpreKcTa.

CymHocTh (yHKIMOHMPOBAHMS IIPHEMO-TIepe-
JIAIOILET0 YCTPOMCTBA HA CTOPOHE OTIIPABUTENS JaH-
HBIX B PEKUME IPUEMa OTKPBITOIO KpUnrorpagpuye-
CKOT'0 KJII04a 3aKJIF0YaeTCs B CICIYOLIEM.

Onrryeckoe M3JIydyeHHE MOCTYNAeT Ha BTOPOH
BXOJ] IPUEMO-TIEPEAAIOLIETO yCTPOHCTBA OTIIPABU-
Tensl U3 onTuueckoro BonokHa OBI1, koropoe moa-
KIIIOYEHO K TPUEMHOMY MOJYJIIO yCTPOHCTBA.

[IpuemHBIil MOIYIb YCTPOUCTBA CONEPIKUT HUC-
TOYHUK TIOCTOSIHHOTO HampspkeHust [, maBUHHBIN
doronnon JIP/L, pe3uctop Harpy3ku R , yCHIUTENb
Y, aMmuMTyaHbBIM quckpumuHaTtop [, soruueckuit
anemeHT «M», cuerunk nmnynscoB Cu, RS-tpurrep
Tp, reHepaTop NpsIMOYTOJIBHBIX UMIYIbCOB I, Tai-
Mep T u nunuto 3anepxku JI3.

[IpueMHBIII MOAYTH YCTpoOiiCTBa paboTaeT B
pEeKUME aCMHXPOHHOTO Ipuema MHpopmauuu cie-
nyromuM obpaszoM. M3 onrtndeckoro BoiokHa OBl
W3IydeHHe MmolaeTcs Ha JaBUHHBIN QoToamnon JID/I.
[Ipy momMoIM UCTOYHUKA TOCTOSHHOTO HATIPSIKEHUS
I1 ma maBunHBI dorommoxn JID momaercs mocro-
SIHHOE HaIpsOHKeHHE OOPaTHOTO CMELICHUS, HMPEBBI-
marolee HampspkeHue mpobost p-n-niepexona JID/I.
B sTom ciyuae naBuHHBIH doTommon JID]] padoTaer
B pexxnMme cueta ¢oroHoB [6]. [lox neiicTBueM orm-

tndeckoro n3nydenus B JIO/ popmupyrorcs omHo-
(oToHHBIE MUMIYNBCHI TOKA. KommuecTBo 3THX HMM-
MYJIBCOB TPSIMO MPOIOPLHMOHAIBHO SHEPIUU ONTHU-
YECKOro MMITyJIbca, KOTopas paBHA MPOU3BEACHUIO
MOIIHOCTH OIITHYECKOTO CHrHasa Ha Bpems Af. Ko-
JMYECTBO OAHO(OTOHHBIX UMITYJIBCOB /N TaKXKe Ipsi-
MO HPONOPLHOHAIEHO YHCITY (DOTOHOB B UMITYJIbCE.

[Tockoneky cumMBosbl «0» U «1» mepenarorcs
UMITyJbCAMU PA3JIUYHONW MOIIHOCTH, TO Ha BBIXO-
ne naBuHHOTO (hoTommona JID] 3a Bpemst mepenadn
cuMBosia A¢ GopMupyeTcsl pazIMYHOE KOJIUYECTBO
ANEKTPUUECKUX HMIIYJIBCOB, KOTOPOE IPSIMO Ipo-
HOPLHOHATIBHO MOLUIHOCTH ONTHYECKOTO U3ITyUYCHUSI.
[TosTOMY 4YHMCIO HMIYIBCOB, COOTBETCTBYIOLIEE
cumBoity «0», OyzneT MeHblle, YeM YUCIO MMITYJIb-
COB, COOTBETCTBYIOIIEE CUMBOIY «1».

MaxkcuMalIbHOE YUCIIO OTHO(OTOHHBIX UMITYJIb-
coB N, JIOM, chopmupoBanHbiX 3a BpeMs Al npu
nepenade cumBona «0», Oyaer MeHblle, YeM MHUHU-
MaJIbHOE YHMCIIO UMITYJIbCOB N, CHOPMHUPOBAHHBIX
Ipu nepeaaye cuMBoia «1». DTH UMIYJIBCHI CO3/1a-
10T MAJCHUSI HANPSDKEHUH Ha PE3UCTOpEe HArpy3KH
R , T.c. ummynbchl Hanpsokenus. [locie sToro oano-
(hOTOHHBIC UMITYJIBCHl YCHIIUBAIOTCSL YCHIIUTENEM Y
U IIOCTYMAKT HAa BXOJ aMIUIUTYJHOIO AMCKPHUMU-
Haropa /. Ilpu moMomy aMIUIMTYIHOTO IHCKpHU-
MHUHaTOpa [l BBIMOJIHACTCS aMIIUTYIHAs! CENCKIHS
YCHUJICHHBIX MMITYJIbCOB HalpspKeHHsl Ha (OHe IIy-
MOB YCUJIUTEIS, @ TAK)KE UX CTAaHAApTH3aLUs 110 aM-
IUINTYAE U JUTEIbHOCTH. C BBIXOa aMIUTUTYIHOTO
JUCKpUMMHATOpa J| MMITynbChl MOCTYNAIOT OIHO-
BpEeMEHHO Ha S-Bxo1 RS-Tpurrepa Tp u Ha nepBblil
BXOJ JJorudeckoro 3rieMenta «Wy. IlepBbliit uMIynsce
U3 II0CIIEOBATEIBHOCTH HMITYJIbCOB IIEPEBOIUT
RS-tpurrep Tp B eauHuuHoe cocrosiHue. Brixon
RS-tpurrepa Tp coennHeH cO BTOPBIM BXOAOM JIO-
THYECKOTO 3eMeHTa «V» U ynpaBisitoliuM BXOJ0M
taiimepa T. IlosiBneHue HanpsKeHUs: HA BTOPOM BXO-
e JIOTHUECKOTo 311eMeHTa «I», COOTBETCTBYIOIIETO
JIOTMYECKOM eTMHMILIE, IO3BOJISICT UMITYJIbCAM C BBI-
X0[a aMIITUTYIHOTO JUCKpUMHHaTopa J[ mocTynarb
Ha BXOJl CYETYMKA UMITYJIbCOB C4, KOTOPBIH NOACYH-
TBIBACT YMCJIO UMITYJIbCOB IOCJIEI0BATEIbHOCTH, O~
CTYTAIONINX Ha ero BXo (PUCYHOK 1).

B MoMmeHT BpeMeHH nepekiroueHus RS-
Tpurrepa Tp U3 HyJIEBOTO B €AMHUYHOE COCTOSIHUE
3anyckaercs Taiimep T. Uepes npoMexyTOK BpeMEHU
At Ha BBIXOJIE TaiimMepa T hopMupyeTcs UMITYIbC, KO-
TOpbII nocTynaeT Ha R-Bxox RS-Tpurrepa Tp, nepe-
BOJISl €T0 B HYJIEBOE COCTOSIHUE (CM. PUCYHKH | 1 2).
Ha Beixone RS-tpurrepa Tp ¢gopmupyeTcs curnam,
COOTBETCTBYIOLIMM JIOTMYECKOMY HYJIO, KOTOPBIH
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MoJIaeTCsl Ha BTOPOHM BXOJX JIOTHYECKOTO 3JIeMEHTa
«M», 9T0 OCTaHaBIMBAET MOCTYIUICHWE WMITYJIHCOB
Ha BXOJl CUETYHNKa UMITYITbCcoB CH, a ciIeJ0BaTeNbHO,
OCTAHABIMBACT W TIOACYET WMITYJIIbCOB CUETUYUKOM
Cu. Umnynbc ¢ Beixona TaliMepa T moctymaer Takxke
Ha BXOJ| JIMHUM 3ajiepkku JI3 u Ha TpeTuil BXoJ re-
Heparopa MpsSIMOYTOIBHBIX UMITYIIECOB |

IIpu konmmuecTse umiynbeos 0 < N < N, cocun-
TaHHBIX cueTdrkoM CHU mpu mepenade cumMBoia «0»,
Ha ero MEepBOM BBIXOJIE TIOSBISIETCS YPOBEHbB, COOT-
BETCTBYIOLIMH JIOTMYECKOU €AMHUIE, & HAa BTOPOM
BBIXOJI€ — YPOBEHB, COOTBETCTBYIOIIHH JIOTHYECKOMY
HyJ10. B cirydae mojcuera KoIMdecTBa MMITYJIBCOB
cuetunkom Cu N > N, nipu iepeziaue cumBodia «1» Ha
€ro TIEPBOM U BTOPOM BBIXOJIaX TOSBIISIFOTCS] YPOBHH,
COOTBETCTBYIOLIUE JJOTMYECKOU eauHuIle. Boixonp! 1
1 2 cyeTynka UMITyJabCoB C4 COETUHEHBI C TIEPBHIM
Y BTOPBIM HH(POPMAIIMOHHBIMHU BXO/IaMHU TeHepaTopa
MIPSIMOYTOJBHBIX UMITYIIECOB [' COOTBETCTBEHHO.

[Ipn Hammumm Ha TEepBOM HH(DOPMAITMOHHOM
BXO/Ie TeHeparopa MPSMOYTOIBHBIX HMITYIbCOB I
YpOBHS HAIPSKEHUS,, COOTBETCTBYIOIIETO JIOTHYE-
CKOW €TUHHIIe, a HAa BTOPOM BXOZE — JIOTHYECKOTO
HYJIsl, ¥ TIPU HAJIMYUH Ha YIPABJISAIONIEM BXOJE Te-
Heparopa npsIMOYTOIFHBIX UMITYIIbCOB [ uMmImyIbca ¢
BBIXOJIa JIMHUU 3aiepkku JI3 Ha BbIXoJie reHepaTopa
I" nmosiBnsieTcst ypoBEeHb, COOTBETCTBYIOILUN JIOTHYE-
ckomy Hymo. [Ipn Hanmmumu Ha WHQPOPMAITMOHHBIX
BXO/IaX TEHepaTopa MPsIMOYTOIBHBIX UMITYIThCOB I
YPOBHEW HAaNpsHKEHUH, COOTBETCTBYIOIIMX JIOTH-
YeCKOW eIMHUIIe, ¥ MIPH HAJIMYUU MMITYJIhCa HA €T0
YIPABIIAIOIIEM BXO/IE C BBIXOAA JIUHUM 3aaepxKu JI13
Ha BBIXOJIe TeHeparopa I mosBisieTcst ypoBeHb, COOT-
BETCTBYIOLIUH JIOTUYECKON €IUHHULIE.

CoOpoc cuerynka wMITyabcOB CU MPOUCXOAUT
Yyepe3 HEKOTOPBIH MPOMEKYTOK BpeMEHH TOCIIe MPH-
X012 HUMITyJibca OT Tailmepa T Ha ynpapistolUd
BXOJI TeHeparopa IMPSMOYTONBHBIX WMITYyIbCOB [
JMUTENBbHOCTD 3TOTO BPEMEHH 3aaeTCsl JIMHHUEH 3a-
nepxku JI3.

B pesynprare nBomuHas KomoBas TOCIENOBa-
TEBHOCTh HMMITYJIECOB, COOTBETCTBYIOIIA CHMBO-
JIaM OTKPBITOTO KpUNTOTpadUIecKoro KIkoda, Io-
CTyIaeT C BBIXOJ[a TeHepaTopa MPsIMOYTOJIbHBIX HM-
myascoB [ Ha mepBBIN BXOx O10Ka pacmrdpoBaHus
JIAaHHBIX D ¥ Ha BTOPOU BXOJI CUCTEMbI YIPABICHUS
ycTpoiictBa. CucTema ynpaBieHHUsl yCTPOUCTBA Iie-
pemaeT CMMBOJIBI OTKPBITOTO KPUITOTPahUIeCcKOTo
KJIFOYa Ha CBOM BTOPOM BBIXOI.

[Tocne 3Toro npuemo-nepeaaroLee yCTpoucTBo
Ha CTOPOHE OTIPABUTENS JAHHBIX TEPEXOANUT B pe-
KUM Tiepenadn mudprexcta. CymHOCTh 3TOTO pe-

KUMa 3aKITI0YaeTcs B cienyromeM. J[BOnYHbIe JaH-
HBIE, TIOMJIEKAIIUE Mepeaddl 110 BOJIOKOHHO-OMTH-
YeCKOMY KaHally CBSI3H, TOCTYMAIOT Ha TIEPBbIi BXOJ
CHCTEMBI YIIpaBIEHHS YCTPOICTBA OTITPABUTEIIS.

Cucrema ynpaBJieHHS yCTPONWCTBA OTIPABUTEIIS
YCTaHABIUBAECT Ha CBOEM TPETHEM BBIXO/IC YPOBEHbD,
COOTBETCTBYIOIINN JIOTHYECKOMY HYJIO, pa30uBa-
€T JIaHHBIC, MTOCTYMAIONINe Ha ee MEepBBI BXOJ, Ha
KOJIOBBIC CJIOBA JUTHHOW # OWT, JOTIONHSIS TIPH HE00-
XOIIMMOCTH CJIOBO cuMBoOJamu «0», Ha OCHOBaHHHU
OJIOKOB JTAaHHBIX JJISI TTOJICTAHOBKH, COAEPIKAIIUXCS
B Omoxe mamsTu bll, momMemmBaeT k kKaxaoMmy Ta-
KOMY CJIOBY HJIEHTH(QHUKAIMOHHYIO HH(OPMAIIHIO
otmpasurens /DA, popMHUpYET U epeiaeT MoaydeH-
HYIO CMECh JaHHBIX U HIeHTH(PUKAITMOHHON HH)OP-
MallMH1 OTIPABUTENSI HA CBOM MEPBbIN BBIXO/.

JononHeHne KOMOBBIX CJIOB CUMBONAMH «0»
HE00XOIUMO BBITIONHSATE, €CITH ITTMHA KOJOBOTO CIIO-
Ba, MCTOIB3YEMOTO TSI TTOJTyIeHUS CMECH JTaHHBIX
Y WICHTH(PUKAITMOHHON HH(POPMAITHH OTIIPaBUTENS,
MeHbIe 77 OuT. Takast CUTyaIust MOXXeT BOSHHUKHYTh
B cily4ae, Korja oOmas JUIMHA JaHHBIX, TO/JIeKa-
IIUX TIepeade 0 BOJIOKOHHO-ONTHIECKOMY KaHaJy
CBsI3M, MO0 MEeHbIIIe, 1100 He KpaTHa unciy n. llpn
3TOM HEIOCTAIOIe OWUTHI TOTIONHSIOTCS CHMBOJIA-
MU «0» CO CTOPOHBI CTapIIUX Pa3pAIOB KOIOBOTO
cJoBa.

CdopmMupoBaHHas CMECh TaHHBIX U UACHTH(H-
KallMOHHON WH(pOpMAIMH OTIPABHUTENS MOCTYHAeT
Yepes MepBBIA BBIXOJ] CHCTEMBI YIIPABICHHS Ha TIep-
BBIN BXOJ OToKa 3amu)poBaHmsl JaHHBIX E 1 Ha BTO-
poii Bxox hopMupoBareis TaHHBIX D.

broxk 3ammdpoBanns nanuex E 3ammdposbiBa-
€T JaHHBIE, IOCTYIAIONINE Ha eT0 TIePBhI HHPOpMa-
[IMOHHBIA BXOJ/, HA OTKPBHITOM KPHUITOTpa(ruecKoM
KJI0YE, KOTOPBIM MOAAETCS HA BTOPOU YIpaBIISIO-
il Bxox E co BTOpOro BBIXOAA CHUCTEMBI YIIpaB-
JIEHWsI YCTPOHCTBa. DTO obecrmednBaer 3amudpo-
BaHUE CMECH JAHHBIX W HJCHTHU(PHKAIMOHHOW HMH-
(hopmanmu OTIIpaBUTENS U MOTy4YeHNE M (pTEKCTa.
[udprexet modUTHO MOCTYAET Ha MTEPBBIA HHPOP-
MalMOHHBINA BX0J (popmupoBarels naHHbIX @ mepe-
JTAIOIIETO MOJYJS yCTPOWCTBA OTIIPABUTENS depes
BBIXOX Oyoka 3ammdpoBanus maHHbX E. I[Tockoms-
Ky Ha TPETHH YNPaBIAIOMUN BX0J (OPMHUPOBATEIS
naHHBIX O MmogaeTcs JJOrnIecKnii Hyib, (hopMUpoBa-
Teiap @ KOAUpPYyeT UMITYIbCH, TOCTYMAIONINE Ha €T0
nepBbIi HHOOPMAITMOHHBIN BX0J. B pesynbrare nBo-
WYHAs KOJOBAas IIOCIIEIOBATEIIEHOCTh HMMITYJIbCOB,
COOTBETCTBYIOIIass CHMBOJAM IMHA(PTEKCTa, Iepe-
JTAETCs 10 BOJIOKOHHO-ONTHYECKOMY KaHANy CBS3H
MOy 4YaTesio.
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TIpuemo-nepenaroriee ycTpoicTBO Ha CTOPOHE
rmorydaress B pexume npuema mudprekcra (yHK-
[IMOHUPYET CIETYIOINM 00pa3oM.

Ha BTopoii BXoa ycTpoiicTBa MOCTYNAOT ONTHU-
YeCKHe UMITYIIECHI ITU(PPTEKCTA, KOTOPHIE B PEXKIME
ACHHXPOHHOTO TIpueMa WH(GOPMAIMHA PETHCTPUPY-
IOTCSL C TIOMOIIBIO TMMPHUEMHOTO MOIYJIS TTOTydaTelis
Y TIOAAIOTCS C BBIXO/Ia TeHEpaTopa MpsiMOYTOIBHBIX
UMITYITbCOB [ Ha mepBBId BXof OJ0Ka pacmudpoBa-
HUS JaHHBIX D U Ha BTOPOM BXOJI CUCTEMBI yIIPABIIE-
HUS yCTPOMCTBA.

brokx pacmmdpoanus nanHex D pacmmdpo-
BBIBACT JaHHBIE, MIOCTYTAIONINE HA €T0 MEePBBIA MH-
(hopManMOHHBIN BXOJ, HA CEKPETHOM KpUTIITOTpadu-
YEeCKOM KITFOY€ TOTydareist. DTOT KITFOY ITO/IaeTCs Ha
BTOPOH yIpaBisitonuil BXoq D ¢ HIECTOro BbIXOJA
CHUCTEeMBI ympaBieHus ycrpoictBa. C BbIxoma 0io-
Ka pacmm(poBaHus D JaHHBIC ITONAIOTCS HA TPETHI
BXOJI CUCTEMBI YIIPaBJICHHS YCTPOMCTRA.

Cucrema ympaBlIeHUS TPHEMO-TIEPEIAIOIIETO
YCTpOICTBa Ha CTOPOHE TOTyYaTes pa30ouBaeT 1aH-
HBIE, TIOCTYTIAIONINE HA €€ TPETHI BXOM, Ha KOIOBBIC
cioBa mmuHOM (n + IDA) OUT, BEIACIACT U3 KaXKIOTO
TaKoro CJOBa MACHTU(UKAIMOHHYIO WH(POPMAIIHIO
ornpasurensi /DA’ 1 Ha ee OCHOBE YCTaHaBIMBACT
MOJUTMHHOCTH NIPUHSATHIX JAHHBIX U UX OTIPABHUTEISL.

Brigenenne u3 xaxxporo kofoBoro cioBa [DA’
OCYIIECTBIISIETCS Ha OCHOBAaHMM OJIOKOB JIaHHBIX
IUTSI TTIOZICTAHOBKH, XpaHIUXCcs B O10ke mamsita bIT
ycTpoiictsa nosyyaress. ITpu 3ToM 3HaUeHUS U HOMe-
pa out /DA’ onpenensSroTcs aHaJOTHYHO, KaK U TpH
noaMeruBanuu /DA B yCTPONUCTBE OTHPABUTEISL.

YcTaHOBIEHNE TOIJIMHHOCTH TPHHATHIX J1aH-
HBIX M WX OTIPABHUTENS OCYIIECTBISIETCA ITyTEM
cpaBHeHus1 IDA u IDA’, 4to peanusyercst mocpen-
ctBoM kommaparopa K (cm. pucynok 1). Ecim ara
nH(pOpMAIHS COBMAMACT I KaXKIOTO KOJOBOTO
CJIOBA, TO JIENAETCS BHIBOJA O MOUIMHHOCTH TPHUHS-
TBIX IAHHBIX U UX OTIIPABUTEJIS, U CUCTEMa YITpaBJie-
HUS TIepeIaeT JaHHbIE OTIIPABUTEISI HA CBOM YeTBEp-
TBI BBIXOJ. B IPOTHBHOM CiTy4ae yCTaHAaBIUBACTCS
(hakT HENeTaJTbHOCTH aHHBIX U UX OTIPABHUTENS, U
CHCTEMa YIPaBIICHHs CHTHAITM3UPYET 00 3TOM, TIepe-
JlaBasi Ha CBOM TATHIN BBIXOJ YPOBEHb HAIPSKEHUS,
COOTBETCTBYIOUIUI JIOTHUECKOHN eIMHULIE.

Cremyer OTMETHTD, YTO B pa3pabOTaHHOM CHUCTe-
M€ KBaHTOBO-KpUTITOTPa(HUECKON CBA3M KOH(HUICH-
UATBHOCTh WH(OpPMAINH, TIepeaBaeMoi 10 BOJIO-
KOHHO-OTITHYECKOMY KaHaITy CBSI3H, 00eCIieunBaeTCs
ee mmdposanueM. [Ipr aToM Han4He ABYyX KITFOUEH,
OIIMH M3 KOTOPBIX UCTIONB3YeTCs [T 3amupoBaHHS
JTAHHBIX, & BTOPOH — JUIsl pactmm(poBaHusl, TIO3BOIS-

€T Tiepe/1aBaTh OTKPHITHIE KITFOUHN 110 HEe3aIIUIIEeHHO-
MY BOJIOKOHHO-ONITHYECKOMY KaHATy CBSI3U U COXpa-
HSTh CEKPETHBIE KITFOUM B TOW YaCTH CUCTEMBI CBS3H,
B KOTOPOW OyJeT OCYIIECTBISATHCS pacinpoBaHme
JTAaHHBIX. B cpaBHEHNN ¢ N3BECTHBIMU JIBYXKJIFOYEBHI-
MH aJTOpUTMaMH IH(QPOBAHKS B pacII(pOBaHUI
IaHHBIX [ 1—4] paspaboTaHHas KBAHTOBO-KPUIITOTPA-
¢udeckas cucTeMa CBSI3W Ha 0a3e MPEIOKEHHOTO
MIPUEMO-TIEpEe/IaloIero YCTPOiCcTBa sBIsieTCsl Ooiee
3aIIUAMICHHON. DTO OOBSACHSACTCS TeM, 4TO HH(GOP-
MaIoHHass 0E30TMaCHOCTh CHUCTEMBI CBS3H, M-
JIOKCHHON B NIaHHOW padoTe, OCHOBaHA HE TOJIBKO
Ha OE30MacHOCTH aJTOPUTMa IMH(POBAHUSA WU pac-
mm(ppoBaHUs TaHHBIX, HO ¥ Ha CEKPETHOCTH HJICH-
TU(UKAIMOHHBIX JTaHHBIX OTIIPABHUTENS (3HAYCHUSIX
WACHTU(UKAIIMOHHBIX JAHHBIX W UX PaCIIOIOKECHHUS
B OJIOKaX NaHHBIX, TOMICKAIMNX 3aITH(POBAHHIO)
W WCHOJB3YEMBIX NPUHIMIAX Tepefadd W TpheMa
MIA(PTEKCTOB MIPH ITOMOIIN ONITUYECKUX UMITYJIHCOB
C1ab0i MOIIHOCTH, KOTOPBIE COAEPIKAT OT OAHOTO 10
HECKOJIBKHX JIECATKOB ()OTOHOB.

CMemmmBaHMe Ha ITepejaroliel CTOpoHe JaHHBIX,
MOJUTXKAIINX TIepeiade, ¢ HASHTH(PUKAITMOHHON HH-
(dopmarnmer OTIIpaBUTENS B BUAY CIyYalHOCTHU JaH-
HBIX ¥ CEKPETHOCTH 3HaYECHUH M PaCIOJIOKEHHUs OUT
IDA He MO3BOJISIET BBIJEIUTh HECAHKIMOHUPOBAH-
HOMY II0JI30BATENII0 HU JAHHBIX, HU [DA, a Takxke
HE TI03BOJISIET HAaBS3bIBAThH JIOKHBIC JTaHHBIE, KOTO-
pBI€ 37TOYMBIIIUIEHHUK MOYKET TIBITAThCS BHIJIABATh 32
MOJUTMHHBIC, TPAHCIHUPYS B KaHaN CBA3H. Bmecte ¢
TEM JUISI JIETABHBIX TTOJIb30BaTelNeii CHCTEMBI CBS3H
COOTBETCTBEHHO TapaHTHPYeTCs KOH(HUICHIINATb-
HOCTh TiepeaBaeMoil HHQOpMaIUi U TOMTHHHOCTh
KaK CaMUX JaHHBIX, TaK ¥ UX OTIPABUTEIIS.

Crnenyer Takke OTMETHUTh, YTO HECAHKIIMOHH-
POBaHHBI CHEM JAHHBIX, IEPEIaBAEMBIX IO BO-
JIOKOHHO-ONITHYECKOMY KaHay CBSI3W, NPHUBENET K
MOTEPe YaCTH MOITHOCTH ONTHYECKOTO W3ITYUCHHUS,
B pe3yJbTaTe 4ero KOJMYEeCTBO MUMITYIIECOB, COCUH-
TaHHBIX CYETYMKOM UMMyIbcoB Cu mpH mepemade
cuMBona «1», OKaKeTCst MEHbLIE JTMO0 paBHBIM N,
MO3TOMY Ha BBIXO/IE TeHeparopa IMPsMOYTONBHBIX
uMIynnbcoB I OymyT GopMHPOBaTHCS TONBKO CHM-
BoJIbl «0». IIpu ucCnonb30BaHUM HECAHKIIMOHUPO-
BaHHBIM II0JIE30BaTENIeM KOMITEHCAIIHOHHOTO METO-
Jla cCheMa JaHHBIX, omucaHHoro B [11], KommuecTBO
UMITYJIbCOB, COCUNTAHHBIX CUeTYHKOM CH, OKa)keTcs
Oombuie N, Kak npu nepenade CUMBOIIOB «0», Tak u
MIpH TIepeiade CUMBOJIOB «1», TIO9TOMY Ha BBIXOJIE
reHeparopa MpsIMOYTOJNBHBIX HMITYJIbCOB [ OymyT
(hopMHpPOBATHCS TOIBKO CHMBOIBI «1». DT0 00BsC-
HSETCS TeM, YTO TPU MOAKIIOYCHUH HECAHKIINOHH-
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POBAaHHOTO TTOJIE30BATENS K BOJIOKOHHO-OMTHYECKOH
JMHAN CBSA3H B HEKOTOPOH TOYKE PACCTOSHUE OT Hee
JIO0 BBIXOJIA JINHWU CBSI3W OyJeT BCerna MEHbIIe, YeM
JUTMHA JTUHAA MEXKIY JIETaJbHBIMHU TTOIB30BATEISIMA
cucteMbl cBs3u. CrlenoBarenbHO, BEPOATHOCTD TIO-
IJIOIICHHS ONTHYECKUX HWMITYJIHCOB, MEpeaaBacMbIX
OT HECAHKIIMOHWPOBAHHOTO TIepeIaTInKa K JIeTalb-
HOMY TIOJTyYaTeNr0, OKaXeTCS MEHBIIIE BEPOITHOCTH
MIOTJIONIEHUST ONTHYECKUX HWMITYJIbCOB, IepeaaBa-
€MBIX OT JIETAJBHOTO OTIIPABHUTENS K JIETATHHOMY
ronmydarento. OdYeBHIHO, YTO B COOTBETCTBHH C
OTMCAaHHBIMA BBIIIE MPUHIUNIAMH (PYHKIIMOHUPOBA-
HUS pa3paboTaHHOW KBAaHTOBO-KPUITOTpaduIecKoit
CHUCTEMBI CBSI3M Ha 0a3e MPEMTOKEHHOTO TPHUEMO-
TIepearoIIero YCTPOHCTBA IPH YCTAHOBICHUH IO -
JMHHOCTH TIPUHATHIX JAHHBIX M MX OTIIPABUTENS B
cily4ae TpueMa KOJOBBIX CJIOB, COCTOSIIIMX TOJBKO
13 OMHOMMEHHBIX CHMBOJIOB, Oy/IeT 00OHapyKeH (akT
HEJETaIbHOCTH JAaHHBIX M UX OTIPABHUTES, U CUCTE-
Ma yTpaBIeHUS POCUTHAIN3UPYET 00 TOM, Tiepe-
JlaB Ha CBOM MATHIM BBIXOJ YPOBEHb HaNpsHKEHUS,
COOTBETCTBYIOIIUM JIOTMYECKON €IUMHUIIE

3akaoueHue

Pa3paboTraHo yCTpOWCTBO Il CHUCTEM KBaHTO-
BO-KpHIITOrpadIeckoil CBSA3M, B KOTOPOM B Kade-
CTBE MPUEMHOTO MOAYJSI IPUMEHEH CYETYUK (hOTO-
HOB. YCTPOHCTBO HE TpeOyeT HUCIIOJIb30BaHMS ISt
nepeaain JaHHbIX IMOJIAPU3ALMOHHOIO OIITUYCCKOI'O
W3JIy4YCHUS, YTO, B CPABHCHUU C U3BCCTHBIMHU, YIIPO-
IIAET ero, YCKopsieT mporecc ooMeHa nHpopmanueit
3a CHeT YCTPaHEeHHS MPOLEYPhI COITIACOBaHUs 0a3u-
COB, B KOTOPLIX HNE€p€AaHbl U MPUHATbBI CUMBOJIbI, U
yMEHbIIIAECT OUIMOKY Tepeaavn JaHHbIX, CBS3aHHYIO
C JICTIOJISIPU3AIMe ONTHYSCKOTO U3y YCHHSI.

[TposeMOHCTPUPOBaHA BO3MOXKHOCTh TIPHMEHE-
HUS KPEMHHUEBBIX JIABUHHBIX q)OTOHpI/IeMHI/IKOB B pc-
KHMe cueTa (POTOHOB JIJIsl CUCTEM Iepeiady KoHpu-
JICHIIMAIIBHON WH(OPMAIIUK, OINMPEIACISIONIMX 0]
JIMHHOCTh UCTOYHUKA IepeIaBaeMoi HHPOPMAIUH.

PaspaboranHass cucTeMa BOJOKOHHO-ONTHYE-
CKOW CBsI3M, COJEpiKalias B KadeCTBE MPHUEMHOIO
MOJIYJIsE c4eT4rK (POTOHOB Ha Oaze JTaBUHHOTO (HOTO-
NpPUEMHUKA, MT03BOJISIET 0OHAPYKUTh HECAHKIIMOHU-
POBaHHBIN JOCTYN K MH(QOpMALUK U HapyIleHUE ee
LEJIOCTHOCTH M YCKOPHUTH Iporecc oOMeHa HH)Op-
MaHI/Ieﬁ B CpaBHCHUU C U3BCCTHBIMU KBAHTOBO-KPHUII-
TOrpagUIeCcKUMHU CUCTEMaMH CBSI3H.

WndopmannonHas  06e301acHOCTh
KBaHTOBO-KPHIITOTPAapUIECKOi  CBSI3H,

CHCTEMBI
HOCTPOCH-

HOH Ha 0asze pa3pabOTaHHOTO TPHUEMO-TICPEIAFOIIIe-
TO YCTPOWCTBA, OMpeeNseTcss 0e30MacHOCThIO aj-
roput™Ma MHU(PPOBaHU U paciIuPPOBAHUS NTAHHBIX,
CEKPETHOCThI0O KaK CaMUX WACHTH(HKAIMOHHBIX
JAHHBIX OTTIPABHUTENS, TAK U MX PACIIOJIOKEHHUEM B
OJToKax JaHHBIX, TOJICKAIINM 3aIlH(PpPOBAHUIO, a
TaK)Ke 3a CYET UCIIOJIb3YEMbIX PEKUMOB aCHHXPOH-
HOW Tiepenaynl ¥ mpuemMa nHGOOPMAIUy MPH TTOMOIIIH
ONTHYECKUX HMMITYTbCOB CIa0O0W MOIIHOCTH, KOTO-
pBIE comepiKaT OT OJHOTO J0 HECKONBKHX JECSTKOB
(hoToHOB.

[TpuMeHHuTeNnbHO K IPEIJIOKEHHOHN B JIAaHHOM pa-
00Te cuUCTeMe KBAaHTOBO-KPHUMNTOTPAUICCKON CBSI3H
JUTS OCTOBEPHOTO OTIPENENICHUs TTOITMHHOCTH HC-
TOYHHKA TIepenaBaeMoil mHpopMaIuin U obecrede-
HUS KOH(QUACHITHATEHOCTH JJAHHBIX OCOOCHHO BAYKHO
YYHATHIBATh KOJMMYECTBO BO3MOKHBIX OMIMOOK, BO3HH-
KaIOIMX TP PETUCTPAITUH JTaHHBIX M OOYCIIOBIICH-
HBIX HEWJEAbHOCTHIO XapaKTepUCTHK 000pymoBa-
HUS JIETUTUMHBIX MONb30BaTene. B 3Tol cBsi3n aB-
TOpY HAcTOAMIeH pabOThl BUIUTCA TEPCIIEKTHBHBIM
YCTaHOBIIEHHE BIHSHUS MOIIHOCTH ONTHYECKOTO
W3IYYeHHs, HWCIIONB3yeMOTro ISl Tepeadrl JBOWY-
HBIX CHMBOJIOB, ¥ CPEIHETO BpeMEHH OHO(GOTOHHON
nepeaayn Ha BEPOSTHOCTH ONIMOOYHOMN perucTparyu
cUMBOJIOB «0» U «1», 9TO TITAaHUPYETCSI BHITTOITHUTD B
X0/l JAIbHEHIINX UCCIIEAOBAHNM.
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Tpanchopmanus u paccesiHie MOBEPXHOCTHBIX BOJIH
HAa aKyCTUYeCKOM HArpy3Ke JJIs YJIbTPAa3BYKOBOIO
KOHTPOJIA ¥ u3Mepenuid. Y. 1. Ckojb3siimas rpaHuna

AKYCTHYCCKOI'0O KOHTAKTa

Baes A.P.!, [TanTeneenko ®.U.%, 3axapenko B.B.2, Pazmbiciiopuu I.U.!, ’KaBoponkos K.I'.!,
I'nas H.H.!

Unemumym npuxnaonot usuxu Hayuonanenoti akademuu nayx benapycu,
yi. Akademuueckas, 16, e. Munck 220072, Benapyco

?Benopycckuil HayuOHALbHbIIL MEXHUHECKULL YHUBEPCUmen,

np-m Hesasucumocmu, 635, 2. Munck 220013, benapycw
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Ilpunsama x nevamu 27.02.2018

DPdexTsr TpaHchopManmuu M pacupocTpaHeHus BoiaH Panes m CTOYHIM MPENCTABISAIOT 3HAYUTEIIB-
HBII WHTEPEC IS PACIIMPEHHUS BO3MOKHOCTEH 1 COBEPIIICHCTBOBAHUS METONIOB YIBTPa3BYKOBOTO KOHTPOJIS
u m3Meperni. Llenp qaHHOM padoThI 3aKII0YaNIach B yCTAHOBJICHUN BIMSHHS T€OMETPHUYECKUX MTApaMETPOB
TeJa aKyCTUYECKOM Harpy3Kd W €ero TOJIOKeHHS Ha KOI(D(UIIMEHTHI OTPaXCHUS W MPOXOKICHHUS BOJHBI
Croynnu u Paniest 1 BBISIBICHHH BOBMOYKHOCTH UCTIONIb30BaHHS PE3yIBTAaTOB UCCIISIOBAHNS IS PAKTHYECKUX
MPUIIOKEHUH.

Ha ocHoBe ananm3a akycTHYECKOTO TPAaKTa U JAHHBIX SKCTIEPIMEHTA yCTaHOBJIEHA CBS3b MEXK/Ty U3Mepsie-
MBIMH aMIDIATYIHBIMHA ITapaMeTpaMy U KOAPPHUIMEHTaAMU TIPOXOKICHUS U OTPasKEeHHs TOBEPXHOCTHBIX BOJTH,
a TaKXKe OTpakaTeIbHOW CITOCOOHOCTHIO O0JIACTH KOHTAKTA TeJla Harpy3KH B BUJIE TIPU3MBI Yepe3 CKOIB3AIIYI0
TpaHuIly, KoTopas nocturaet ~ 32—-34 nb. BniepBeie onpeneneHpl 3aBUCUMOCTH YKa3aHHBIX KO3(D(OUITMEHTOB
OT yIJIa HAKJIOHA OTHOM M3 OOKOBBIX TpaHeH Mpu3Mel B auarazone 0 + 45°, 6e3pa3MepHOi TONITUHBI KOHTAKT-
Hoit mpocoitku (0—0,05) u ee opueHTAITH OTHOCHTEIHHO aKyCTHUECKOH OCH.

YcTaHOBIIEHO, YTO 3TH KOA(PPHUIMEHTHI TPEUMYIIIECTBEHHO MaKCHMaJIbHBI, KOTJIa TIPU3Ma MPSIMOYTOIIb-
Hast. Koaddurment xe oTpakareIbHOM CIIOCOOHOCTH IIPH JKECTKOM KOHTAaKTe Tel 0ojiee YeM Ha IMOPSIOK
MeHbIIIe, a KO3 PHUIIMEHTHI TPOXOXKICHHSI CPAaBHUMBI 110 BerauHe. [[okazaHa nmepcrneKTHBHOCTh NCTIOTB30Ba-
HUS PE3yJbTaTOB WCCIIEAOBAHMS TSI KOHTPOJIS KauecTBa CIETUICHUSI MaTepHasioB MPH CBapKe, Maike, CKIICH-
Ke, BBIABICHHUS Je(EKTOB B TPYTHOAOCTYITHBIX MECTaX, a TAKXKe JUIs ONpeAeNeHus (PU3MKO-MeXaHMIeCKUX
CBOWCTB METAJIOB C TIOMOIIBIO MPEIIOKEHHOTO CIT0C00a CO3aHHs OTIOPHOTO CHTHAIA.
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Transformation and scattering of surface waves on the
acoustic load to ultrasonic evaluation and measurements.
Part 1. The boundary of acoustic contact is sliding
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Abstract

The effects of Rayleigh and Stoneley wave transformation and propagation are of considerable interest
for the enhancement and improvement of ultrasonic methods evaluation and measurements. The purpose
of this work is to determine the influence of the geometric parameters of the acoustic load body and its po-
sition on the coefficients of reflection and propagation of the Stoneley and Rayleigh waves and to identify
the possibility of using the results of the study for practical applications.

Based on the analysis of the acoustic path and the experimental data, the relationship between the mea-
sured amplitude parameters and the coefficients of the propagation and reflection of surface waves, as well
as the reflectivity of the contact region of the load body in the form of a prism through the sliding bound-
ary, which reaches up to ~ 32-34 b, is established. For the first time, the dependence of these coefficients
on the inclination angle of one of the prism lateral faces in the range of 0 + 45°, dimensionless thickness
of the contact layer (0-0,05) and its orientation relative to the acoustic axis.

It is established that these coefficients are mainly maximal when the prism is rectangular. The coeffi-
cient of reflectivity in the hard contact of bodies is more than an order of magnitude less, and the coefficients
of wave propagation — comparable in magnitude. The prospects of using the results of the study
to evaluate the quality of adhesion of materials during welding, soldering, gluing, detection of defects in hard-
to-reach places, as well as to determine the physical and mechanical properties of metals by the proposed
method of creating a reference signal are shown.

Keywords: surface wave, Rayleigh wave, Stoneley wave, transformation, reflection.
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BBenenne e E u E — KodQOUIMEHTBI, XapaKTePU3yOIIne
3 (HEeKTUBHOCTL TEepeadd, COOTBETCTBEHHO, TaH-

Bce Oomee  mMpoKoe — pacmpOCTPAHEHHE  TeHIHMANBHOM M HOPMANBHOM COCTaBIAIOMIEH HAMps-

B 00JIaCTH Hepa3pyILlaIoIIero KOHTPOJIS U YJbT-
Pa3BYKOBBIX H3MEPEHUH HaxXOJSIT TOBEPXHOCT-
uweie BoaHbI ([TAB), BKmtowass BomHbl Panest (BP),
Croynmu (BC) u np., oTHOcsmmMecs K Kiaccy cia-
003aTyXalolUMX BOJH. JHEPrus 3THX BOJH JIOKa-
JU30BaHa B IMOBEPXHOCTHOM cioe (CIOsX) HcCIe-
JyeMOoro MaTepuaja TIIyOWHOW /i, He MpeBBIIIAIO-
IEeH UX JUIMHBL BOJHBI A, .. AMIUIMTYHBIE, (Ba3o-
Bble, 4acTOTHO-(a3oBble MapameTpbl Takux [1AB
BECbMa UYyBCTBUTEIBHBI K M3MEHEHHIO CTPYKTYPBI
HCCIIEyeMOro 00beKTa, HAJTMYUIO TTOBEPXHOCTHBIX
U TOJNOBEPXHOCTHBIX HECIIOMIHOCTEH, KauecTBY
CHCIUICHUS] KOHTaKTHPYIOUIMX MaTepUalioB H Ap.
[1-7]. Tlpn ompeneneHHBIX YCIOBHAX H3MEHEHUE
IpPaHUYHBIX YCJIOBUI B 00JacTH pacnpoCTpaHEHUs
BP compoBoxnaeTcss MOSBICHHEM KPaeBBIX BOJIH,
oOycnoBneHHbIX Tpanchopmanueii [IAB B BonHBI
Croyniy, a TaKke B 00beMHbIe MOABI. B uacTHOCTH,
B paboTe [4] yITOMHHAJIOCh, YTO U3MEHEHUE TPaHNY-
HBIX yCJIOBUH Ha IyTH pacrpoctpaneHust BP o0y-
CIIOBJICHO HaJM4YHEM Ha OOBEKTE MPSMOYTOJIHLHOTO
BBICTYIIA, YTO MO3BOJIAET (B KauecTBe (PU3MUECKON
MOJICJIM) pPaccMaTpuBaTh OOBEKT KaK JBYXCIIOH-
HYIO CPEAy C JKeCTKHM aKyCTHUYECKHUM KOHTAKTOM.
[Ipuyem obnacTe B OKPECTHOCTH JIMHUHM B3aUMHOTO
nepeceueHss KOHTaKTHOM MOBEPXHOCTH OOBEKTa
W MepegHel rpaHu BHICTYNA C MPOCTPAHCTBEHHBIM
napameTpoM He Oonee [ ~ A, . CITy’KMT HCTOYHHKOM
TpaHC(OPMUPOBAHHBIX U PACCESIHHBIX B 00BEME BbI-
CTyIa KpaeBbIX BOJIH.

OrmetuM, uTo BO30yxaeHue BP B omHOpOI-
HOM Marepuayne o0beKTa cO CBOOOJHOW TpaHUIEH
¥ CKOPOCThIO C, . OCYIIECTBISIETCS NP MaJCHAM
00BEMHOM BOJIHBI, UMEOIIEH ckopocth C|, Ha TI0-
BEPXHOCTh 00BbekTa mox yriaom B = arcsin(C /C, ).
Bo30yxnenne xxe BC Ha mpakTHke peanusyercs,
Kak MpaBuJIo, myTeM Tpanchopmannu BP Ha akyctu-
YecKOl Harpyske, MpeCcTaBiIsonei co0oii TBepaoe
TeN0, KOHTAKTHPYIOIee C MATEPHAJIOM MOIJIOKKH.
O06001IeHHOE TPAaHUYHOE YCJIOBHE B OOJACTH IIO-
BEPXHOCTH KOHTaKTa JIByX Teia z = 0, ucroapzyemoe
JUISE MOJIETTUPOBAHMSI TPOLIECCOB PACIPOCTPaAHEHUS
BC (aBymepHast mocTaHOBKa), MPEATIOKEHO B pabo-
Tax [8, 9] Mg KOMIOHEHT CMEIEeHUIH u(")x'z W Hanps-
xennit {c?_,c?_, o }:
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JKEHUH uepe3 rpaHully Cpel.

[TonyyenHoe Ha OCHOBE pelIeHUs 4 BOITHOBBIX
YpaBHEHUH OTHOCHTEIHHO CKAISAPHOTO M BEKTOPA
MOTEHITANIa XapaKTePUCTUYECKOE ypaBHEHHUE BHI-
poXmaeTcss B ypaBHEHHWE, OIMCHIBAIOIIEE PacIpo-
crparerre BC npu HaIWMYUA «GKECTKOTO» KOHTaKTa
ABYX Tel (E,—, E — 00) UM «CKOJIB3AIIEr0» KOHTaK-
Ta (E,— 0, E # 0). CornacHo o0meld MeToauke
IUIST OTIPEIICIICHIS BEIECTBEHHOTO KOPHS BOJHOBO-
ro yncia k HeoOXOIUMO BEITIOJHEHUE HEPaBEHCTBA
k <k, ,uma C, < C_, rie naaexc T OTHOCUTCS K ToTIe-
peunoit Moze. [lpu peanuzanuu COOTBETCTBYOLINX
TPaHUYHBIX YCIOBUH HEOOXOAMMOE W JIOCTaTOYHOE
ycioBue cymiectBoBaHus BC, 3akirodaercsi B BbI-
TTOJITHCHUH HEePaBEHCTBRA!

X0,0, 2,5, 8, > 1, )
cY c, Y c.Y c, )

e n=|—|, 6,=| =2 |, 0,=|=2|,6,=| =2 |, g=22 — OTHO-

e [C/zJ ' {C/J : [C/z] : [Cu] g 1y

menne kKodpduimentoB llyaccoHa KOHTaKTHPYFO-
X MaTepHaloB.

CormacHo (2) moas! BC cymiecTBYIOT U TIPH KOH-
TaKTe OMHAKOBBIX TN Yepe3 CKOIB3SIIYIO TPAHHILY,
T.€. IPU BBHITTOJTHEHUH PABEHCTBA!

0= 0,=06,=g=p,/n,=p,/p =1

OpHako B ciydyae KECTKOM TpaHWIIBI KOHTaK-
Ta AByX onmmHakoBbIX Tenm IIAB Tpanchopmupy-
eTcss B o0beMHBIC MOIBL. Ilpm 3TOM B padorte [4]
MPUMEPOM KECTKOTO KOHTaKTa Tella aKycTHhde-
cxoii Harpy3ku (TAH) ¢ momnokkoi cimyKum me-
TaJNIMYECKHid 00pas3er] ¢ BBICTYIIOM, IUIOCKOCTb
MepeaHeil TpaHu KOTOpOro 0oO0pasyeT ¢ KOHTAKT-
HOH moBepXHOCTbIO yroa y = 90°. Tam xe moka-
3aHO, YTO IMpPEeBAIMPYIOIIasi YacTh JHEPTUU Kpa-
€BBIX BOJIH, TEHEPHUPYEMOW HETOCPEICTBEHHO
B 00JIaCTH COTPSDKEHHS YKa3aHHBIX MOBEPXHOCTEMH,
SIBJISIETCSI DHEPrUel BEPTUKAIBHO MOJIAPU30BAHHON
MOIEePEYHON MOJIBI.

HeoOxoammMo OTMETHTH, YTO B psiieé TEXHO-
JIOTUYECKHUX TIPOIIECCOB COEIUHEHHS MAaTEpPHaJioB
(cxuetika, cBapka, maika u Jp.) TpaHUYHBIE YCIOBUS
B 00J1aCTH KOHTaKTa MaTEepPHaJiOB BO BPEMEHH IIpe-
TEpIEeBAIOT U3MEHEHHUS — OT CKOJB3AMICH /10 JKeCT-
Ko TpaHuIbl. [Iprdaem o0i1acTe B OKPECTHOCTH H3-
MEHEHHsI WM Pa3pbhIBa TPAaHUYHBIX YCIIOBUH MOYXKHO
paccMarpuBaTh KaK CaMOCTOSATENBHBIH BTOPHY-
HBI MCTOYHUK W3ITydeHUs OOBEMHBIX BOJH, BOJH
Croynnu u ap. [5, 10]. C ogHO# CTOPOHBI, 3TH BOJI-
HBI HECYT HH(POPMAITUIO O COCTOSHUU TPAHUIIBI Pa3-
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Jlea cpeln, a ¢ Jpyroil — MOTyT OBITh HCITONB30Ba-
HBI JIJIS1 BBIABIICHUS 1€(DEKTOB B TPYIHOAOCTYITHBIX
JUTSE TPAJUIIMOHHBIX METOMK MecTax. OTpakeHHbIe
OT 3TOM 00JIACTH BOJHBI MOTYT CO3/IaBaTh ITyMOBOI
(hOH, MPETATCTBYIONUI TPOBEIEHNUIO KOHTPOJIS Ta-
KOTO 00BEKTa, HO B TO K€ BPEMS CITY)KUTh JJIs CO37a-
HUS OTIOPHOTO CHUTHAJIA MTPH IPOBEICHUH N3MEPEHHUN
(hM3UKO-MEXaHUIECKIX CBOM TBEPIBIX TeN ITyOMHBI
YIPOYHEHHBIX CJI0EB MO TAHHBIM CKOPOCTH, aMILTUTY-
JIbl WJIM CTIeKTpa akyctudeckoro curHana [TAB u np.

Takum o00pa3oM, yCTaHOBIIEHHE 3aKOHOMEp-
HocTe# TpaHchopmarmu IIAB B kpaeBbie BOJIHBI
Ha TAH, Bkmouas BC, o0beMHBIC U TIp., TIPEICTaB-
JIAeT KaK HAay4YHBIM, TaK U MPaKTHUYECKUUA HHTEpeEC.
3HaHWE MapaMeTpoB aKyCTHYECKOTO TpaKTa TaKhX
CHCTEM BeChMa Ba)KHBI NPH BBITIOJTHEHUH METOIH-
YECKOM YacTH pabOTHI C MENbI0 pa3pabOTKH HOBBIX
METOJIMK YJIbTPAa3BYKOBOM JIMATHOCTUKU CBOWCTB
MaTepUaoB MO TaHHBIM CKOPOCTH HECKOIBKUX MOJI
M WX CHEKTPaJbHBIM XapakTepucThkaM. [lombITkn
AQHAINTUYECKOTO OTHCAaHUS YKa3aHHBIX MPOIECCOB
Tpanchopmanmu [IAB Ha akycTHYecKoW Harpys-
K€ HATAJIKUBAIOTCA Ha Pl TPYIHOCTEH, CBI3aHHBIX
C BEIOOPOM KOPPEKTHON MOJETTH MEXaHN3Ma Mpeod-
pa3soBaHus CMEUICHUH & W HANpsUKeHuH 6, B 007a-
CTH YCIIOBHH TPOSBICHUS CHHTYISPHOCTH Tiepera-
TOYHOU (PyHKIHMA. B 3TOM ciydae HECOMHEHHA POJTh
9KCIIEPUMEHTAIEHOTO TTO/IX0/.

B u3BecTHBIX k€ MPEUMYIIECTBEHHO JKCIIEpPH-
MEHTAIBHBIX HCCIIEOBAHNUAX OCHOBHOE BHUMAHHE
oOparreHo Ha BIUSHUE COCTOSHIS HMEHHO KadecTBa
KOHTaKTa COMNPSITaeMbIX MOBEPXHOCTEM MpPHU CKIIEH-
Ke, TPWIOKeHWH CWJibl NaBieHns. Ha dynmamen-
TaJbHBIE K€ 3aBHCHMOCTH TTapaMeTpPOB aKyCTHUe-
CKOTo TpakTa oT reomerpuu tena TAH ne obpamma-
JI0Ch TOJDKHOTO BHUMaHMA. K HUM clieyeT oTHeCTH
koa(pummeHTs! poxoxkaeHus [IAB mo ammuTyne
¢ mocrenyiomie Tpanchopmanueii B APYTryr0 MOIY
cornacio cxeme BP—BC (xoapduument D)
u BC—BP (D), a Takxe k0d3pPuumenTsr oTpaxke-
Hust BostHbl CTOyHIM R M BOMHBI Ponest R, oT coot-
BETCTBYIOIUX I'paHul] koHTakTa TAH ¢ mojnoxkoit
(pucyHOK 1). DTH BOTIPOCH TIPEACTABIISIOT HHTEPEC
C TOYKH 3peHUs KaK Pa3BUTHS TEOPETUIECKON MOJIe-
71 TpaHc(OpMaIui yIpyTuX MOJI Ha HEOTHOPOIHOM
TpaHuIle, Tak U pa3padOTKH yCOBEPIICHCTBOBAHHBIX
METOJUK W CPEACTB YJIbTPA3BYKOBBIX HW3MEPEHHU
¥ KOHTPOJISL.

Ilems HACTOsTIIEH pabOTHI 3aKiFoYanach B pas-
paboTKe METOAMKH HKCTIEPUMEHTAIFHOTO HCCIIENO0-
BaHUS W yCTAHOBIIEHUH BIWSHUS T€OMETPHUIECKUX
mapameTpoB TAH Ha ee oTpakareiapbHYIO CIIOCO0-

HOCTBb M KOO (GUIIUEHTHI OTPAKEHUS, TIPOXOKICHIIS
BonHbl CToyHnM U Pajesi, a Takyke BBISIBICHUW BO3-
MOXHOCTH HCIIOJIb30BaHMS PE3yJIBTaTOB HCCIE/0-
BaHHS JJISl TPAKTHYCCKUX TPHIOKECHUH, BKIFOYAs
CO3JJaHHEe OTIOPHOTO CHUTHAJA TPU YIBTPA3BYKOBBIX
U3MEPEHHSX U KOHTPOJIEC TIOBEPXHOCTH U CTPYKTYPHI
MarepuasioB, YTO IO3BOJSIET CYIIECTBEHHO ITOBBI-
CUTh HAJIC)KHOCTh U PACHIMPUTH BO3MOXHOCTH He-
pa3pymaromero KOHTPoJIsl.

Position 1 Position II

NAAOREHUE L NoJA0RCEHUE I

1 \\1 P z/‘ 5 P
4 ¢ 0,
— == T
Ay " 1

Pucynok 1 — DkcrepuMeHTalbHAs CXeMa HCCIea0Ba-
HUSL OTPAXCHUS M MPOXOXKICHHUS MOBEPXHOCTHBIX BOJH
0 TIOJITO’KKE TIPU HAIWYHH TeJla aKyCTHYIECKOHM Harpy3Ku
B BHJIE TIPU3MBIL: | — M3IyYaromMid MbE30 ICKTPUISCKUI
nmpeoOpa3oBaresb; 2 — MPUEMHBIA MbE30ICKTPUIESCKUI
nmpeoOpazoBarenb; 3 — TENO aKyCTHYECKOH Harpy3KH;
4 — momyoxkka 00beKTa; 5 — OOKOBBIE TPaHH TPU3MBL;

() — yTOJI HAKJIOHAa OOKOBBIX TPaHEN PU3MBI

Figure 1 — Experimental scheme of investigation
of reflection and propagation of surface waves on the ba-
sic solid in the presence of the body of the acoustic load
in the form of a prism: 1 — emitting piezoelectric probe;
2 — receiving piezoelectric probe; 3 — the body of the
acoustic load as a prism; 4 — the basic solid of the object;
5 — the lateral faces of the prism; ¢ — the angle of the late-
ral faces of the prism

Kparkuii aHanau3 aKyCTH4YeCKOro TpakKTa
NPUMEHHUTENbHO K METOAMKE MCCIC0BAHMS

B xauectBe mccnemyemoro oowekrta TAH BEI-
OpaHBI pacrionaraeMble B OONACTH IPOXOXKICHUS
ITAB Ttena c nHambonee TpPOCTOH TeOMETpHEeH W
MIPEJICTABISIONINE COOO CTaNbHbIE MPHU3MBI, KOH-
TaKTUPYIOIIHE CO CTAILHOW TOJIOKKON depe3 KOH-
TaKTHYI0 CMa3Ky, YJIEIbHOE aKyCTHYECKOE COTpO-
tusaenue koropod R = (pC)), 6Gonee yem B 20 pa3
MEHbBIIIe WUMIIeIaHCa KOHTAKTHPYIOIIUX 4epe3 Hee
CTaJIbHBIX MATEpPHUAJIOB RT = (pCT)T , TIe uHaeKC L
OTHOCUTCSI K MPOJOJIbHOM, a 1 — monepedyHol Mojae
(pucynok 1). Dddexrsr TpaHchopmanmuu U pac-
cesanus [IAB umeror MecTo B OKpECTHOCTH JUHUU
MepPeceYeHns TUIOCKOCTH OOKOBBIX T'paHEH MPHU3MBbI
C KOHTaKkTHOW TMOBEpXHOCThIO (TpaHuma l u 2),
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T.e. B OONacTH pa3pblBa TPAHUYHBIX YCIOBHIA.
Ilpuuem omHa W3 ATUX TrpaHed HAKJIOHEHa IO/
YIIOM K BEPTHUKAJIH B BAaphUPYEMOM JHaIla3oHe
¢ = 0 = 45°, a onmo3uTtHas eif rpanb o0pa3yeT yroi
¢ =0 c Beprukaibio. PaccmarpuBarorcs jaBa To-
JIOKCHUS TPHU3MBI OTHOCHTEIIHO HalpaBJICHHS
aKyCTUYECKOM OCH, BJOJIb KOTOPOW pacmpocTpa-
ssitorest [TAB, uziygaeMble UX UCTOYHUKOM — IThe-
309JICKTpHUECKUMHU  TipeoOpazoBarenem  (I13I1).

[Ipoananuzupyem B JABYMEpPHOW TIOCTaHOBKE
aKyCTUYECKHH TpakT TPUMEHHTEIBHO K OIpe-
JECHUIO  yYKa3aHHBIX  BBIMIE  KOA(D(OUIIMEHTOB
npoxoxaeHuss U orpaxenus ITAB, a Takxke BBe-
neHHoro kod(dduimeHTa R, XapaKTepHU3YIOIIETO
oTpaxarenbHyto crocooHocTh TAH. Ilocmemmmit
orpenersieTcs OTHOIIEHHWEM TIOKa3aHWH aKyCTH-
YeCKWX CHUTHAJIOB WJIM aMIUTUTYIBl OTpPaKeHHOU
ITAB ot 1-ii, oOpamenHoii k wuctounuky I[IAB
rpasuipl (4,), ¥ ONIO3UTHOM €H 2-W TpaHMIbI
(4,) (pucynoxk 1). Ilpu 5TOM, Kak JIETKO MOKa3arh:

R :AZ/AI :ﬁs (DRS)I (DSR)I (Rs)z (RR)fl, 3)

r7ie MHAEKCHI | U 2 COOTBETCTBYIOT YKa3aHHbBIM I'pa-
Hunam konrakra tena TAH ¢ momnoxkoi, a f, — mo-
MIPaBOYHBIN KOA(PPHUIINECHT, YIUTHIBAIOIINHN BIMSTHIC
pacxoxaenus u quccunaiuio [TAB.

Ecnu e po3ByunBanne 00beKTa IPON3BOTUT-
Csl TEHEBBIM CTOCOOOM, a A, ¥ A, COOTBETCTBYIOT
aMIUTATYJIaM OTNIOPHOTO curHaia B orcytctBue TAH
Y TIPY HAJTMYHH TIOCTIeTHEH COOTBETCTBEHHO, TO HOP-
MaJTn30BaHHBIN KoddumumenT nmpoxoxaeHus [1AB
Yyepe3 Harpy3Ky MpUMeT BU:

N* =44, =1, (D9, (D), @

I11€ f, — KOPPEKTUPYFOIMI KOSXPHIMEHT, MOIOOHbIH f,.

[TonoxuM, YTO HM3MEpPEHHBIE B PEXKUME 3XO
aMIUTUTYAbl OTPaXEHHBIX CUTHAJIOB OT 2-H rpa-
nuusl TAH B orcyTcTBre ee HakinoHa 4, (¢ = 0)
1 ¢ HaKkIoHOM A, (¢ # 0), a u3MEpEeHHbIE B TEHE-
BOM PEKUME — aMILTUTY/Ibl A, U A, COOTBETCTBEHHO.
Torma u3 (3) u (4) cnemyer, 4YTO HOPMATH30BaHHBIC
K03 duIMEnTsl OTpakeHus BoaHbl CroyHmu R*,
a TaKoKe 3ByKonpospaunoctu D, * u D *, momyuen-

SR °
HbIE IpU pa3zBopoTe Npu3mbl Ha 180°, UMeEroT BU;

Rs* - (Rs)z/Rso - AzbjA )

2E0°

DRS* = (DRS)I/DRS() = (AT/ATO)I’ DSR* = (DSR)Z/DSR0: (AT/ATO)Z' (6)

BenenctBrue HapymieHusi OTHOPOAHOCTH Tpa-
HUYHBIX YCJIOBHH MOXKHO CUWTaTh, 9TO OONACTH,
X Cx; tAx,z < z; £ Az, tie {Az/h o, AX/, L3 <1 cO-
OTBETCTBYIOT PACITOJIOKEHUIO BTOPHYHBIX HCTOUHH-
KOB KPA€BbIX BOJIH, IJI€ X, COOTBETCTBYET OTPAkKaIO-
e BonHy Poasiest rpanuie 1, a x, — rpanuiie, otpa-
xaromeit BomHy CTOYHIIN W TpaHCPOPMUPOBAHHOMN
u3 BP Ha rpanune 1. Tak 4TO 3aKOH COXpaHEHHs
SHEPTHH MOTOKOB aKyCTHYECKHX MOJ B JBYMEPHOU
MMOCTAaHOBKE W TIPEHEOPEKECHNH IHUCCUIATUBHBIMU
MIPOIIECCaMU MPENICTABISIETCS B BUC:

I, = (I, + 11, +I1,)) (1 - D¥, — RO )", (7

rnell=C I wdS — TOTOK SHEPrud TOM WM WHOM
Sr
MOIBI Yepe3 IMOBEPXHOCTh TPAHWYHOH 007acTh S,
W — IJIOTHOCTB 9T0r0 moToka; I u I1, —norok TAH
W DHEPTUM PACCESHHBIX HA TPaHHUIaX KPaeBbIX T0-
nepedHbIX U mpoponbHbiX BoiH; D@ u R, — ko-
3 (GHUIMEHTH MPOXOKICHUS TToToKa >Heprun [11AB
Ha OOKOBBIC TIOBEPXHOCTH U OTPAYKCHUS €TI0 OT 30HBI
pas3pbiBa TPAaHUYHBIX YCJIOBHH COOTBETCTBEHHO.
YuuThiBasi TOyYCeHHBIE BEITIE (OpMYIIBI (2—06),
YCTaHABIIMBAIOIIUE CBSI3b MEXIy YIOMSHYTBIMH
BBIIIIE TTapaMeTPaMHi aKyCTHYECKOTO TPaKTa U T0-
Ka3aHUSIMA M3MEPSIeMbIX aMIUTUTYJ] aKyCTHYECKOTO
curHana [TAB, ObutH MTPOBENEHBI SKCTICPUMEHTAITb-
HBIC MCCIICOBAHMUS T10 ONPEICIICHUIO 3aBUCUMOCTEH
{X, R, D, J*, D,*} OT ymia ¢, pasBopoTa NpU3Mbl
Ha 180°, a Tak)ke M3MEHEHHUS TONIMHBI KOHTaAKTHOIO
ciost h.

MeToanyeckue OCOO€HHOCTH IKCIIEpHU-
MEHTa

Ha pucynke 1 mpencraBieHa cxema 3KcIie-
PUMEHTANBHBIX HCCIeqoBaHMN. MozenupoBaHue
TPaHUYHBIX YCIOBHUW THIIA «CKOJB3AIIAs TPaHUIA»
OCYIIECTBIISIETCS ITyTeM pa3MElIeHHUs] Ha CTabHOU
MOJUTOKKE CTaJbHOTO 00pasiia B BUAE NMPU3MBI de-
pe3 TOHKUH CJI0M KOHTaKTHOU cMma3ku. IIpoBoauace
THIaTeNbHAS NUTU(POBKAa KOHTAKTHPYIOIINX MOBEPX-
HOCTEH, TaK YTO OLICHEHHAsl TOJIIMHA KOHTAaKTHOM
cMa3ku 4 (MUHEpaTbHOTO Maciia) MPH YCTaHOBKE
npu3Mbl B pabodee MOJI0KEHUE MO MOCTOSHHBIM
YCHIINEM, CO3/1aBa€MbIM MOCTOSTHHBIMH MarHUTaMH,
HE IpeBblanga 5 MKM. T.e. BBITOJIHSJIOCH YCIOBUE:
h, = h/h < 0,004, nnm h/A < 0,01, tne A,_wu A — -
Ha TPOJIOJILHOW BOJHBI B KUAKOCTH M OOBEKTE CO-
OTBETCTBEHHO. Pa3Mepbl KOHTaAKTHOM MOBEPXHOCTH
mpusMm (8 % 19)-10° Mm% OnHa n3 OOKOBBIX TpaHeit
HCIOJIb3yEeMBIX CTalIbHBIX 00pa3ioB TAH obOpasyer
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yroJ ¢ BepTHKaibio @ = 0, a ONmo3uTHas ed rpaHb
HaKJIOHEHA K BEPTUKAIM I0[ YIJIOM, BapbHPYEMOM
B auanazone ¢ = 0 = 45°. Jlyng noBbIIIECHUST HAIEK-
HOCTH H3MEPEHHMH IyTeM YCTPAaHEHHs IIIyMOBOIO
(oHa, BBI3BAHHOIO IPEUMYLICCTBEHHO KPaeBBIMH
00bEMHBIMH MOJAaMH, Ha OOKOBBIX IOBEPXHOCTAX
MIPU3MBI BBITIOJHEHB! KAHABKH, UTPAIOIINE POJIb pac-
ceuBaTeNiel U MOKPBIThIE MorioTuTenaeM. Pabouas
4acTOTa IbE303JIEKTPHUUECKOr0 IMpeodpa3oBaTels
(IT3IT) paneeBckux BonH 1,8 MI'mw. [Ipu npoBenennu
KaXJIOTO M3MEPEHUs] KOHTaKTHAs cpefa, HaxoasIma-
sics BHe oOnactu konrakra TAH ¢ momioxkoid, Tia-
TEJIBHO yZaNssach.

HCTOYHMKOM M TIPUEMHUKOM HEIETEKTHUPO-
BaHHbBIX MMIIYJIbCHBIX CHUTHAJIOB CIY)KaT 3JEKTPOH-
Hele Onokum reHeparopoB Y]I2-12, ocmmiorpad
C1-71, u3mepurenb BpeMEHHbIX MHTEpBaioB M1-§,
WCIIOJIB3YEMBIN ISl CHHXPOHM3ALUU U aHaJu3a Ia-
paMeTpoB aKyCTHUECKOTO CUTHAJA, a TAKXKE FeHepa-
TOp CTAaHAAPTHBIX CHUTHAJIOB, MOAABAEMBIX Ha BTO-
pyIo pas3BepTKy ocumiuiorpada aas 6osee TOUHOTO
oIpeesiCHNUs aMIUINTY/Ibl CUTHAJIa METOIOM CpaBHe-
HUS aMIUTUTY.

Ha nepBom 3Tane ucciaeqoBaHul B pEKUME 3X0
M3MepsIIach OTPaXKaIOIIasi CIIOCOOHOCTh MOAEIHPY-
emoii oonmactu koHTakTa TAH ¢ momoxkoit mpenmy-
LIECTBEHHO B 3aBHCHUMOCTH OT yIIa @ U TOJIIMHEI
KOHTaKTHOM CMa3KH, a pacueT MCKOMBIX K03(du-
umentoB £ = {RX, D, *, D, *, R*} nposenen my-
TeM ucnoiib3oBanus Gopmyn (2)—(5). Kak crnemyer
W3 HUX, TIPU OIpEJeIeHUH HOPMAJTU30BaHHbBIX KO-
3 PHUINEHTOB MPEACTABISETCS] BOZMOKHBIM HCKITIO-
YUTh BIUSHHE KOPPEKTUPYIOIUX KOAPPHUIUEHTHI
/1 f, Ha TO4HOCTh U3MEPEHMUI.

Bricota mieneBoro 3a3opa perynupoBajach
C TIOMOIIIBIO CTIEHATBHBIX TOAKIAI0K, TOIIUHA KO-
TOPBIX U3MEpSIIach C TOYHOCTBIO 1 MKM. {711 ompe-
JeneHnss aOCONMIOTHOTO 3Ha4yeHus: Koddduimenrta
orpaxkenus BojHbl CTOyHIM R, ObUI HCTIONB30BaH
3epKajbHO-TEHEBOM METOJ, MO3BOJAIONIMI BHava-
Jie HaiTh oTHOIeHne aMmutyn [IAB 4, = A4, /A4, ,
e A, COOTBETCTBYET NMPAMOMN BOJIHE, NPOLIEAIIECH
yepe3 300y koHTakTa TAH ¢ momiokkoit Ha mpuem-
upii [1011, a 4, — AByKpaTHO OTpaKEHHOH OT rpa-
Hulel 2 1 1. YuTs, Kak u npexnie, ocnadienue BC
B pe3yJibTare MPOXOKIAeHUs (TIpU MepeoTpakeHUH)
€10 JIOTMIOJIHUTENIBHOTO MYTH B 30HE KOHTAaKTa MyTeM
BBOJIa HEKOTOPOro KO>pDUIHMEHTA Y, TOIYy4IUM,
uto R, = (4,,y ). Koopduuuent v, onpenensics
MyTeM aHaJM3a W3MEHEHHs BEeJMYMHBI OTHOIICHHUS
aMIUTMTY] A, B pE3yNIbTaTe BApbUPOBAHUS MOTIEPEY-
HOTO pa3Mepa MPHU3MbI U aKyCTHYEeCKOW 0a3bl Mpo-

—
—
—

3ByunBaHus. OLEHEHHAas MOTPELIHOCTb M3MEPEHUI
He npesbimana 10-15 %.

Pe3yabTarhl 3KCIEPUMEHTAIBHBIX HCCJIE10-
BaHMI U X 00CyKIeHHUe

PesynbraThl  OKCIIEpHMEHTATBHBIX — HCCIIENO-
BaHWU TPOXOXKIeHWUs W Tpanchopmanuu IIAB
Ha oOpaslax ¢ MOIEIHPYEeMOW CKONB3SIEH Trpa-
Huued AHIT npuBeneHbl Ha pucyHkax 24,
TJIe TPEICTABICHBl HOPMaJIH30BaHHBIE 3aBUCHUMOCTH
E(@)={R*,D,*,D,*},atacke R.Hapucynkax 5-7
MMpUBEACHBI HEKOTOPbLIC TMPCAJIOKCHHBIC CXEMbIL
U KOHCTPYKLUU YCTPOMCTB Il aKyCTHYECKUX
HSMCpeHHfI, a TaKKE€ JaHHbIC, CBUACTCIILCTBYIO-
e O BO3MOXKHOCTH HCIIOJIB30BaHUS Pa3pabOTKH
JUISL I3MEPEHUs ITyOWHBI YIPOYHEHHOTO TEepMOO0O-
paboTKOl TOBEPXHOCTHOTO CIIOS.

L

T T T T T R B

5 30 45
§.2pad

-45 30 -15

Pucynok 2 — 3aBucumMocTth K03 QHUIMEHTa OTpaKaTeIb-
HOM CIIOCOOHOCTH Tena Harpy3ku (mpusmei) SR OT ymia
HakJIOHa ee OOKOBOW rpaHu: 1 — IMOJOKEHUE NMPHU3MBI [;
2 — nosnokenue npusmsl 11 (cormacHo pucyHky 1)

Figure 2 — The reflectivity coefficient of the load body
(as a prism) A, depending on the angle of inclination of its
side face: 1 — the position of the prism /; 2 — the position II
(according to the explanation in Figurel)

Kak BumHO, BCe TmpeacCTaBICHHBIE BIIEp-
Bble 3aBHCHMOCTH, XapaKTEpHU3YIOIIHE CBOMCTBa
MomenupyemMoro ooObekra kak TAH wmm  ort-
paxkarens {RX, R*}, Tak u KodppuuneHTos
npoxoxkaenus [IAB depes rpammmer 1 m 2, co-
MIPOBOYKAAIOTIETOCS Tparcopmanmeit MOl
N*={Dg*, D,*} 0orT ¢, UMEIOT MaKCUMyM Mpe-
MMYIIECTBEHHO B okpecTHocTH ¢ = 0. Kak BmmHO,
JIEBad W IIpaBasgd BE€TBU OTUX YIJIIOBBIX 3aBUCHUMO-
cTeil oTHOCUTENbHO ocu ¢ = ( aCHMMETPHYHBI.
IIpuueM mns xoadduImenTa, XapaKTepHU3yIOIIeTo
OTpaXkaTeIIbHYIO0 CIIOCOOHOCTh TeJla MPU3MBI (op-
myna (2)), semuunHa R = (R), (D,J), (D), (R,),"
u nocturaetr 32-34 nb.
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Haumenriiee xe 3nadenue h = 18-20 nb, umeer
MECTO B TOM Cilydae, Korja OTpa)kaTeleM CIIYKHT
rpanuna 2, a @ > 0. Kak BugHO U3 xona (QyHKIMH
K (@), npeBasIMpyIOLIHIi BKJIaJ] B €€ N3MEHEHHE BHO-
CUT UMEHHO Kod(pduuneHT orpaxkenus: BP, koTopsbrii
npu ¢ = 0 paseH (R,), = (R)), = R,.

| R*sN*.db

Pucynok 3 — Bimsnue yria HakiaoHa OOKOBOW TpaHH
NpU3Mbl Ha HOPMAJIM30BAaHHBIH KOI(PPHUIMEHT OTpa-
enus BoHbl Ctoynm R* (1) u koddduuuent mpoxox-
JCHUsS TPaHMI] KOHTaKTa Tejla aKyCTUYECKOH Harpy3Ku
CTIOTOKKOM N (ycpe AHEeHHBIH (2)) TpH yCTaHOBKE TPU3MBI
B nosnoxxenue I u II, uro mosicusercst pucyHkom |

Figure 3 — Influence of the angle of inclination of the side
faces of the prism on the normalized reflection coefficient
of the Stonely wave R * (1) and the transmission coefficient
of the contact boundaries of the body of the acoustic
load to the basic body N* (averaged (2)) when the prism
in position I or II according to the explanation in Figure 1
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Pucynoxk 4 — Bmusane Oe3pa3MepHON TONIIMHBI KOH-
TAaKTHOTO CJIOS KHAKOCTH /1*= h/\, Ha aMILTMTYIy OTpa-
JKCHHOW ITOBEPXHOCTHOM BONIHBI OT Tiepenneit (1), 3aaHeit
(2) TpaHUIBI IPU3MEL, a TaKXke OT pedpa MomIoKKH (3),
BBINOJTHEHHOM B BHJIE MapauIesenuIe/ia

Figure 4 — The influence of the dimensionless thickness
of the contact layer of the liquid on the amplitude
of the reflected surface wave from the front (1), back (2)
prism boundary, as well as from the edge of the basic
solid (3), made in the form of a parallelepiped
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Pucynok 5 — Cxembl UCTIOJIB30BaHMsI YCTPOHUCTBA C TBEP-
JIOTEJIbHBIM OTpaXkaTesIeM TOBEPXHOCTHBIX BOJIH JUIS YJIbT-
Pa3BYKOBOTO KOHTPOJISI M U3MEPEHUH 110 TaHHBIM aMILIU-
TYAHBIX ¥ aMIUTMTYIHO-YIJIOBBIX MapaMEeTPOB OTPaKeH-
HOTO curHana (a) (BUX CBEpXy) W IO JaHHBIM CKOPOCTH
MMOBEPXHOCTHOW BOJHBI (BUA COOKY), OIpeaeIsieMOit
UMITYJIbCHO-(A30BBIM METOJIOM C XapaKTepHOH OCLuII-
sorpammont (b): 1 — wu3nydaronmii mpeoOpa3oBaTelb;
2 — o0ObeKT KOHTpOJs; 3 ¥ 4 — rpaHd BBICTyNA Telsa
orpaxaress, (OPMHUPYIOIIUE OTPAXKAIOIIYIO IOBEpX-
HOCTHBIE BOJIHBI TPAHUILY C BEPILIHUHOM 5; 6 — 0TpaXkaromiast
BOJIHBI I'paHuIia 2, GopMHUPYIOILas OIIOPHBII CUTHAI;

7 — npueMHBIA TpeoOpasoBareib; ¢: | — 3oHANpYOIIHH,
11 u 111 — npuHUMaemMble npeodpa3oBaresieM 7 UMITYIIbChI

Figure 5 — Schemes of use of the device with a solid-
state reflector of surface waves for ultrasonic evaluation
and measurements by using amplitude parameters
of the reflected signal vs. probe angle (@) (top view)
and the velocity of the surface wave (side view)
determined by pulse-phase method with characteristic
oscillogram (b): 1 — emitting probes; 2 — test object
to test; 3 and 4 lateral sides of the reflector
forming a reflecting surface waves boundary
with the top 5; 6 — reflecting wave boundary 2,
forming the reference signal; 7 — receiving probes;
c: I —exciting, IT and III — impulses.receiving by probe 7
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Pucynoxk 6 — Ilpumep cxeMbl HCHOJIB30BaHMS YIBTpa-
3BYKOBOTO YCTPOWCTBA C TBEPAOTEIBHBIM OTpaKaTelIeM
MIOBEPXHOCTHBIX BOJIH JUISI KOHTPOJSI OOBEKTa CO CIIOXK-
HBIM penbeOoM MOBEpXHOCTH: | — mpeoOpaszoBarens;
2 — 00BEKT KOHTPOJIST; 3 — TOBEPXHOCTHAS HECIUIOIIHOCTD;
4 — oTpaxaresb NOBEPXHOCTHBIX BOJIH

Figure 6 — Scheme of using an ultrasonic device
with a solidstate reflection of surface waves to test
an object with a complex surface relief: 1 —probe; 2 —object
to be tested; 3 — surface discon-tinuity; 4 — reflector of
surface waves

AR_. b
O_

Pucynok 7 — 3aBHCHMOCTH HOPMAJTM30BaHHOW aMILIH-
TyJIbl TIOBEPXHOCTHBIX BOJIH, OTPAXKEHHBIX OTpa)kaTesieM,
0T yIya majeHus BoJHEI 3 Ha yactore 1,8 MI'm: 6e3pas-
MepHas TIyOWHa YIpPOYHEHHOTo cios h* hX =0 (1)
0,4 (2); ,53)

Figure 7 — Dependences of the normalized amplitude
of reflected surface waves vs. the probe angle B when
the depth of work-hardened by the currents of high-purity
of steel layer is of /* =/, =0 (1); 0,4 (2); 1,5 (3) and when
signal frequency is of 1,8 MHz

B pesynbrate wmccienoBaHW COTJIACHO TIpH-
BEJICHHON BBIIIE METOJUKE OBLIO YCTaHOBIICHO,
YTO OIPEJICIICHHAs C IMOTPEIIHOCThI0, HE TIPEBOCXO-
asmert 10—-15 %, BenuunHa RS ~ 3,2. DTO0 MO3BOJISIET
M0 JTaHHBIM, MPUBEJICHHBIM HA PUCYHKE 2, OICHUTH

aOCONIOTHYIO BENMUYMHY KOd((UIMEHTa OTpake-
Hust BonHbl CTOyHIM R, MpU M3MEHEHWH yIila Ha-
KJIOHA KaK O/IHOM, Tak M AByX rpaHeil npusmel TAH
B HCCJIEJIOBAHHOM YTJIOBOM JiHamna3oHe. JTo ke Ka-
caeTcst orpeieJeHns a0COMOTHONW 3aBUCUMOCTH KO-
spunmenta npoxoxaenus [TAB N(¢), onpenense-
MOM T€HEBBIM METOOM.

Urto kacaeTcs 3aBUCHMOCTEM HOpPMaIU30BaH-
HBIX K03 duumentos nmpoxoxaenus [1AB uepes 00-
JacTh ¢ aKyCTHYECKOH Harpyskod, To N = D, *(¢)
u N* = D *(¢) mOCTPOEHBI, KaK yKa3blBaJIOCh BBIIIIE,
myteM pasBopota npusmbl TAH wa 180° oTHOCH-
TEJIbHO aKyCTUYECKOW OCH. Y CTaHOBIIEHO, YTO pa3-
JIM4He MeXly HUMH I10 BEJINYMHE BO BCEM HCCIE0-
BAHHOM JMAala30He yIJIOB HAKJIOHA OJHOM U3 IpaHei
NpU3Mbl HE MPEBBIMIAECT IOJOBHUHBI MOTPEHIHOCTH
U3MEPEHUN. DTO TO3BOJIUIO OTOOPa3uUTh yKa3aH-
HBIE 3aBUCUMOCTH OJIHON «yCPEJHEHHOU KpUBOI» —
N*(¢p). T.e. mis yrimo 45° > ¢ > 0 3aBUCUMOCTh
N*(p) MOHOTOHHO yObIBaeT He Oonee, ueM Ha 10 %,
a st 0> @ >-45°—na~ 70-80 %. Takum oOpa3om,
€CIT yroJl HaKJIoHa OOKOBOHM MOBEPXHOCTH MPU3MBI
0> ¢ >45°, TO MOXHO MOJIOKUTb, YTO:

Dis _
D

D
()0 = const.
SR D

SR

Yro kacaeTcs aOCONIOTHOTO 3HaueHHs (yHK-
MU MPOXOXKAEHUS N, TO, KaK MOKa3bIBaIOT JAHHBIE
9KCIIEPUMEHTA, B MpeJelax YKa3aHHOH MOrperiHo-
ctu m3mepenui (10-15 %) nanmuune TAH B BHIe
MPSIMOYTOJIBHOW TPU3MBI CONPOBOXKAAETCS YMEHb-
menneM N npuOIu3uTeIbHO B 3,3 pasa.

IIprumHa XoAa yKa3aHHBIX BBILIE YIJIOBBIX 3a-
BUCUMOCTEH OOYCIIOBIIEHAa CJIOXXHBIM XapaKTepoM
tparchopmanuu BP u BC B okpecTHOCTH TpaHMII
TAH, 4ro mosicusiercsi ypaBHeHHeM OanaHca (6).
Kak crnenyer w3 sKcepUMEHTalbHBIX JIAaHHBIX,
MpeJICTaBIEHHBIX Ha puUCyHKe 2, 3Heprueir BP,
OTpakeHHBIX OT mepenHei rpanunsl TAH, moxHO
npenebpeys. (OHaKO MPHU MPOBEAESHNUHN MPELE3HOH-
HBIX YJIBTPa3BYKOBBIX M3MEPEHUH 3TOT (akTop He-
00xoanMo y4HuTHIBaTh.) Kak ycCTaHOBIIEHO, 4acTh
sHeprun BP Tepsiercs npu mepexojie 3THX BOJIH
Ha OOKOBYIO TOBEPXHOCTh MpH3MBI (TpaHumna 1),
a yacth — TpaHcopMupyercss B 00beMHBIE MOJIBI.
[TotoOHBII TIpoIIeCC UMEET MECTO U TIpU TpaHC(op-
Maruu BosiHbel CTOYHIIH B BOJIHY Panes Ha rpanune 2.

Hcnons3ys mofo0HYI0 yKa3aHHBIM MeETOAHYe-
CKUM OCOOCHHOCTSIM TPOLEAYPY, OBLIH TOIyYeHBI
JAaHHbIE CpaBHEHUS KOX(PQHIMEHTa OTpakaTeib-
Hot cnocoOoHoctu TAH u koadduirenra orpaxe-
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nust BP or pebpa napamnenenunena (R,),, KoTopoe
WICHTUYHO OTPAXKEHUIO OT OECKOHEYHOW TPEIINHBL.
VYCTaHOBJIEHO, 4TO BeamuuHa (R ), 6ombuie K Beero
npuomu3nTensHo Ha 5 nb. Ecim xe [TAB mpoxomut
yepe3 30Hy KoHTakta TAH, orpakaercs ot pebpa
napaJuleiennie/a ¥ BO3BpamaeTcst 00paTHo, TO 3Ta
pasHHIa JoCTHTaeT NpuOMm3uTeNbHO 18-19 nb.
VYBenuuenne 0e3pa3MEepHOTO 3HAYSHHS TOJIIHWHBI
KOHTAKTHOTO c1ost i, = h/A, (pUCyHOK 4) NpUBOAUT
K pocTy 3Toi pasHuusbl 1o 47-48 nb, nocturaemoi
B OKPECTHOCTH MHHHMYyMa HCCJIETyeMOH 3aBUCH-
moctu npu i, = 0,02. B TO ke BpeMs Ha BEIMYHHY
N cnabo ckaspIBaeTCSA BADHUPOBAHMUE /1, B MAIa3o-
He oT Hyss no 0,05. U3menenue xe ckopoctu [TAB
B KOHTaKTHOM 3a30p€, N3MEPEHHON MMITYJIhCHO-(a-
30BBIM METOJIOM, MOXKET COCTAaBUTH =~ 4—5 %.

Hcxonst w3 aHamm3a aKyCTHYECKOTO TpakTa
Y TIOJTY9E€HHBIX OTIBITHBIX TAHHBIX 0 KO3 PHUIIHEeHTaX
NpoxXoxJaeHust U otpaxkenus: [IAB, MoxHO cienaTh
BBIBOJI O BO3MOXKHOCTH TIPOBEICHUS HA TPAKTHKE
KOHTPOJIS Ae(EKTHOCTH TIOBEPXHOCTH 00BEKTOB KaK
HEMOCPEICTBEHHO PACIIOIOKEHHBIX B 30HE KOHTAaK-
Ta MaTePUaoOB, TaK ¥ C TPOTHBOIIOJIOKHON CTOPOHBI
TEXHOJIOTHYECKOTO 00BEKTa.

HeoOxoammo oTMeTHTH, YTO TMOJOOHBIE yKa-
3aHHBIM BBINIE TPOIECCHl TpaHc(pOpMannuy BOIH
MMEIOT MECTO M B TOM CJIydae, Korja 00ObeKTOM HC-
CJIEJTIOBAHHUS CIYXKHUT TBEPIOE TEJO C BHICTYIIOM, pe-
ann3ys MOJIENb KECTKOTO CIETUIEHUS TTOBEPXHOCTH
nojyioxkku ¢ TAH. B aTom cityuae, kak mokasaHo
B pabote [4], mpeBanupyromas 49acTh MOTOKA aKy-
CTHYECKOH 2Hepruu TpaHC(hHOPMHUPYETCS Ha BBICTY-
e B TMOTEPEYHYI0 BEPTHKAIBHO TOISPU30BAHHYIO
T-monmy. (bomee mompoOHBI aHaNM3 MEXaHH3Ma
TpaHc(OpMaIiu yIIPyTUX MOJ IPECTABISAETCS AaTh
BO BTOpOW 4YacTH cTaTh.) Ecim ke BBICTYn UMeer
(hopMy TPSIMOYTOIBHON TPHU3MBI, TO KOIPPHUITUEHT
MIPOXOXICHUSI aKyCTHYECKOTO CHUTHala, BKIIO-
Yaromuid TpaHCPOPMAIMIO MOJ[ COTJIACHO CXeMe
ITAB—T-mMoga—IIAB, MokeT OBITH TIpencTaBieH
B BH/E:

N: N2 = (DRT)I (DTR)ZfT’

rne D, u D, — xo>pdunmentst pancdopmanuu BP
B T-MO/ly M 00paTHo; f, — MHOXHTEIb, 00yCIaBIy-
BalOMIMK ociabinenne 7-MoJbl MM KpacBoil Iorie-
PE4HOI BOJHBI, paCIPOCTPAHSIOIIEHCS B IPOCTPAH-
ctBe x, < x < x,. [lpu paboTe B pexxuMe 3X0 aHaJo-
TUYHBINA KO3()OUITUCHT:

R = D) (D) (Ry), S [(Rp), T

CpaBHUTENBHBIE SKCIEPUMEHTANbHbBIE JTaHHBIC
mokasanu, utro kodddumment npoxoxmenus [1AB
no nomiokke ¢ TAH u ckonb3sinieil KOHTaKTHOMN
rpanureit He 6onee yem Ha 10 % mpeBbITIaeT aHa-
JIOTUYHYIO BEIMYUHY TIPU peaju3allii KECTKOTO
KOHTaKTa Harpy3kud C TOJJI0KkoH. YUTo kacaercs
OTpakaTeNIbHON CIIOCOOHOCTH 30HBI KoHTakTa TAH
C MOJUIOKKON TIPU KECTKON I'paHUIle MEXITYy HUMH,
TO ee BeNMYMHa cocTapiseT Bcero R =~ 7-8 nb.
[Ipu peanmuzanum e CKONB3SIMICH TPaHUIBI (PHUCY-
HOK 2) oTpakarenbHass crocodHocTh TAH Oomee
geM Ha mopsaok (25-26 nb) Gomplme, a aMIUTHTYIA
MPUHAMAEMOTO aKyCTHYECKOTO CHTHANa, OTPaXKeH-
HOTO OT 2-# (OTpakaromiei) TpaHullbl, TTPEBBIIIACT
Bcero Ha 7—8 nb.

Taxum 00pa3om, IpH COETUHEHUH ONHAKOBBIX
MarepuagoB METOJIOM CKJIEHKH, TaWKu U Jp. XapaK-
Tep m3MeHeHHs (QYHKIINU KR (f) 32 XapaKTEepHOE Bpe-
Msl [ = {, MOXKET CIIYKMTb BBICOKOUYBCTBUTEIIBLHBIM
MoKa3areieM KadecTBa TEXHOIOTHYECKOTO IpoIiecca
COEIIMHEHNH OMHAKOBBIX MarepuaioB. [Ipu aTom oT1-
HOIIIEHWE BEITWYNH OTPaKaTeNbHBIX CIIOCOOHOCTEN

. R
R =

=0

JUI1 YKa3aHHBIX CIy4acB IIPEBBIIIAET
t=t,

TIOPSIIIOK.

Hcexons w3 aHaim3a MeXaHuU3Ma OTPAKEHMS
n npoxoxaenus I[TAB, a Takxke npenBapUTeNIbHBIX
JIAaHHBIX 3KCIIEPUMEHTA, TOIY4YEHHBIX I Cilydas
koHTakTa TAH u3 qropanu co cTaabHOM MOMJIOKKOM
(1 HAoOOPOT), ClEAYET MPEANONOKUTE IPPEKTHUB-
HOCTb HCIOJb30BAHUS BPEMEHHOW 3aBUCUMOCTHU
¢bysKIMH R (f) 75 KOHTPOJS aHAJIOTHYHOTO TEXHO-
JIOTUYECKOTo Tpoliecca U MpH APYyroM COUYETaHUU
coenuHsieMbIx MaTepuanoB TAH u nmoanoxku.

Co31aHME 0NIOPHOT0 CUTHAJIATIPHMEHUTEIbHO
K YJbTPa3BYKOBBIM H3MePEHUSIM H KOHTPOJIIO

Ilpu mpoBeneHUM YIBTPA3BYKOBOTO KOHTPO-
7 (DU3UKO-MEXaHMUECKUX CBOWCTB TBEPABIX Tell
0 TaHHBIM ckopoctu [TAB, ee aMIIUTYyIHO-4aCTOT-
HBIM XapakTEPUCTUKAM, a TAKXKe IPHU BBISIBICHUU
MOBEPXHOCTHBIX M MOJNOBEPXHOCTHBIX JC(PECKTOB
TpeOyeTcsl BBICOKAs TOYHOCTh W3MEPEHUH, CyIIie-
CTBEHHO 3aBHUCSIIAs OT IIyMOBOTO ()OHA, BBI3BAH-
HOTO YKa3aHHBIMH BBINIE MpUYHHAMH. {15 ycTpa-
HEHUs 9TOro akTopa MPEAararoTcsi HEKOTOPHIC
CXEMBl U3MEPEHUH, MOSACHSAEMBIC HAa PUCYHKaxX 5
u 6. B wactHOoCTH, Ipenaraercs ucnois3oBath TAH
B Ka4eCcTBE BHICOKOA(PPeKTrBHOTO oTpakareist [IAB
TIPU OTIPEICIICHIH, HAIIPUMEP, CTPYKTYPHI UyTYHOB,
TyOWHBI YIIPOYHEHHOTO CIIOSI, TI0 JAHHBIM CKOPOCTH
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[TAB, xoppenupytoleil ¢ TyOuHOH yIpOYHEHHOTO
cnos, tne C . = C,,,(h). Ilocnennsas Moxer ObITh
ornpejesieHa IMITYIbCHO-(a30BbIM METOOM 110 (hop-
myne: C . = L*/At, tne L* — axyctnueckas 0Oasa
n3MepeHuit, At — Bpemsi pacnpoctpaHenus [1AB
(pucyHOK 5), 0O MO aHHBIM yIiia B* MakcumMyMma
aMIUTUTY/Abl OTPAKEHHOM OT OTpakaTelss MOBepX-
HOCTHO# BoyHbL, e C , . = C /sinf*.

JlomonHuTeNbHOE CHIDKEHHE Ha JEeCATKU Jie-
uOea 1IyMOBOTO (hOHA, MOMAJAIOIICTO B PEKHUME
npuema Ha [IDI1, nocturaercs myTeM BBIIOIHEHHUS
nepenneii orpaxaromieit IIAB rpanunst TAH ontu-
MasbHOU (opMbl. Hampumep, 3Ta rpaHuna MOXeT
WUMETh BHJ TPEYTOJILHOTO yCTyIla WK BBICTYMa, 00-
pareHHoro k u3nydatomiemy 1311 (pucyHox 6), yron
KoTOporo 2¢ oOpa3oBaH IBYMS JIMHEHHBIMU y4acT-
kamu oTpaxatomeid [IAB rpanunsl ¢ BepmuHON
B TOuKy S. B aToM ciydae mpeBanupyromiast 4acTb
MOTOKa OTPaXeHHOM OT rpaHuils! s3Heprun [1AB BbI-
BoJUTCS M3 30HBI pacronoxenus [1911. Ucnonb3ys
MIpeJCTaBlIeHUE JTy4eBON aKyCTHKH, TPE/ICTaBIAETCS
BO3MOKHBIM B II€PBOM MPHOIMKEHHH OLICHUTH COOT-
HOILIEHHE MEXIY IHOIMEepeYHbIM pa3MepamMH MPU3MbI
Harpy3ku 2b, mpeobOpaszoBarenst 2d U ero paccrosi-
HUeM s 70 BepimuHbl S. Tak, ecnu 3Ta oTpaxkaromias
BoNHY Panes rpanuna nmeer popmy ycryra, TO yka-
3aHHOE COOTHOIIEHHE MPUMET BUJ:

(s —bctgd)/ d > 2tg20,
a ecliu rpaHMia umeeT GopMy BBICTYIIA, TO:
—s/d>tg2¢,

rae s* = s — bctgd — paccTossHUE MEXY TIEpeTHEeH
rpanbio [1311 u kpaliHuMu (OIIMHKalIINMK) TOYKaMHU
OTpa)karolllel TPaHULbl B BUJE YCTYyIIA.

Kak mnokas3plBatoT YHUCIEHHBIE OLEHKH, MpU
OJMHAKOBBIX mapamerpax {s*/d, b/d) mnambonee
KOMITAKTHOW SIBJISIETCS KOHCTPYKLMSI OTpa)kaTens
C BBICTYIIOM, OOpallleHHbIM K H3Jy4arolieMy BOJI-
Hel [I911 (pucynok 6). Kak BUIHO U3 IpHUBEIEHHBIX
(hopMyI1, IMEHHO B 3TOM clly4yae BIHMSHHE Monepey-
HOTO pa3zMepa OTpakaTelld Ha €ro OTpa)karollylo
I[TAB crnocoOHOCTh CyIIECTBEHHO HHUBEIHPYETCSI.
IIpu sToM mpencTaBisieTcss BO3MOXKHBIM B 1,5-2
pa3za u Oosiee COKpaTUTh pa3Mepbl KOHCTPYKLUHU
YIABTPa3BYKOBOT'O YCTPOWCTBA MIPU OAHOBPEMEHHOM
YMCHBIICHUH Ha JCCATKH JACUUOEN COOTHOIICHUS
myM-curtas. HecoMHeHHO, 3TO MO3BOJIUT 3HAYM-
TEIBHO PacIIMPUTh HOMEHKJIATYpy KOHTPOJIHUpYe-
MBIX Ha Ka4€CTBO MX CTPYKTYPbI OOBEKTOB.

OtmeruM, uro otpaxaromas [IAB rpanuna 2
MOKET UMETh PA3JINYHOE HAIPABIEHHE O OTHOIIE-

HUIO K aKyCTHYECKOM OCH CUCTEMBI, & TAKXKE Pa3HYIO
(opmy. Tak uto TAH MoxkeT ObITH HCIOJB30BaHA
B KayeCTBE «MEXaHWYECKOrO JIEBHATOPa» IOBEPX-
HOCTHBIX BOJIH, OTKJIOHSIOIIETO TOTOK DHEPTUH
[TAB mnox HEKOTOpPHIM YITIOM K aKyCTHYECKOH OCH.
Bo BTOpoMm ke citydae — oCyIecTBIATh (POKYyCHPOB-
Ky [IAB nepen rpanuneii akyctuueckoil Harpy3k 1.
[Ipu 5TOM OTpakeHHBIE BOJHBI OT TPAHHIBI 2, BBI-
MIOJTHEHHOH B BUJE OKPY)KHOCTH C OINpeesICHHBIM
paauycoM 7, KOHIEHTPUPYIOTCS Ha PacCTOSHUU
OT JTOW TpaHMLBl B OKPECTHOCTH CBOEOOpa3HO-
ro ¢okyca F' = r/2. Vcnonp30BaHUE TaKMX CXEM
ynpasieHus HanpasiaeHHocThIo [TIAB npencrasmser
UHTEpeC Uil KOHTPOJISi OOBbEKTOB B TPYAHOAOCTYII-
HBIX MECTaxX, MMEIOMINX H3MCHSEMYIO CTPYKTYpYy
MIOBEPXHOCTH U TPeOYIOIINX MOBHIILICHHOHN CTa0WIIb-
HOCTHU U UyBCTBUTEILHOCTH H3MEPEHHI.

Ha pucynke 7 nemoHctpupyercs 3¢ddexrus-
HOCTh TIPUMCHEHHsS TPEJIOKEHHOTO YCTpPOMCTBa
JUISL OLICHKHU TIIyOMHBI YHOPOYHEHHOTO TOKAMH BBI-
COKOW YacTOTBI CJOSl MeTala MO JaHHBIM KOp-
pensIMOHHON  3aBUCHMOCTH  ckopoctu  [IAB:
Ciug = Cuas® ~ (E/p)>, tne E, n p, paccmarpu-
BaloTcs Kak d(QeKTHBHbIC 3HaYeHUsT MoAylsi FOHra
U IUIOTHOCTH KOHTPOJHMPYEMOU Cpebl, JIOKaJIh30-
BaHHOM Ha IIyOuny 7 =X, .. Kak BugHO, namepenus
MOTYT TIPOU3BOIUTHCS KaK HMITYJIBCHO-(a30BbIM,
TaK U aMIUIUTYJHO-YIJIIOBBIM METOAOM 1o (opmyre
Cap = C, (sin B*)!, rne B* — yron majieHus BOJIHBI
Ha MeTasul, 00eCTIeYNBAIOIINIA MAaKCUMYM aMIUIUTY-
Il Bo30Oyxaemoii [TAB. Otmerum, 4To B JaHHOM
cllydyae HET HEOOXOAMMOCTH YCIOXKHSATh H3MEpH-
TEJILHYIO TIPOLEypY, uctons3ys asa [1911, pabora-
IONIMX B TEHEBOM PEKHMME MPO3ByYUBAHUSI.

3akJroueHnue

Ha ocHoBe aHanmm3a akyCTHYECKOTO TPAKTa ITOITY-
YEHBl COOTHOIICHHS, CBSI3BIBAIONINE AMIUIATYIHBIC
nmapaMeTpsl TMOBEPXHOCTHBIX BOJIH, OTPa)KCHHBIX
Y TIPOXOJIATINX Yepe3 30Hy aKyCTHIECKOTO KOHTaKTa
(TOHKHI CMa304HBIN CITOH) CO3/1aBaeMOT0 CTATBLHOM
MO/JIOKKOW € TEJIOM aKyCTHYECKOM Harpy3ku
B BHJIC TIPU3MBI U KOOPPHUITHEHTAMHU TIPOXOMKICHISI
u orpakeHUs: BoaH CTOyHIM d4epe3 ee TPaHWIBI,
a TaKkKe OTpakaTelbHYI CIIOCOOHOCTH Tena
Harpy3ku. llpeamokeHa weTomuka W BIIEPBBIC
9KCMEPUMEHTAIBHO  OMpEENIeHbl  3aBHCHMOCTH
yKa3aHHBIX KOd(DPHUIMEHTOB TIpH  H3MEHEHUH
yITla HaKJIOHA OXHOW M3 OOKOBBIX TpaHEH MPHU3MBI
B quana3oHe ¢ = 0 +45°, 6e3pa3MepHON TOIIIUHEI
KoHTakTHOU mpocnoiiku (0-0,05) u ee opueHTAITNH
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BJI0JIb AKyCTHUYECKOH OCH M3MEPUTEJIBHON CHUCTEMBbI
Y OMIO3UTHO €i.

BriepBeie  aKcTIepHMEHTAJIbHO  YCTaHOBJICHO,
YTO MPEICTABICHHBIE 3aBUCUMOCTH, KOA(PPHUITMESHTHI
OTpaXeHUsI W MPOXOXkJeHus BoiH Panes u CroyH-
mu 4epe3 mepenHioro (1-s1 TpaHUWIA) W 3aTHIOIO
(2-1) TpaHWIBI CKONB3SIIETO KOHTAKTa Tena
NpU3MBI € TIOMJIOKKOH  (TIpU  OTHOBPEMEHHOM
TpaHcopMaluu Mon), a Takke Kod(hhuIuent
OTpaXkaTeNIbHOM CITOCOOHOCTH, OTIPEEIIIEMbIi OTHO-
[IEHWEM aMIUINTY TPUHUMAEMBIX OTPAKECHHBIX
aKyCTHYECKUX CHTHAJIOB OT 2-i W 1-¥ rpaHwmIbI,
SBIISIIOTCS. ACHMMETPUYHBIMU (DYHKIIUSIMH OT yIvia
HakJIOHAa OOKOBOW MOBEPXHOCTH MPHU3MBI U MMEIOT
MPEUMYIIECTBEHHO MAaKCUMYM B OKpecTHOCTH p—0.
[Ipuaem 3T0 OTHOIIEHHE, U3MEPEHHOE B PEKHME X0,
MPUHAMAET MakcuMaibHOe 3HadeHune (= 32-34 nb)
B CITy4yae MCIIOJb30BaHUS B KAYECTBE OTPAKAIOIIETO
Tela MPSMOYTOJIBHON MPHU3MBI, 4TO Oojiee 4eM Ha
MOPSAZIOK TPEBBIIIACT aHATOTHYHBINA KOA(h(UIIHEHT,
M3MEPEeHHBIM TIpYW HAJUYUW JKECTKOTO KOHTAaKTa
TeN, B TO BpeMs KakK KOA((UITUEHTHI POXOKICHHS
aKyCTHYEeCKOTO CHTHAJIa CPAaBHUMBI IO BEJTMUNHE.

Ha ocHOBaHMM 5THX [JaHHBIX MPEIOKEHO
HCIOJIB30BaTh KOA((OUIIMEHT OTPa’kaTeIbHOW CIIO-
COOHOCTH B Ka4€CTBE BHICOKOMH(OPMATHBHOTO ITapa-
MeTpa, XapaKTepU3YIOIIer0 KadyecTBa COCTUHEHHS
MaTepHaJIOB NAaHKOMH, CBAPKOM, CKIIEUBAHUEM H JIP.

OnpezeneHHple C TOTPEIIHOCTRIO HE Oojee
10-15 % 3epkambHO TEHEBBIM U TEHEBBIM CIIOCOOOM
MaKCHMaJIbHbIe 3HAYeHNS KO3 (DUITMEHTHI OTPaKSHHS
BONHBI CTOYHJIM M TIPOXOXKICHHS TTOBEPXHOCTHOM
BOJTHBI Yepe3 aKyCTHYECKYIO0 Harpy3Ky COCTaBIISIOT
npudnusurensao 0,31 u 0,33 cooTBETCTBEHHO.
YCTaHOBIEHO, YTO YIJIOBBIE 3aBUCHMOCTH KO-
(urmeHTa TMPOXOXKACHUS IMOBEPXHOCTHOW BOJIHBI
B TIpe/ieNiaX TOTPENIHOCTH W3MEPEHHH COBIAJaioT
npu nosopote npusmbl Ha 180°. Tlpuyem mis ¢ > 0
3TOT KOI(PPHUIIUEHT YMEHBIIIAETCS HE Oojiee YeM Ha
1 nb, a mpu ¢ < 0 — npubnuzutensHo Ha 4-5 nb.
Jna ko dunmenTa sxe orpaskeHus BOTHB CTOYHIH
HaOmogaeTcs oOpaTHass 3aBUCHMOCTh: Tpu ¢ > 0
ero BeTWYMHA TaJacT MpUOIM3UTENbHO Ha 12 nb,
a aisa ¢ < 0 ero u3aMeHenue He npesocxoaut 1 nb.

[IpemnokeHsl  CrOCOOBI  YIBTPa3BYKOBOTO
KOHTPOJIS U JIaHbl PEKOMEHAAIUH 10 UCTTOJIb30BAHUIO
PEe3yJabTaTOB UCCIIECIOBAHUS:

— I OTpeneNieHus (U3HKO-MEXaHUICCKUX
CBOWCTB MOBEPXHOCTH MaTE€pUaIIOB, BKJIKOYAs OIpe-
JIeJICHUE TIyOUHBI YIIPOYHEHHOTO CIIOS, TI0 JaHHBIM
CKOPOCTH TMOBEPXHOCTHOM BOJIHBI, HU3MEPEHHOU

UMIIyJIbCHO-(a30BbIM U aMIUIUTYAHO-YIJIOBBIM
METOAOM, IIyTEM MWCIHOJIb30BAaHUS OTpaxkaresnel
[IOBEPXHOCTHBIX BOJIH, YTO IIO3BOJISIET COKPATHTh
aKyCTHUYECKyl0 ©0a3y Mpo3ByYMBaHMs OOBEKTa
B 1,5-2 pa3a u CyIIECTBEHHO PacIIUPUTh HOMEHK-
JaTypy KOHTPOJIHPYEMbIX 00bEKTOB;

— JUISL BBISIBJICHHSI 1€(EKTOB, PACIIOJIOKEHHBIX
B TPYZAHOJOCTYITHBIX MECTaX M Ha 00BbEKTaX CO CI0XK-
HBIM pelabe(oM TOBEPXHOCTH W HEOAHOPOIHON
CTPYKTYPOH, UCTI0JIB3Y S BO3SMOKHOCTH (DOKYCHUPOBKH
[TAB myTeM BBINOJIHEHUS TPaHUIBI 2 C 3aAaHHBIM
paznuycoM KpUBU3HBI IMO0 AedaeKun BOIHbBI MeXa-
HUYECKUM CIIOCOOOM.

[Tony4yeHHBIE 3KCIIEPUMEHTAIBHO JIaHHBIE MO-
I'yT ObITb HCHOJIB30BAHBI JJIs1 OLIEHKH BO3MOKHOCTH
JIUAarHOCTUPOBAHMS COCTOSIHUSI TPYLIUXCS TOBEpX-
HOCTEH, JUIs ONpENeNeHHs HaIW4YMsg Ha HHUX IO-
BEPXHOCTHBIX JAE(EKTOB, a TaKXKe KOHTPOJIS Ka-
YecTBa CLEIUICHHS COCOUHAEMBIX MaTepHalloB.
OmnpenenenHble  KOAQQUUUEHTBI OTPAXKEHUS U
npoxoxneHuss I[IAB  mpeacraBmsitor  uHTEpec
IpU  TEOPETHYECKOM MOACIMPOBAHUU PPEKTOB
TpaHchOpMaLUH TOBEPXHOCTHBIX BOJIH UX PACIIPOCT-
paHeHusl.

Pabora BbIIOIHEHA TPU YaCTUYHON TOIIEPIKKE
Benopycckoro Pecmybnmkanckoro ¢onma dyHna-
MEHTAJIBHBIX HCCIIEAOBaHUM B paMKax JOroBopa
Ne T17-159 ot 18.04.2018.
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Abstract

Periodic radiation monitoring of soils today is a priority task not only for Belarus, but also for Japan, suf-
fered by Fukushima nuclear power plant accident. Use of portable and light spectrometers with ability to per-
form in situ measurements makes it possible to quickly estimate specific activity of measured radionuclides
with required accuracy in particular soil site. Basic information of a gamma radiation source (radionuclides
content, effective radius of measurement area and thickness of contaminated layer) can be obtained directly
during measurement. The purpose of this research is to test the feasibility of using algorithms for determina-
tion of specific activity and thickness of contaminated layer under conditions of soil measurement with vari-
able density parameters and radiocesium distribution in soil.

Monte-Carlo simulating allowed to estimate the degree of deviation of the shape of simulated spectra
obtained with the use of Monte-Carlo soil model with uniformly distributed radionuclide in it, and for the
case when the radionuclide distribution by soil profile can be described by an exponential function. For these
cases of natural distribution of radiocesium, the pulse-amplitude spectrum is formed by an effective thickness
of the contaminated site, which contains more than 90 % of radionuclides.

The developed Monte-Carlo model of a probe and contaminated soil site allows to estimate the effect
of the variability of soil density on the total count rate of the pulse-amplitude spectrum. As a result of theoreti-
cal estimations, the relationship between the effective radius of contaminated site is determined as a function
of soil density.

Analysis of the influence of radial zones of the cylindrical gamma source on in sifu gamma-spectrometer
showed that the main contribution to the total count rate of the pulse-amplitude spectrum is made by the radial
zone with radius of up to 40 cm from the center of the probe, regardless of the thickness of the contaminated
layer in geometry «Probe is located on the soil surface». A small site facilitates the selection of measurement
area of land with a sufficiently flat surface, which is desirable during surveying the territories, especially with
complex terrain.

Keywords: in situ gamma-spectrometer, contaminated soil layer, non-uniform distribution, effective thick-
ness, density of soil.
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IIpoBenenne NepHOANUECKOrO paldalliOHHOIO MOHUTOPHHTA IT0YB HA CETOJHSAIHUI JEHb SBISAETCS OIHON
U3 IPUOPUTETHBIX 3a/1a4 JJIs1 00eCIeUeHUsl paAuallMOHHOM 6€301acHOCTHU HE TONIBKO B benapycu, nocrpanasiueit
oT UepHOOBUTECKOW KaTacTpodbl, HO U B SIMIOHUM, TEPPUTOPHH KOTOPOH MOABEPIIIUCH PATUOAKTHBHOMY 3arpsi3-
HeHu1o B pe3ynsrare aBapun Ha ADC dyxycnma. Lens HacTosmed paOoThI 3aKII09aIach B TPOBEPKE BO3MOYKHO-
CTH IPIMEHEHHS pa3pab0TaHHBIX Ha OCHOBE YIPOIEHHON («PaBHOMEPHO» ) MOJIEIIH aJITOPHTMOB OTIPEIETCHUS
AKTHBHOCTH W TOJIIMHBI 3aTPSI3HEHHOTO CJIOS B YCIOBHAX PaJOMETPUH MOYBEHHOTO ITOKPOBA C BAPHATHBHBIMU
napaMeTpaMH IJIOTHOCTH U pacIpesieNeHus paJuoLe3ns o ITyOuHe.

Hcnonb3oBaHue TMOPTATUBHBIX i Sifu CIIEKTPOMETPOB TIO3BOJIAET ONEPAaTUBHO OLEHUTH YIENIbHYIO
AKTHBHOCTh KOHTPOJIMPYEMBIX PaJHOHYKINAOB U IJIOTHOCTH 3arpsI3HEHHS TOUYBBI MPSIMO HA MECTE M3MEPEHUS
U ¢ HeoOXOauMOH TOYHOCTHIO. OCHOBHas MH(OpPMAIMSI 00 NCTOYHHMKE TaMMa-M3Iy4deHHs (TPHUCYTCTBYIOIIHE
pagroHyKINABL, ()(EeKTUBHBIN paaiyc ydacTka M TOJIIIMHA 3arPSI3HEHHOTO CIIOS) MOXKET OBITh MOydYeHa He-
MOCPEICTBEHHO TI0 pe3ysibTaraM M3MEpPEeHHs aIrapaTypHOro CHEeKTpa B CPaBHEHHH C TEOPETHUECKMMH (Kau-
OpOBOYHBIMM) CHEKTpaMH. TeopeTHdecKue CIEKTPhl PACCUUTHIBAIOT ITyTEM HMHTAIMOHHOIO MOJIEIHPOBa-
HUSI TIpoLiecca 7 Situ W3MEPEHUM aKTUBHOCTH paguoHyKauaoB '**Cs u ’Cs, paBHOMEPHO paclpeneieHHbIX
B OJJHOPOAHON MOYBEHHOMN Cpejie TOCTOSHHOM MIIOTHOCTH. Ha mpakTuke cieayeT yuuThIBaTh NPHOIU3UTENBHOCTD
MPUHATON MOJENHN M3MEPEHHUH B OTHOLICHHH PEabHOTO MPOQHIIA 3anTyOIeHus paJHOaKTUBHBIX 3arpsA3HEHUH
Y N3MEHYMBOCTH IUIOTHOCTH MCCIIEAYEMBIX TIOUB.

AHanm3 BIUSHUS paiialibHBIX 30H IHIMHAPUYECKOr0 HCTOYHNKA Ha MHTETPaIbHYIO0 CKOPOCTh CYETa CIIeK-
TpOMeTpa M0Ka3aj, YT0 OCHOBHOMN BKJIaJ BHOCAT pajUalbHbIE 30HBI B paaunyce 10 40 cM OT IleHTpa ycTpoiicTBa
JIETeKTUPOBAHUS TIPH PACTIOIOKEHNH €r0 Ha MOBEPXHOCTH TIOUBBI BHE 3aBUCHMOCTH OT TOJIIIIUHEI 3aTrPA3HEHHOTO
cytos. HeGoupImast mo TiIoImaan 30Ha BIUSHAS 00JIeT9aeT BEIOOP KOHTPOJIMPYEMBIX YHaCTKOB 3EMJIN C I0CTATOYHO
TUTOCKOH TTOBEPXHOCTBIO, YTO JKENNATENbHO TP 00CIE0BAaHUH TEPPUTOPHHA, OCOOEHHO CO CIIOKHBIM pebedoM.

KuroueBble ciioBa: in sifu TaMMa-CIIEKTPOMETP, 3arPS3HEHHBIN CII0H MOYBHI, HEPAaBHOMEPHOE PacHpeaeIcHIe
paanoHyKINIA, d(p(hEeKTUBHAS TOMIIUHA, IUIOTHOCTH MTOYBBI
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Introduction

The soil, together with atmosphere air and natu-
ral waters, is a main subject for radiation and environ-
mental monitoring [1, 2]. Portable gamma spectrom-
eters with the probe, located above the soil (usually
at 1 m height) [3-6] or on its surface, are being de-
veloped for the purposes of immediate survey of soil
radioactive contamination [3, 7]. An important condi-
tion for the reliability and validity of in situ techniques
of radionuclides activity determination in soil is to
take into account the effect of'its density and thickness
of contaminated layer, as well as the distribution pro-
file of radioactive substances in soil [3, 7, §].

The described in [7] principles of the analysis
of experimental spectra allows to simultaneously ob-
tain information on the content and thickness layer
with gamma-emitting **Cs and '*’Cs nuclides, ex-
pecting their homogeneous distribution over the con-
taminated layer. The algorithm for determination of
specific activity and thickness of the contaminated
layer is based on comparative analysis of experimen-
tal and simulated spectra of cesium isotopes obtained
for a scintillation gamma spectrometer [7]. Simulated
spectra were calculated using the Monte-Carlo (MC)
method for the Nal(TI) detector (@ 63 X @ 63 mm) in
the model of radiometric measurements of the con-
taminated site of the soil, represented as a cylindri-
cal source with uniformly distributed '**Cs and *’Cs
isotopes. The elemental composition (the effective
atomic number Z .~ 10) and the density (1.5 g/cm’)
of the model soil are chosen with maximum corre-
spondence to average parameters of soils of Tohoku
region (Japan) and Gomel region (Belarus) [2, 9-11].
For typical soils in areas contaminated by the Cher-
nobyl and Fukushima nuclear accidents, the Z . val-
ues are almost the same in a wide range of densities
from 1.0 to 1.8 g/cm?® [2, 9, 10].

The purpose of this research is the verification
of the application of the algorithm, proposed in [7],
for determination of specific activity and thickness
of the contaminated layer under conditions of soil
radiometry with variable density parameters and ra-
diocesium distribution by soil profile.

Materials and methods

The researches were based on simulation of
the radiometric MC model [7], developed accord-
ing to the purpose of the work and parameters of
the probe. MCNP 4B software was used for simu-
lating [12]. The model of the measurement soil vol-

ume, as in [7], is a cylindrical source located in a
semi-infinite isotropic environment with the radio-
actively contaminated layer of the fixed thickness.
Gamma radiation of contaminated soil site was
registered by the detector located on the middle
of the upper surface of a cylindrical source. The
studied model, unlike the prototype, is not limited
to one average value of the soil density and the re-
quirement of uniform distribution of cesium radio-
nuclides over a layer of fixed thickness and can be
used to assess the uncertainty of measurement in
situ with variable parameters.

The height of the cylindrical source d is equal
to the thickness of contaminated layer. The field
of-view of the probe characterizes the radius r.
InMC modeling, the number of emitted particles with
a given energy should be distributed uniformly
over the cylinder. With an increase in the radius r,
the fraction of the photons emitted from regions
of measurement area located far from the detector
(and also the simulation time) increases rapidly,
but the chance of these photons to contribute to the
energy distribution of the pulse-height spectrum
(F8 tally) becomes less and less important.
Therefore, when modeling an extended (including
infinite) source, the size of the measurement area
should be restricted by some effective radius reff, at
which the energy distribution of the pulse-amplitude
spectrum /(E) will be close to experimental one for
the real object.

To determine the effective radius is need to
use acceptable relative deviation . By definition,
the quantity [ is written in the form:

(00) = L (1)
IFEP (OO)

were [rer(r) — the count rate the range +30
of the full energy peak (FEP) for the source of given
radius r; Irep () — the count rate in the same range
for the source of infinite radius.

1

B: FEP

(1)

b

Value of 7 can be considered as the effective ra-
dius = r, of the source corresponding to the rela-
tive deviation f.

The areas behind the circle with radius » > 7,
make an insignificant contribution to the value
1.,.(r), since the probability of a gamma-quantum
reaching from them to the detector, even after scat-
tering in the soil and air, is negligible. At B = 10 %,
a source with a radius T provides 90 % of the total
count rate in energy range from 50 to 3000 keV of

simulated spectrum of contaminated with cesium ra-
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dionuclides soil layer with thickness d in the definite
geometry of measuring.

The value of the effective radius for a uniformly
contaminated soil layer is mainly determined by its
density and energy gamma radiation of the measured
radionuclide, and weakly depends on the elemental
composition of the substance [13, 14]. For radionu-
clide with several gamma-ray energies, the value >
is set by the most intense one. For nearby energies
of the main gamma-ray energies of '**Cs and "*’Cs
in the range 550-900 keV, the effective radius val-
ues will not differ significantly. In further analysis,
an isotope '’Cs with gamma-ray energy of 662 keV
was used to simplify the simulation in order to obtain
simulated spectra.

In cases, observed in practice, the depth of dis-
tribution of radioactive pollution into the soil does
not exceed 20-25 cm [2, 15, 16]. During natural
migration, the content of radionuclides usually de-
creases in depends on depth [2, 15-17]. The process
of radionuclides redistribution by profile depends on
many factors: soil type and density, time since radio-
active contamination; agricultural activities, quantity
of clay content, etc. Over the time, the maximum
content of radionuclides along the soil layers may
vary inland. Even within a relatively small area, ce-
sium isotopes can be concentrated both in compara-
tively thin (2-3 cm) and thick (over 10 cm) layers
[17-19]. To take into account a non-uniformly distri-
bution of radiocesium by soil profile, it is necessary
to introduce a concept «effective depth» or «effec-
tive thickness» of the contaminated soil layer.

The non-uniformly distribution of radionu-
clides in the soil and the effective thickness of
the contaminated soil layer

For soil model with non-uniformly distributed
37Cs isotope, only few cases from the set of possi-
ble radionuclide distributions along the profile were
considered [11, 19]. Radionuclide content O was dis-
tributed from the surface into the soil on depth up to
3cm, up to 5 cm, up to 7 cm and up to 12 cm accord-
ing with dependences presented in Table 1.

The situation when the layer contaminated with
the radionuclide was located under a «clean» cover
of the soil was also researched. In this case, a clean
environment was modeled between probe and con-
taminated soil layer with a soil layer of a similar el-
emental composition 1, 2, and 3 cm thick, in which
photon starts were not set.

Table 1
Relative radionuclide content Q in the top and lower
layer of the soil profile

The thickness The .
of the soil The con- content Exponential
- tent of 137 dependence of
layer with a ¥7Cs in the of *'Cs radionuclide
non-uniform- in the -
o top layer, content by soil
ly distributed (0-1 cm), % lower cofile
radionuclide > 7% ayer, % p
up to 3 cm 65.4 9.3 0=173.8¢07
up to 5 cm 55.0 2.5 0=112.7¢07
up to 7 cm 48.0 1.0 0=87.19¢0630
up to 12 cm 38.0 0.2 0=58.60¢0464¢

The radiocesium experimental spectrum from
contaminated soil during natural migration of the
nuclide into the soil will differ in shape from the
«equivalent» spectrum with uniform distribution of
the nuclide in the soil layer of the same thickness.
The MC simulating results showed that for simulat-
ed spectrum, which calculated for a non-uniformly
distribution of the radionuclide in the soil layer to a
defined depth (hereinafter, the spectrum § ), some
equivalent soil thickness with uniform radionuclide
distribution can be found, in which an identical sim-
ulated spectrum is formed (hereinafter, the «equiva-
lent» spectrum Seq) (Figure 1).
2E-04 9 = Uniform 2.2 cm

— Non-uniform 5 cm
1.E-04 -

8.E-05 -

4.E-05 4

Pulse count rate, cps

0.E+00

200 400 600 800

Energy, keV
Figure 1 — Spectrum S with non-uniformly distributed
¥7Cs and its «equivalent» spectrum S,, with uniformly dis-
tributed ¥’Cs

The deviation of the FEP heights with the
gamma-ray energy spectrum of 662 keV S rela-
tively to the «equivalent» spectrum S,y cited to mass
unit considering the value of equivalent thickness
of contaminated layer is presented in Table 2.

In the process of MC simulating of spectra,
more than 90 % of photon starts were distributed
in the thickness of the source commensurate to the
thickness of «equivalent» spectra. Thus, more than
90 % of the experimental spectrum will be formed
due to contaminated layer of effective thickness
equal to thickness of uniformly contaminated soil
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layer, which ensures the formation of an «equiva-
lent» spectrum S .

Table 2
Deviation of FEP height with gamma radiation energy
of 662 keV spectra S, relatively to «equivalent» spec-

tra Seq
neESh gft ltlliceks_oil Thickness Tlliist:l t)cfl‘( ]
layer with a «cleany soil the soil The
non}iuniformly layer above layer with ratio of
distributed '¥’Cs the con- an uniform the FEP
taminated R height, %
along the profile laver. cm distribution
(Table 1), cm yer, ¢ 37Cs, cm
0 2 -5.2
3 1 4 2.3
2 6 10.1
0 2 3.1
5 1 5 -1.7
2 7 0.7
0 4 -9.1
7 1 6 0.9
2 8 33
0 4 -5.2
12 1 6 5.0
2 10 1.2

The influence of natural distribution of radio-
nuclides into the soil on shape and intensity of ex-
perimental spectrum can be considered as unissued
component of the systematic error in measuring by
the methodological properties. According the data in
the Table 2, for in situ measurements in geometry
«Probe is located on the soil surface» the indicated

error will not exceed 10 %.

The effect of soil density on in situ measure-
ments

The results presented above, as well as the re-
sults of the MC simulation in [7], were obtained
with an average homogeneous medium density of

1.3 g/cm’. In real conditions, the typical range of soil
density is in the range from 1.1 g/cm®to 1.8 g/cm?
with a tendency for increase by depth [2, 16].

In order to evaluate the effect of changes in soil
density in the range from 1.3 g/cm?® to 1.8 g/cm® on
the count rate /,,, in FEP region (+3c), simulated
spectra of the '*’Cs radionuclide for different thick-
nesses of the contaminated layer were estimated. Fig-
ure 2 shows the results of MC simulations showing
the inverse dependence of the effective radius 7, on
the soil density for equal values of the parameter f3.

—_
o
S

¢ J=3cm

0
S
L

B d=15cm

The effective radius value 7,5 cm

Soil density, g/cm®

Figure 2 — Dependence effective radius vs. soil density

The component of the error of in situ
measurements caused by the variability of the soil
density, was estimated from simulated spectra
calculated using the effective radius dependencies on
the density in the range from 1.3 g/cm? to 1.8 g/cm?
(see Figure 2). Table 3 shows the calculated data
reflecting the nature of the change in the effective
radius and count rate in FEP range +3c depending
on the soil density.

It was found that in the range of soil densities from
1.3 g/em?’ to 1.8 g/em?, the countrate /,,,, in the FEP region
+ 36 do not change by more than + 5 % compared to
obtained with an average density of 1.5 g/cm?®.

The density of the soil by profile P, is not con-
stant and, as a rule, varies in the direction of increase,
depending on the distribution [16]. Using MC simu-

IFEP’

Table 3
Effective radius values and changing of count rate in FEP range, depending on soil density

The density of the soil, g/cm? 1 1.3 1.5 1.8 2.5
The effective radius values for the thickness of the contaminated soil layer d =3 cm, cm 82 73 69 63 56
The deviation of the count rate /,,, relatively to the ones at soil density of 1.5 g/cm’ 152 40 00 35 223
(d=3cm), %

;};e lesff;cllrj\é;radius values for the thickness of the contaminated soil layer 62 57 54 49 46
The deviation of the count rate /,,, relatively to the ones at soil density of 1.5 g/cm’ 90 31 00 23 53

(d=15cm), %
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lation, the variation of the count rate /,,, was evalu-
ated as a function of the variety in soil density by
profile. The soil density varied in the range from
1.1 g/em? to 1.8 g/cm? in increments of 0.2 g/cm? per
one centimeter of the soil profile. The radionuclide
was distributed non-uniformly to depth of up to 5 cm
and up to 7 cm (Table 1) by soil profile, with «clean»
soil layer 1 cm thick located between the probe and

the contaminated soil layer (Figure 3).

Probe |

Air

p=1.1 g/cm?®
R

A5,

Figure 3 — Monte-Carlo model of the probe and the soil
with different density by profile. The «clean» 0—1 cm layer
of soil was located between the probe and contaminated
layer 1-7 cm.

Figure 4 shows the simulated spectra of S, with
the '3’Cs distribution depth up to 5 cm and up to 7 cm,
their «equivalent» spectra S and simulated spectra
obtained using MC soil model with a different den-
sity profile P, with «clean» top (0—1 cm) layer.

1E-04 -
1E-04 - -
8.E-05 -
6.E-05 -

4.E-05 A

Pulse count rate, cps

2.E-05 A

0.E+00

0 100 200 300 400 500 600 700 800

Energy, keV

Figure 4 — Simulated spectra of the '*’Cs radionuclide
in the soil: a — the spectrum S, (d = 5 cm) with «clean»
soil layer, p,. # const; b — the spectrum S, (d = 5 cm)
with «clean» soil layer, p, = const; ¢ — the «equivalenty
spectrum S (d = 5 cm), p, = const; d — the spectrum
S (d =7 cm) with «clean» soil layer, p, = const; e— the
spectrum S, (d =7 cm) with «clean» soil layer, p,, # const;
J— the «equivalent» spectrum S (d =6 cm), p,. = const

The heights deviations of the FEP for contami-
nated layers up to 5 cm and up to 7 cm with a differ-
ent soil density compared to simulated spectra from a
source with a density fixed at the profile of 1.5 g/cm?

are within + 1 %.

Contributions of radial source zones to the
total count rate of the pulse-amplitude spec-
trum

The results presented above show that in during
radiation monitoring of soils in the measurement ge-
ometry «Probe is located on the soil surfacey, the area
of the cylindrical source, which provides the forma-
tion of 90 % of the total count rate of the pulse-am-
plitude spectrum, is limited to a circle with a radius of
no more than 1 m regardless of soil density and nature
of distribution of radiocesium along the profile.

In assessment of the effect of the sections of
a cylindrical gamma-radiation source on the total
count rate, the effective volume of the soil was con-
sidered as a set of radial zones — one central cylinder
with a diameter of 10 cm and six coaxial cylinders,
nested inside each other with an internal », from 10
to 60 cm and external » = (r, +A) cm radii, where
A is the width of the coaxial cylinder equal to 10 cm.
The height of the cylinders was equal to the thick-
ness of the contaminated layer d. When simulated
spectra were calculated, photon starts were distrib-
uted only in the investigated radial zone, which sub-
sequently moved from the center to the edge of the
field-of-view of the probe limited by the effective ra-
dius . The spectra were calculated for the thickness
of the contaminated layer d =5 cm and d = 15 cm.
The main contribution to the total count rate within a
circle with a radius of T regardless of the thickness
of the contaminated source layer, provides the radial
zones, located directly next to probe in a radius of
40 cm. Analysis of MC simulation results in the form
of a distribution of the relative contributions of radial
zones to the total count rate within the region limited
by r,, is shown in Figure 5.

35 4
B d=15cm

30 B d=5cm
25 4
20 |
15

10 -

5

Relative contribution of the radial zone, %

0

0-10 10-20  20-30  30-40 40-50 50-60 60-70  70-80

Radial zone, cm
Figure 5 — Relative contribution of radial zone to the
total count rate

For practical implementation of in situ soil
measurements, it is not difficult to choose a soil
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area whose surface will fully correspond to the
adopted model of a cylindrical gamma-radiation
source with a sufficiently flat surface. Wherein,
there is no need to take into account the influence
of trees, structures and other objects of the envi-
ronment located at a distance of more than 2 me-
ters. In addition, non-uniform ground at a distance
of more than 40 cm from the center of the detector
will not have a significant effect on the results of
in situ measurements of the specific activity of ra-
diocesium.

Summary

The results of MC simulating showed the effi-
ciency of in situ measurement of soil with undefined
density parameters and distribution of radiocesium
in depth, using the algorithm of determine the thick-
ness of the contaminated layer and the effective vol-
ume, which is based on comparative analysis of the
experimental spectrum and simulated spectra.

The FEP count rate varies within £5 % for
the soil density range from 1.3 g/cm? to 1.8 g/cm?
relatively to the count rate at soil density of 1.5 g/
cm?. This deviation (=5 %) can be considered as the
non-excluded systematic error of the in situ mea-
surement in geometry «Probe is located on the soil
surfacey.

According to results of MC simulating, the
spectrum, obtained for **Cs and "*’Cs isotopes with
arbitrary distribution in the soil, has coincidences in
form and intensity simulated spectrum of the same
radionuclides, uniformly distributed in a layer of
some thickness. Formation of the experimental spec-
trum at in situ measurements of contaminated soils
with **Cs and "*’Cs radionuclides with a natural dis-
tribution by profile is provided by an effective thick-
ness layer, containing more than 90 % of radiocesi-
um. The methodical error of determining the specific
activity of **Cs and '*’Cs radionuclides in soil for the
considered cases of natural distribution by profile is
within £ 10 %.

The presented data of MC simulating for de-
termining of radial zone contribution to the total
count rate of simulated spectrum demonstrate that
the main contribution is made by the radial zone
with radius of up to 40 cm from the center of the
probe regardless of the thickness of the contaminat-
ed layer. Such small site facilitates the selection of
measurement areas of soil with enough flat surface,
which is desirable for surveying areas, especially
with complex terrain.

References

1. [On priority directions of scientific research
of the Republic of Belarus for 2016-2020: Resolution
of the Council of Ministers of the Republic of Belarus,
March 12, 2015, no. 190]. Natsional'nyi reestr pravovykh
aktov Respubliki Belarus [National Register of Legal Acts
of the Republic of Belarus], 2015, no. 5/40254 (in Rus-
sian).

2. Izrael Y.A., Bogdevich .M. Atlas sovremennykh i
prognoznykh aspektov posledstvii avarii na Chernobyl'skoi
AES na postradavshikh territoriyakh Rossii i Belarusi
[Atlas of modern and predictive aspects of the conse-
quences of the Chernobyl accident in the affected terri-
tories of Russia and Belarus]. Moscow—Minsk, Fund «In-
fosfera» — NIA Nature, 2009, 140 p. (in Russian).

3. Drovnikov V.V. Egorov M.V., Egorov N.Y., Zhi-
vun V.M., Kadushkin A.V., Kovalenko V.V., Mama-
tovA.P. [In situ scintillation gamma spectrometry with
fundamentally new capabilities. Some results of studies of
the content of natural radionuclides in the ground]. ANRI,
2011, no. 1, pp. 56—64 (in Russian).

4. Tyler A.N. Monitoring anthropogenic radioactivity
in salt march environments though in situ gamma-ray
spectrometry. Journal of Environmental Radioactivity,
1999, no. 45, pp. 235-252.
doi: 10.1016/S0265-931X(98)00110-6

5. Korun M. Likar A., Lipoglavsek M., Martincic
R., Pucelj B. In situ measurement of Cs distribution in
the soil. Nuclear Instruments and Methods in Physics
Research. Section B, 1994, vol. 93, no. 4, pp. 485-491.
doi: 10.1016/0168-583X(94)95638-3

6. Zombori P., Andrasi A., Nemeth I. A new method
of determing radionuclide distribution in soil by in situ
gamma-spectrometry. Hungarian Academy of Science,
Central Research Institute for Physics, Institute for Atom-
ic Research, Budapest, 1992, 35 p.

7. Zhukouski A., Mogi K., Kutsen S. [/n situ mea-
surement of soil radioactivity]. Vesti NAN Belarusi,
Fiziko-tekhnicheskaya seriya [Proceeding of the National
academy of sciences of Belarus, physico-technical series],
2016, no. 3, pp. 105-110 (in Russian).

8. Drovnikov V.V., Egorov M.V., Egorov N.Y., Zhi-
vun V.M., Kadushkin A.V., Kovalenko V.V., Mamatov A.P.
[A new method for determining the activity of gamma-ray
sources behind a layer of an absorber with a priori un-
known properties by the G-factor method]. ANRI, 2010,
no. 3, pp. 915 (in Russian).

9. Mishra S. Sahoo S.K., Bossew P., Sorimachi A.,
Tokonami S. Vertical migration of radio-caesium derived
from the Fukushima Dai-ichi Nuclear Power Plant accident
in undisturbed soils of grassland and forest. Journal of
Geochemical Exploration, 2016, no. 169, pp. 163—186.
doi: 10.1016/j.gexplo.2016.07.023

10. Matsuda N. Mikami S., Shimoura S., Taka-
hashi J., Nakanu M., Shimada K., Uno K., Hagiwara S.,
Saito K. Depth profiles of radioactive cesium in soil using

46



TIpubopwr u memoosv usmepeHuil
2018.—T. 9, Ne 1. — C. 4047
Zhukouski A. et al.

Devices and Methods of Measurements
2018, vol. 9, no. 1, pp. 40-47
Zhukouski A. et al.

a scraper plate over a wide area surrounding the Fuku-
shima Dai-ichi Nuclear Power Plant Japan. Journal of En-
vironmental Radioactivity, 2015, no. 139, pp. 427-434.
doi: 10.1016/j.jenvrad.2014.10.001

11. Onda Yu., Kato H., Hoshi M., Takahashi Y., Nqu-
eyn ML. Soil sampling and analytical strategies for map-
ping fallout in nuclear emergencies based on the Fukushima
Dai-ichi Nuclear Power Plant accident. Journal of En-
vironmental Radioactivity, 2015, no. 139, pp. 300-307.
doi: 10.1016/j.jenvrad.2014.06.002

12. Briestmeister J.F. Ed. MCNPA general Monte-
Carlo N-particle transport code, Version 4A. Report
LA12625-M, Los Alamos. NM, Los Alamos National
Laboratory, 1994, 736 p.

13. ISO 18589-7. Measurement of radioactivity
in the environment — Soil — Part 7: In situ measurement of
gamma-emitting radionuclides, 2013, 54 p.

14. Zhukouski A. Kutsen S., Khrutchinsky A.,
Tolkachev A., Guzov V., Kojemiakin V., Chudakov V.
[Evaluation of the area of influence of the contaminated
soil region in solving the problems of radiation monitoring
by in situ]. Devices and Methods of Measurements, 2014,
no. 1 (8), pp. 119-124 (in Russian).

15. Ageyets V.Y. [Migration of radionuclides in the
soils of Belarus]. Vesti NAN Belarusi, Seriva agrarnykh
nauk [Proceeding of the National academy of scienc-

es of Belarus, agrarian series], 2002, no. 1, pp. 61-65
(in Russian).

16. Appleby L.J., Dewell L., Mishara Yu.K. [The
ways of migration of artificial radionuclides in the Envi-
ronment. Radioecology after Chernobyl]. In F. Warner and
Harrison (eds.). Moscow, Mir Publ., 1999, 512 p. (in Rus-
sian).

17. Silantiyev A.N., Shkuratov N.G., Bobovniko-
va Ts.I. [Vertical migration of radionuclides in the soil that
fell as a result of the accident at the Chernobyl nuclear
power plant]. Atomnaya energiya [ Atomic energy], 1989,
vol. 66, no. 3, pp. 194-197 (in Russian).

18. Ivanov Y.A. Lewyckyj N., Levchuk S.E., Pris-
ter B.S., Firsakova S.K., Arkhipov N.P., Arkhipov A.N.,
Kruglov S.V., Alexakhin R.M., Sandalls J., Askbrant S. Mi-
gration of ¥’Cs and *°Sr from Chernobyl fallout in Ukrai-
nian, Belarus and Russian soils. Journal of Environmental
Radioactivity, 1997, vol. 35, no. 1, pp. 1-21.
doi: 10.1016/S0265-931X(96)00036-7

19. Bogdevich, .M. Tarasiuk S.V., Novikova LI,
Dovnar V.A., Karpovich I.N., Tretyakov E.S. [ Vertical mi-
gration of radionuclides '¥’Cs and *°Sr in soils of reserve
lands and their availability by plants]. Vesti NAN Belarusi,
Seriya agrarnykh nauk [Proceeding of the National acad-
emy of sciences of Belarus, agrarian series], 2013, no. 3,
pp- 5870 (in Russian).

47



IIpubopsi u memoos: usmeperuil Devices and Methods of Measurements
2018.—T. 9, Ne 1. — C. 48-55 2018, vol. 9, no. 1, pp. 48-55
Kosnos B.JI. Kozlov VL.

YK 621.375.826
MeToauKH NOBLINIEHUSI TOYHOCTH U3MECPCHUS paccmsmm”a Ha
OCHOB€ KOPPECJAAINNOHHOIO aHAJIN3Aa CTepeomoﬁpameHnﬂ

Ko3zaos B.J1.

benopycckuii cocyoapcmeennuiii yHugepcumen,
np. Hezasucumocmu, 4, e. Muncx 220050, berapyco

Hocmynuna 10.01.2018
Hpunama k newamu 19.02.2018

s perreHust 3amady TOBBIMICHUST TOYHOCTH BOCCTAHOBIIGHHS TPEXMEPHOH KapTHHBI MPOCTPAHCTBA
[0 JIByMEPHBIM LU(POBEIM H300paKeHUSIM HEOOXOIMMO HCIOJIb30BaTh HOBBIE A(PEKTUBHBIE METOAUKU
U aNTOpUTMBI 00pabOTKU M KOPPESIIMOHHOTO aHAIN3a HU(POBBIX N300paKeHUH. AKTHBHO pa3padaTbIBaioT-
Csl HHCTPYMEHTBI, TO3BOJISIONINE CHU3UTh BPEMEHHBIC 3aTpaThl HA 00pabOTKYy CTEPEOM300paKCHUH, MOBbI-
CHUTh Ka4eCTBO TIOCTPOCHUsI KapT IIyOWHBI M aBTOMaTU3UPOBaTh UX MocTpoeHue. Llenbio paboThl SBISIOCH
HCCIICTOBAHIE BO3MOXXHOCTEH MCIIOIB30BAHUS PA3THIHBIX METOANK 00paOO0TKH MU(PPOBBIX H300PAKEHUH IS
MTOBBIIICHUS] TOYHOCTH M3MEPEHUH TajlbHOMEpa Ha OCHOBE KOPPEISIIIMOHHOTO aHAIIN3a CTePEON300paKEeHNSI.

[TpuBeneHsl pe3yabTaThl UCCICAOBAHUI BIMSHUS METOJMK CMEIICHHUS IBETOBBIX KAHAJIOB HAa TOYHOCTD
W3MEpEeHHUs] PACCTOSIHUH ISl pa3iuuHbIX (QYHKIMH, Pealn3yolX KOPPEIsIHOHHYI0 00paboTKy M300paske-
HPII7[, HCCJICAO0BaHMs 110 aHAJIN3y BO3MOKHOCTH UCIIOJIb30BAHUS NHTCTPAJIbHOTO IPCACTABICHUA I/1306pa)1(eHI/II71
JJIA CHUKCHHU BPEMCHHBIX 3arpar Ipu MOCTPOCHUN KapThbl FHY6I/IHBI; HUCCIICA0OBAHNA BO3MOXHOCTH UCIIOJIb-
30BaHUS TIPEIBAPUTEIHLHON (PHIIBTPAITIN H300PKEHUH Iepe KOpPeTIIHOHHONH 00pab0TKO# MpH H3MEPEHUN
PacCTOSIHUH 10 CTEPEON300paAKEHUIO.

YCTaHOBIICHO, YTO HMCHOJIb30BaHHE PABHOMEPHOIO CMEILICHUS! KAHAIOB BEJACT K MHHUMH3ALUKU OOIIEro
YHCiIa U3MEPUTEIBHBIX OIIMOOK, 8 MPUMEHEHHE N3BJICUEHHS SIPKOCTH coriacHo ctannapty SRGB Bezer k yBe-
JIMYESHHUIO YUCIia OMHOOK s TF00O0M M3 PACCMOTPEHHBIX METOMK KOPPEISIIMOHHON 00padoTku. MHTerpans-
HOE TIpEACTaBIICHHE M300pakeHUS TO3BOJISIET JOOUTHCS YCKOPEHHS KOPPEIIIMOHHOW 00pabOTKH, OTHAKO
JTAHHBIA METOJ T1eTIeco00pa3HO MPUMEHSTH JIJIsl BRIYMCIICHUS KapThl IITyOHHBI HAa H300pakeHUsX He Oonee 0,5
Meranukcens. Mcrnonb3oBanue GpuibTpannu n300paXeHuH niepesi KOppesiHoOHHONH 00padoTKoN MoxeT 00e-
CIIEUUTH B 3aBUCUMOCTH OT MapaMeTpoB (UILTPa JIMOO yBEIMUYCHUE 3HAYCHUS! KOPPEISLUOHHON (QYHKIHH,
YTO 11e1ecO00Pa3HO UCIIOIB30BaTh ISl aHAIN3a 3alTyMIICHHBIX H300payKeHUH, THO0 cxKaTHe KOPPEISIIMOHHON
dyHKIHH.

KitroueBble ciioBa: mudposoe n3odpaxeHue, cTepeokamepa, KOppelsiuoHHas 00paboTKa, KapTa ITyOuHBbI.
DOI: 10.21122/2220-9506-2018-9-1-48-55

Aopec 0na nepenucku: Address for correspondence:

Kosnoe B.JI. Kozlov VL.

benopycckuii cocyoapcmeennsiii yHusepcumen, Belarusian State University,

np. Hesasucumocmu, 4, 2. Munck 220050, Berapyco Nezavisimosty Ave., 4, Minsk 220050, Belarus
e-mail: KozlovVL@bsu.by e-mail: KozlovVL@bsu.by

Jna yumupoganua: For citation:

Kosnos B.JI. Kozlov V.L.

MeToMKH NOBBINICHHs] TOYHOCTH U3MEPEHHUS PACCTOSHUN Ha OCHOBE [Methods of distance measurement’s accuracy increasing based on the
KOPPEAIHOHHOTO aHAJIM3a CTEPEOH300paKeHHs. correlation analysis of stereo images].
ITprbopsI 1 METO/IBI U3MEPEHHIA. Devices and Methods of Measurements.
2018.—T.9, Ne 1. C. 48-55. 2018, vol. 9, no. 1, pp. 48-55 (in Russian).
DOI: 10.21122/2220-9506-2018-9-1-48-55 DOI: 10.21122/2220-9506-2018-9-1-48-55

48



IIpubopsr u memoosvl usmepeHul Devices and Methods of Measurements
2018.—T. 9, Ne I. — C. 48-55 2018, vol. 9, no. 1, pp. 48-55
Kosnoe B.JL. Kozlov V.L.

Methods of distance measurement’s accuracy increasing
based on the correlation analysis of stereo images

Kozlov V.L.

Belarusian State University,
Nezavisimosty Ave., 4, Minsk 220050, Belarus

Received 10.01.2018
Accepted for publication 19.02.2018

Abstract

To solve the problem of increasing the accuracy of restoring a three-dimensional picture of space using
two-dimensional digital images, it is necessary to use new effective techniques and algorithms for processing
and correlation analysis of digital images. Actively developed tools that allow you to reduce the time costs for
processing stereo images, improve the quality of the depth maps construction and automate their construction.
The aim of the work is to investigate the possibilities of using various techniques for processing digital images
to improve the measurements accuracy of the rangefinder based on the correlation analysis of the stereo image.

The results of studies of the influence of color channel mixing techniques on the distance measurements
accuracy for various functions realizing correlation processing of images are presented. Studies on the analysis
of the possibility of using integral representation of images to reduce the time cost in constructing a depth map
areproposed. The results of studies of the possibility of using images prefiltration before correlation processing
when distance measuring by stereo imaging areproposed.

It is obtained that using of uniform mixing of channels leads to minimization of the total number of mea-
surement errors, and using of brightness extraction according to the SRGB standard leads to an increase of
errors number for all of the considered correlation processing techniques. Integral representation of the image
makes it possible to accelerate the correlation processing, but this method is useful for depth map calculating
in images no more than 0.5 megapixels. Using of image filtration before correlation processing can provide,
depending on the filter parameters, either an increasing of the correlation function value, which is useful for
analyzing noisy images, or compression of the correlation function.

Keywords: digital image, stereo camera, correlation processing, depth maps.
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BBenenue

Jns pemieHusl 3aiadd MOBBIMICHHUS TOYHOCTU
BOCCTAHOBJICHUSI TPEXMEPHOW KapTHHBI MPOCTPaH-
CTBa IO IBYMEPHBIM IIH(DPOBBIM N300paKEHUSIM He-
00XOIMMO HCTIOTH30BaTh HOBBIE 3(PPEKTUBHEIE METO-
JIUKA 1 allTOPUTMBI 00PAOOTKH U KOPPEISITHOHHOTO
aHanm3a IUQPOBBIX M300paKeHHH. 3HAUYUTEILHBIN
mporpecc B 3Toi o0mactu 00ycIOBIEH, BO-IIEPBHIX,
pa3BUTHEM METO/IOB MPOEKTHUBHON I'€OMETPUU MPH-
MEHHUTEIFHO K 00JIaCTH KOMIIBIOTEpHOTO 3peHus [1]
1, BO-BTOPBIX, TIEPCHIEKTUBHBIMHU JTOCTIDKEHUSIMHA B
00JTacTH JIETEKTUPOBAHMS XapaKTEPUCTUIECKUX TO-
YeK Ha U300PaKEHUSIX U UX COIIOCTABICHUEM MEKIY
n3o0paxeHusiMu [2], 9To 00ycIoBIeHO pa3paboTKOH
TEOpHH TeOpuid IBETOBBIX [3] U muddepeHnnas-
HBIX [4] WHBApHAHTOB M CO3JaHUEM JIECKPUIITOPOB
XapaKTepUCTUUECKUX Touek [2].

3amaua PEeKOHCTPYKIMU TPEXMEPHBIX CIEH 0
CTEPEOM300PAKECHUSIM C YUETOM IUIOJISIPHBIX Orpa-
HUuYeHHH pemaercss B pabore [5]. Ipeanoxennas
MOJIETTb  COTIOCTABJICHUSI M300paXKEHUH MO3BOJISIET
n30eXarh TMPOUEAYPHl PEKTUPUKAIIAN, BHOCSIIEH
JIOTIONTHUTEbHBIE JTHHAMUYECKHE HWCKKEHHS, YTO
o0ecrieunuBaeT BO3MOXKHOCTD IIOMCKA COOTBETCTBYIO-
LIMX TOYEK HEMOCPEJICTBEHHO HAa MCXOAHBIX CTEPEO-
n3o0paxeHusix. CpaBHUTENBHBIN aHaMn3 3(QPeKTrB-
HOCTH aJITOPUTMOB CTEPEO3PEHHS B paMKax PEIICHHS
3a/1a4il BOCCTAHOBJIICHHS TPEXMEPHOH KapTHHBI 00b-
€KTa HCCIe0BaHUsl npeAcTasiieH B [6]. B kauecTBe
KPHUTEPUEB KOJMYECTBEHHOW OLIEHKH PabOTHI ajro-
PUTMOB TpeAoKeHa Mepa PACXOXkKI€HUS BOCCTaHOB-
JIEHHOM KapThl JAJbHOCTH U 3TAJIOHHOW KApPThI J1allb-
HOCTH, TIOJYYEHHOH C MCIIONIb30BAHUEM KaMepbl CO
CTPYKTYpHUPOBaHHOUN HH(PAKPACHOH ITOICBETKOM.

Jnis cHUKeHUsI BpeMEHHBIX 3aTpaT Ha 00padoT-
Ky CTepeon300pakeHUd U TIOBBIIICHHE KauecTBa MOo-
CTPOCHHS KapT TIyOUHBI aKTUBHO pa3padaThIBatOTCs
WHCTPYMEHTHI, aBTOMaTU3HUPYIOIINE X TIOCTPOEHHE.
3amaga TOYHOTO BOCCTAHOBIICHHS TIIYOMHBI IO BH-
neo 0e3 JTOTOTHUTEIEHON MH(POPMAITHH SBISICTCS B
o0IIeM ciry4yae Hepa3pelrMoi, MO3TOMY JUISl aBTO-
MaTHYECKOTO MOCTPOEHUS MCHONb3YIOTCSI MOAXO/BI,
OCHOBaHHBIC Ha MWHHMMH3AIMU JIOKAJIBHBIX KpHUTE-
pHueB, Takue Kak METOAbI 00paboTKM KapT TTyOWHBI,
WCTIONB3YIONINE JaHHBIE O [BETE W IBIDKEHHH W3
WCXOIHOM BUAEOTOCIIEIOBATEILHOCTH IS TIOBBIIIIE-
HUS CTAaOMIIBHOCTH KapT IIyOMHBI 0 BPEMEHHU U HC-
MIpaBJIeHHs OMIMOOK MocTpoeHus. OUaBTpanys mpo-
U3BOJUTCS C YUETOM CXOJICTBA MHKCEIEeH MCXOIHOTO
BHJIEO TIO SIPKOCTH (I[BETY) M WX MPOCTPAHCTBEHHOM
omusoctu [7]. B pabote [8] mpemiokeH CKOPOCTHOM
METOJT BBIYMCIICHUS KapThl TIIyOUHBI (M300paskeHMs,

KaXJIbIi TUKCETh KOTOPOTO COACPKHUT NH(POPMAIIUIO
0 PacCTOSIHHH JI0 CTepEeOKaMepbl) ISl pealn3alny Ha
rpaduyeckoM mporeccope. JlaHHoe pemienne 6a3u-
pyeTcsl Ha NCTIOB30BAaHIH HECKOIBKUX CKOJB3SIIINX
OKOH JIalITHBHOM CTPYKTYpHI C TIpe/- U MOCTOOpa-
OOTKOM BXOIHBIX U BBIXOIHBIX H300paxkeHuil. Boico-
Kasl IPOU3BOIUTEIILHOCTD IOCTUTACTCS 32 CUET apXH-
TEKTYpbI COBPEMEHHBIX Ipa)uuecKuX MpoIeccopoB,
HarOoIee MOAXO/SIIUX JUTS PEIICHHS 3a/1a4K BBIYHC-
JICHHUS KapThl IITyOWHBI JIOKATbHBIMA METOIAMHL.

OpHako B JUTEpPATyPHBIX HCTOYHUKAX OTCYT-
CTBYIOT HCCIICJIOBAHHUS O BIIUSHUM METOIUK CMe-
IICHHS 1[BETOBBIX KAHAJIOB HA TOYHOCTh U3MEPECHUU
paccTosHUI sl pa3iuYHbIX (QYHKIHN, peann3yro-
IUX KOPPEIAIMOHHYI0 00pabOTKy H300paKCHHH;
WCCIIEZIOBAHUS TI0 aHAJIN3Y BO3MOKHOCTH HCIIOIIB30-
BaHUS UHTETPAILHOTO NPECTABICHIS H300paKeHHUI
JUISL CHUYKCHHSI BpEMEHHBIX 3aTpaT MPHU MOCTPOCHHUH
KapThl IIyOWHBI; HCCIICOBAHUE BO3MOXKHOCTH HC-
[0JIb30BaHMSI MPEABAPUTEIIBHON (DUIBTpALIMU H30-
OpaxeHU Tepe KOpPeAITMOHHONH 00paboTKOM TIpH
WM3MEPEHHN PACCTOSHUH 110 CTepeon300pakeHuIO.

Llenpto pabOTHI SBISIIOCH HMCCICIOBAHUE BO3-
MOXKHOCTEH WCIIOJIb30BaHUSl YIIOMSIHYTHIX BBIIIIC
METOAMK JUIsS TIOBBIIICHUS TOYHOCTH H3MEPCHUI
JTaTbHOMEpa Ha OCHOBE KOPPEISIIIMOHHOTO aHaJIN3a
CTEPEON300pAKCHUSI.

MeTtoauxku cMelIeHHus HBETOBBIX
KAHAJIOB TIPH H3MEPEeHHM PACCTOSTHHIl 1O
cTepeon300paKeHnIo

Bbuti MpoBe/IcHbI UCCICIOBAHHS BIMSHHUS Me-
TOZMK CMEIICHHUS I[BETOBBIX KAHAJIOB HAa TOYHOCTh
W3MEpEeHUs] pacCTOsIHUN. AHaIM3UPOBAUCH 3aBUCHU-
MOCTH YHMCJIa OIIMOOK MTPpU OOHAPYKEHUN 00bEKTa Ha
BTOPOM HM300paKE€HHUHU CTepeorapsl s psiaa (QyHK-
A, PeaTU3yIONNX KOPPEIINOHHYI0 00padoTKy
IU(GPOBBIX N300pPKEHHI, HUCTIONB3YEMBIX B JIOKAJh-
HBIX METOJIaX BOCCTAHOBJICHHS CIICHBI, OT BBIOOpa
METO/ia IIepexo/ia OT BETHOTO N300paKeHHS K MOy~
ToHOBOMY. MccnenoBanusi MpOBOAMINCH ISl CIIENY-
FOINX (DYHKITHI:

1. HopmupoBaHHass KpOCCKOPPEISAIUOHHAS
¢yakmms (NCC) — XopoImo TOKasbIBaeT ceds mpu
nepenagax SpKOCTH M CMELICHMH LBeTa Ha (par-
MEHTaX [TOHUCKA U ONPEeNsieTCs BRIPaKeHUEM:

S @)= 1) (L(u+d,v) 1)
K(d) = — — —
S U )~ 1) (L +dv)~1,)

u,v

(1)
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rie /,, [, — MHTEHCHBHOCTb TOYCK MEPBOTO M BTOPOTO
M300paKeHUs CTepeorapsl COOTBETCTBEHHO; /;,/, —
CPEAHsIsE MHTEHCUBHOCTb TOYEK IEPBOTO M BTOPOTO
n300pakeHUI BHYTPH OKOH CKaHHUPOBAaHUsI COOTBET-
CTBEHHO; #, V — KOOpJAHHATHI 00beKTa Ha (OTONpH-
€MHOW MaTpHIe BOJIb CTPOK M CTOJOIIOB COOTBET-
CTBEHHO; d — C/IBUT MEX/Jy OKHAMU CKaHHPOBAHHUSL.
2. Cymma kBazpaToB pasHocteid (SSD) — Oonee
MPOCTast C MAaTEeMAaTHYECKON TOUKH 3peHUs! (DYHKIIUS:

K(d) = (1,(u,v) — L(u+d,v)) .

u

2)

3. HopmupoBaHHast cymMMa KBaJIpaToB pa3HO-
creit (NSSD) — BBIUUCIISIETCS] B COOTBETCTBHH C BBI-
pakeHueM:

 L+dy-1,
S (U +dyv)— 1LY

u,y

Il(u,v)f]i1

S @v) 1) @)

K(d)=Y

u,y

4. Cymma monynst pasHocreit (SAD) — ananor
SSD, 4acTo UCTIONb3YeTCsl 1Sl CHUKEHUS BBIYUCIIH-
TEJIbHBIX 3aTPaT U OMPEACISIETCS] BBIPAKCHUEM:

K(d)=>|I,(u,v)—L(u+d,v)|.

u,v

4)

5. Meron, mpemiokeHHBIH B padote [9], mc-
MOJIB3YIOINH JIOKaJbHOE HemapaMeTpUUYecKoe Ipe-
oOpa3zoBaHre H300paKCHUSI MEpea TOUCKOM COOT-
BerctBUs  (RANK-mpeobOpaszoBanue). CymrHOCTh
RANK-tipeoOpa3oBaHUs 3aKIIIOYAETCS B ITOICUYCTE
KOJIMYECTBA IHKCEJeH B OKPECTHOCTH TEKYIIETo,
WHTEHCHBHOCTh KOTOPBIX MEHBIIIE, YeM WHTCHCHB-
HOCTh TeKylIero (LeHTpanbHoro) nukcens. RANK-
npeobpazoBaHKue MPOBOAMIIOCH A TPEX pa3MepoB
OKHa TpemodpadoTku: 3 x 3; 5 X 5; 7 X 7 cooTBeT-
cTtBeHHO, RANK 3, RANK 5, RANK 7. Ins yctpane-
HUS BIUSHUS (DOHOBOM 3aCBETKH W IIIyMOB U300pa-
KCHHS PE3yNBTaThl 00pa0OTKK CPaBHUBAKOTCS 001a-
cTsiMU. B xadecTBe GyHKIIMH COOTBETCTBHSI 00pado-
TaHHBIX 00JIACTEH UCTIOIB3yeTCs PyHKIUA SAD:

K(d)=>_|I@.v)—Lu+d,v), (5)
Il'(u,v):Z]k(m,n)<lk(u,v). (6)

[Mepeuncnennbie GyHKIMU OUCKA CTEPEOCOOT-
BercTBUs (1)—(6) MPUMEHSINCH K KapTe SPKOCTE,
MOJTY4YEeHHOH M3 BETHOTO M300pakeHus. Hambonee
pacrnpoCcTpaHeHHBIM CIIOCOOOM SIBIISIETCS PaBHOMED-
HOE cMelIeHne kaHainoB RGB n3o0pakeHus1, OHAKO
JUTST HEKOTOPBIX 3aJia4 11eJIeco00pa3Ho UCIIONIb30Ba-

HHE OJHOTo U3 NBeTHBIX RGB-KaHaIoB, Y-KaHala U3
npoctpancTsa UBeToB YChCr Uiy U3BJICUEHHE SIPKO-
CTH coracHo cTaHnapty sRGB.

Hcnonp3oBanre OJHOrO M3 LBETHBIX RGB-
KaHaJIOB I1eJeco00pa3Ho B CIIydasx, KOrJa Ha M30-
OpaxxeHHH TpeoOiaaeT OIWH M3 OCHOBHBIX IIBE-
ToB RGB-Monenu: KpacHbIH, 3€JICHBIN JIMO0 CUHUIA.
B Taxom ciyuae Bcs uH(OpMAIUs O mepenagax sip-
KOCTH OyJIET COCPEI0TOUEHA B OJIHOM M3 KaHAJIOB, a
ocTajbHBIC OymIyT M00aBIATH IIYM TPU CMEIICHUU.
Hcnonb3oBanue Takod METOIUKH OINpPaBAAHO IPHU
3apaHee U3BECTHBIX MapaMeTpax ChbEMKHU.

[IpumMeneHne paBHOMEPHOTO CMEIICHUS KaHa-
JIOB SIBJISIETCSL CTaHAAPTHOM IHPEAKOPPEIILUOHHON
00paboTKOI MpH aHaM3e n300pakeHnid. MTHTeHCHB-
HOCTH UTOTOBOM KapThl SIPKOCTH MOTYUYarOTCs yCpe-
HEHUEM CyMMbl 3HAYCHUM KaHAJIOB:

I=(R+G+B)/3, (7)
rne [ — MacCUB MHTEHCUBHOCTEH, MOCTYNAIOIUA Ha
BXOJ] AJITOPUTMA IIOMCKA CTEPE0CO0TBETCTBUS; R, G,
B — MaccuBbl, conepKaliie MHTeHCUBHOCTH KPacHO-
T0, 3€JIEHOT0 U roly0oro KaHaloB MCXOJHOTO H30-
Opa’keHus1 COOTBETCTBEHHO.

Mopnens YChCr mmpoKo HCHOIB3YETCS B allro-
puTMax cxkaTus n3oopaxenwii 1 Buaeo [10]. Kanam ¥
9TON MOIEIH HeceT HHPOPMAITHIO O IPKOCTH 00BEK-
TOB Ha U300pakeHnH, a kanaiel Ch u Cr — o pacmpe-
neneHuu 1Beta. Vcmonb3oBaHue Y-KaHasla MOJIENH
YChCr no3Bonsier HauMHATh 00pabOTKY aJlrTOPUTMOM
MONUCKA CTEPEOCOOTBETCTBHA €Ile IO IOJHOW pac-
MUQPPOBKU M300pKEHUS WM Kajpa BHICOIIOTOKA.
[Nonmyyenne Y-kanana npocrpanctBa YChCr u3z RGB-
n300pakeHHst Mpon3BoAUTCs 1o dopmyine [11]:

I1=0,299R+0,587G+0,114B. (8)
Crangapt sRGB nipuMeHsieTcss B OOJIBIINHCTBE
COBPEMEHHBIX MOHUTOPOB. Mcmonb30BaHue NaHHO-
TO CTaHJapTa MO3BOJISACT MOMYUYUTh KapTy sIPKOCTEH
TaKoM, KaKoi BHUIMT €€ YeJIO0BEUCCKUil Ta3. M3Bie-
YeHHUE SIPKOCTH COTIacCHO cTaHAapty sRGB mpon3Bo-
muTes mo gpopmyde [12]:
1=0,21R+0,72G+0,07B. 9)
Juis ompeneneHusl BIMSIHUA BbIOOpa IIBETOBO-
TO TPOCTPAHCTBA Ha KOJMYECTBO OMIMOOK TIPH IIO-
CTPOCHHHU KapThl JUCIIAPAHTHOCTEH HA0OP TECTOBBIX
[BETHBIX U300pakeHUH ObUT TepeBe/ieH B Tpafalluu
ceporo kaxzaou u3 popmyi (7)—9). ns kaxaoro u3
MTOJTyYEHHBIX HA0OPOB M300paKEHUI CTpOUIIach Kap-
Ta IUCIIAPAaHTHOCTEH C MCTIOIb30BaHUEM BCEX TIPUBE-
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JICHHBIX BBITIIE METOJIOB TIOMCKA CTEPEOCOOTBETCTBHSA
(1)—(6). B mporecce 006pabOTKH BapbUPOBAIUCH Pa3-
Mepbl OKHAa CKaHWPOBAaHUS, a sl MeToza 3aduxa u
Byndua [9] Tak ke BapbUpOBaCs pa3Mep OKpPeCT-
HOCTH HETapaMeTPUUECKOTO TIPE0Opa3OBaHusI.
Bxan ommOoK, CBS3aHHBIX C BBIOOPOM TOTO WITH
WHOTO METO/A TIOYYEHUs KapThl IPKOCTH, MPEJICTaB-
neH Ha rpaduke (pucyHok 1). JlanHHble ObUTH TIONY-
YEHBI JJI51 OKOH CKAaHUPOBAHUSI Pa3MEpoM OT 5 X 5 710
11 x 11 nukceneit; qanpHENIIEe yBEIUICHUE pa3Mepa
OKOH CKaHMPOBAHHS BEJET K POCTY OIIMOOK BOIH3H
rpaHuIl 00HEKTOB Ha M300PaKEHUH.
35
3
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Pucynok 1 — IIporieHT H3MEepUTENbHBIX OIINOOK, CBSI3aH-
HBIX C BHIOOPOM METO/IMKH TTOJTyYESHUSI KapThl SIPKOCTEH U3
RGB n300paxeHus

Figure 1 — Percentage of measurement errors depending of
method of obtaining a brightness map from an RGB image

HpOBC,Z[CHHLIe HCCICA0BaHusA ITOKa3ajn, 4TO B
3aa4ax U3MCPCHU paCCTOSIHHfI JUIS OOJIBIIMHCTBA
PACCMOTPCHHLIX BUJ0OB KOPPCIIAIITMOHHBIX (byHKIII/II\/'I
HCIIOJIb30BAHUC PAaBHOMCPHOTO CMCHICHHUS KaHaJIOB
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BEJIET K MUHHMU3AIMH OOIIEro YMCIia H3MEPUTEITh-
HBIX OmMOOK. OIHAKO MCIMONB30BaHKUE Y-KaHala W3
npoctpanctBa YChCr Oynet orpaiaHo IPH MOCTPO-
€HHMHU KapThl IIyOWHBI COBMECTHO ¢ QyHKIMEH SAD.
Haubonee nonynspuas ¢pyukuus NCC mokasbiBaet
OJIMHAKOBBIC PE3YJbTaThl KaK TPU HUCIIOIb30BAHUH
PaBHOMEPHOTO CMEIICHUs, TaK U TIPU HM3BICYCHUU
Y-kanana. ITorbiTka M3BICUEHHS IPKOCTH COTIACHO
craniapty sRGB BeleT K yBEIMYCHHIO YHMCIIa OIIU-
00K JIJ151 JTFOOOTO U3 PACCMOTPEHHBIX METOJIOB KOpPpe-
JSIIMOHHOM 00pabOTKH.

Ananu3 BJIMSTHUS npeaBapuTeIbHOM
bunbTpannu U300pakeHuit Ha BH]
KOPPeJAUNOHHOH (PYHKIIUU

Bbun poBenieHbl UcCieoBaHMs BIUSHUS TIpe/-
BapUTENLHON (UIIBTpany M300pakeHUH Ha IOBe-
JIEHUE KOpPETIMOHHOW (GyHKImu. st 1iemeit wmc-
clenoBaHusl B IporpaMMHoM komruiekce MATLAB
ObUT CHOPMHUPOBAH DS (PUIBTPOB C KOHEYHOW HM-
MYJILCHOW XapaKTEePUCTHKOM MIPU ITOMOIIN aIropuTMa
obmeHa Pemesza. Ha pucyHke 2 mpencraBieHsl nepe-
JIATOYHBIC XapaKTEPUCTUKH (QHUIBTPOB B JIorapumu-
geckoM MacimTade. Ha rpadukax 9acToThl 3a1aroTcst
B OTHOCHUTEJIbHBIX €IMHUIIAX, T.€. B Auanazone [0, 1],
rae 1 coorBercTByeT yacrtore HaiikBucra. 3aBucumo-
CTH 3HaueHus: KoppemiuuonHod ¢ynkuuu NCC ot
C/IBUTA MEX]Ty N300paKeHUSIMU B 00JIACTH TOYKHU KO-
PEKTHOTO OOHAPYKEHHUS TTOCIIe Pa3InIHON TpeIBapu-
TENFHOM (UIIBTPAIMK [TPE/ICTABICHBI HA PUCYHKE 3.

B S N
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Pucynok 2 — I[epenarouHbie XapakTepPUCTUKH UCCIISyeMbIX (UIbTpoB

Figure 2 — Transmission characteristics of the filters under study
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Pucynox 3 — Bun koppersinrionHoii ¢yskimu NCC st u30-
OpaKeHHI ¢ pa3IYHON IPEABAPUTEIIFHON (QHITBTpaIieit
Figure 3 — The form of the NCC correlation function for
images with different prefiltration

Kax BumHO M3 pucyHka 3, GUIBTpHE b U ¢ He-
3HAYUTEIIPHO M3MEHSIOT BHJ (YHKIUH KOppEs-
iH; GUIBTP @, arpecCHBHO YOMPAIOIIMH BBICOKO-
YaCTOTHBIH IIIyM, JaeT 0ojiee MOoJIOTHe SKCTPEMyMBI
KOPPEJSIUH C JIyYIIUM aOCONIIOTHBIM 3HAYCHUEM; a
GunBTp d, TacsmMi HEe TOJNBKO BBICOKOYACTOTHBIN
IIyM, HO M HHU3KOYAaCTOTHBIN IBETOBOH (oH, maer
OOJBIIYI0 KPYTH3HY KpUBOH Koppensiuu. Takum
o0pa3om, JUId 3alIyMJICHHBIX H300pakeHHH Ierne-
CO00pa3HO HWCIIONB30BaTh (GUIBTP a, ObecrednBa-
IO MaKCHMaJbHOE 3HAYCHUE KOPPEISAIHOHHON
(GyHKIUH, a JUI TOBBIIICHNUS TOYHOCTH M3MEPEHUS
C/IBUTA MEKITY U300pPaKEHUSIMU CIIETyeT MCIIONb30-
BaTh (UIBTp d, 0oOeCHeUMBAIONIMI MaKCHMalbHOE
C)KaTue KOPPesIIMOHHON (QYHKIINH.

OnTuMu3anust BbIYHCIACHUH ITyTeM
HCII0JIb30BAHNS HHTEIPAJIBLHOIO
npeacTaBJIeHUus1 H300pasKeHu

Brruncrnenne HOPMHUPOBAHHON KpPOCCKOppEs-
unoHHOH (QyHKIUKH (NCC) MOXHO YCKOPHUTH, HC-
MOJIb3Ysl MHTETpajbHOE MPEJCTABICHUE H300paske-
Huit [13]. Takoe mpencTaBieHne yMEHbIIAET BpeMs
pacuera cyMMapHOM SIpKOCTH MUKCEeJIeH, momaaaro-
IIUX B MIPSIMOYTOJIBHUK MPON3BOJIbHBIX Pa3MepPOB.

WuTerpansHOe npecTaBieHue n300pakeHus —
3TO MaTpHIA, COBMAAAIONIAs 110 pa3MepaM C UCXO/-
HBIM HM300pakeHHeM. 3HAYEHUEM KaXKJ[0ro ee dlie-
MEHTA SIBIISIETCSI CyMMa MHTEHCUBHOCTEH BCEX IMHK-
ceyell MCXOJHOTO HM300pa)KeHHUs, MONMAJAONNX B
MPSIMOYTOJIFHYIO 00JIacTh OT BEPXHETO JIEBOTO yIIa
M300paXeHHsl 10 KOOPIWHAT TEKYIIETO JJIEeMEHTA.
@dopmyra, CBA3BIBAIONIAS 3HAUYEHUS HIIEMEHTOB Ma-
TPHUIBI 1 HTHTEHCUBHOCTH MTUKCEJIEH NCXOTHOTO U30-
OpaxeHHsI, UMEeT BU/:

rne (i, j) — APKOCTh MUKCENsI UCXOTHOTO HM300pa-
JKEHUS.

OneMeHT MaTpulbl M ¢ KoopawHaTamu (x, ))
MIPENICTABIIIET COOOW CyMMY IHKCENIeld B TIPSMOY-
rogsHUKE 0T (0, 0) M0 (x, ¥) UCXOMHOTO W300pake-
HUsA. UTOOBI HAaWTH 3HAYCHHWE CpemHell WHTCHCHB-
HOCTH TIMKCEJIeW HMCXOMHOTO M300pakeHUS B ITOM
MPSIMOYTOJIEHUKE, HEOOXOAMMO TOJBKO Da3/eNNTh
3HaYeHNE DIIEMEHTa MaTpuIsl M ¢ KOOpAWHATaAMH
(x, y) Ha TUTOTITATH TIPSIMOYTOJIBHHKA.

3Ha4eHHd DJIEMEHTOB MaTpumbl M 1enecoo-
Opa3HO BBIYHUCIIATH 110 PEKYPPEHTHOH dhopMyIe:

M(x,y) = I(x,y) — M(x-1,p-1) + M(x,y-1) + M(x-1,p). (11)

[Ipu TakoM moOaXOmE pacydeT MPOU3BOTUTCS C
JIEBOTO BEPXHEro yIJia BIPAaBO W BHU3 M 3aHWMAeET
BpeMsi, IPOTIOPIINOHATBFHOE YHCITy THKCENeH B M30-
OpaXKeHUH.

PaccmoTpuM 3aady BEIYUCIICHHSI CyMMbI HHTEH-
CHBHOCTEW THKCeJed MPOU3BOJIBLHOTO MPSMOYIOJb-
HUKa TIPOM3BOJILHOH mTomaan. Beroepem Ha nzoopa-
JKEHUU TIPSIMOYTOJIFHHUK TPOM3BOJIBHBIX Pa3MEpPOB H
0003HaYMM KOOPIMHATHI €TO BEPXHETO JIEBOTO YIIa
KaK (X, ), @ KOOPJMHATHI HWKHETO NMPABOTO KaK
(x,, ¥,). st BBIMUCIICHUST CYMMbI MHTEHCUBHOCTEH
MTUKCeNIeH, MOMaaromuyX B IPSIMOYTOIBHUK, 0003HA-
4nM Ha u300paxkenun Touku A(x -1, y -1), B(x,, y -1),
C(x,, v,), D(x -1, ,). B Takom ciy4yae nHTEpeCyromas
Hac cymMa OyZeT BBIUYUCISITECS 10 PopMyIIe:

Sum=II(4) + II(C)~II(B)~II(D). (12)

Ha pucynke 4 npencrasieHa rpadudeckas cxe-
Ma, WIDTIOCTPUPYIOIIAs pacdeT CyMMbI HHTEHCUBHO-
CTel MHUKCEJIeH MPOU3BOJBHOIO MPSMOYTOJIbHUKA C
WCTIOJIh30BaHNEM HHTETPATbHBIX N300pakeHHUH.

>

*

¥
Pucynok 4 — Cxema BBIYHCIEHUSI CyMMBI SIPKOCTEH MHK-
celneif uepes MHTErpaIbHOE MIPEACTABICHUE H300paKeHUS

Figure 4 — A scheme for calculating the sum of the pixels
brightnesses through an integral image presentation
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WuTterpanbHoe mpeacTaBiIeHUE H300pasKeHus
MO3BOJISIET HAUTH CyMMy 3HAUCHMH MHTEHCUBHOCTH
MTUKCeJIeH TI000r0 MPSIMOYTOIbHUKA B IEpBOHAYAIIb-
HOM M300pa’KeHHH C MOMOILBIO TPEX LEeTOYHCICH-
HBIX ONEPAaLUii, 4TO MO3BOJISIET TOOUTHCSA YCKOPEHUS
pacdera koppemsiuuonHoi ¢ynkuun NCC 3a cuer
OTCYTCTBHS HEOOXOIMMOCTH epecueTa cyMM. JlaH-
HBI METOJ 11e7IeCO00pa3HO NPUMEHSTH TPHU HE00XO0-
JUMOCTH OBICTPOTO BBIUMCIICHHUS KAapThl TNIyOMHbI Ha
n300paxeHus1x HebonpIoro pazmepa. [Ipu oopador-
Ke m300paxeHuil pasmMepom Oosee 0,5 meramukcens
MOJKET MPOU30UTH IMEPETOIHEHUE LETOUNCIECHHBIX
MEPEMEHHBIX N3-3a HAKOTUICHHS 3HAYEHUH B HUOKHEH
[IpaBOi YacTH MaccuBa. YBEIMUYEHHE pa3Mepa mepe-
MEHHBIX MO3BOJISIET M30€KaTh OIIMOKH MepenoiIHe-
HUS ipu 00paboTKe n300pakeHuit 10 17 meranukce-
JIeH, HO CYIIECTBEHHO MOBBIIAET 3aTpaThl ONEPATUB-
HOW TIaMATH, UCTIOJIb3yEeMOM /7151 paOOTHI.

3akjaoueHue

[Ipeanoxensl 1 000CHOBaHBI METOAWKHU TOBHI-
LICHUS] TOYHOCTH U3MEPCHUS PACCTOSIHUN B ACCHB-
HBIX JlaTbHOMEpax Ha OCHOBE KOPPEJSIUOHHOTO
aHaJn3a CTepeon300paKeHusI:

— TIPOBEICHBI UCCIIEIOBaHUSI METOIUK CMelIe-
HUS BETOBBIX KAHAJIOB NIPU U3MEPEHUH PACCTOSHUH
Mo CTepeon300paKEHUIO. YCTaHOBICHO, YTO IS
paccMOTPEHHBIX BUAOB (YHKUHWH, peann3yrommx
KOppEJSIUOHHYI0 00paboTKy H300paKeHuH, wuc-
MOJIb30BaHHE PABHOMEPHOTO CMEIIICHHUS KAHAJIOB Be-
JeT K MUHUMH3aluH 00IIEro Yrcia M3MEPUTEIBHBIX
omwubOok. Mcmons3oBanue Y-xaHajga W3 MPOCTpaH-
ctBa YCbCr OyzieT onpaBiaHo Mpy MOCTPOCHUU Kap-
TBI [ITYOMHBI COBMECTHO € QyHKIeH SAD. OyHKkuus
NCC noxa3bIBaeT OJIMHAKOBbIE PE3yJbTaThl KaK MpH
WCTIOJIb30BAHUU PAaBHOMEPHOTO CMCIICHHUS, TaKk M
MIpU W3BJICUCHUM Y-KaHana. Mcnonb3oBaHue U3BIe-
YEHUS SIPKOCTH coriacHO cranmapty sRGB BeneT K
YBEIMUCHHIO YHCiIa OMHUOOK JUIst TF000# U3 paccMo-
TPEHHBIX METOJIUK KOPPEISIIIMOHHON 00paboTKH;

— HCCIIeIOBaHA BO3MOXKHOCTH HCIOJB30BaHMUS
WHTETPAIBHOTO TPE/ACTaBICHUS M300paKeHUH TpU
W3MEPEHUH PACCTOSHUM TI0 CTEpeon300paKeHHUIO.
[Tony4eHo, 4TO MHTErpabHOE MPEICTABICHUE H30-
OpaskeHHsI TIO3BOJISIET JOOHMTHCS YCKOPEHUs Koppe-
JISIUOHHOM 00pa0OTKH, OJHAKO JTAaHHBIA METOJ Iie-
7ecoo0pa3HO MPUMEHSITh JJIsl BBIYUCICHHS KapThl
DIyOWHBI Ha M300paKEHHUSIX HEOOJIBIIOTO pa3Mepa.
s 0OpaboTku n3o0paxenuit pazmepom Oosee 0,5
MeTanuKceIst HeoOXOIMMO YBEITMUUBATE Pa3Mep Iie-
JIOYHCIICHHBIX NTEPEMEHHBIX (M3-3a MOSIBJICHUS OLIH-

OOK MEpEeroJHEeHus ), YTO CYIIECTBEHHO IOBBIILIACT
3aTparbl ONEPAaTHBHOW MaMSTH, MCHOIb3YEMOH s
paboTHI;

— MpeUI0KEeHA METOANKA HCIIOIb30BaHUS (HUITb-
Tpauuu M300paXeHUH mepen KOppelIsLuOHHONW 00-
pabOTKOH C MCIOIB30BaHUEM (HIIBTPOB ¢ KOHEUHON
UMITYJIbCHOM XapaKTEePUCTHKOW, 0oOecreuuBaromast
B 3aBUCHMOCTHU OT IapameTpoB ¢GuibTpa Judo yBe-
JMYCHHUE 3HAYCHUSI KOPPEISIHHOHHON QYHKIUH, YTO
1esecooOpa3Ho UCTONIB30BATh ISl aHAIN3a 3allyM-
JICHHBIX U300pakeHH, T1M00 CcxKaTHEe KOPPEISILUOH-
HOU (YHKIHMH, YTO MOXKET OBbITH MCIIOIB30BAHO JJIS
MOBBIILICHHUS TOYHOCTH U3MEPEHUH.
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Influence of laser beam profile on light scattering by human
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Abstract

The correct accounting of laser emitter parameters for improvement of diagnostic authenticity of methods
of optical biomedical diagnostic is important problem for applied biophotonic tasks. The purpose of the current
research is estimation of influence of energy distribution profile in transversal section of laser beam on light
scattering by human skin layers at photometry by ellipsoidal reflectors.

Biomedical photometer with ellipsoidal reflectors for investigation of biological tissue specimens
in transmitted and reflected light uses laser probing radiation with infinitely thin, Gauss-type and uniform
cross-section profile. Distribution of beams with denoted profiles, which consist of 20 million photons with
wavelength 632.8 nm, was modeled by using of Monte-Carlo simulation in human skin layers (corneous layer,
epidermis, derma and adipose tissue) of various anatomic thickness and with ellipsoidal reflectors with focal
parameter equal to 16.875 mm and eccentricity of 0.66.

The modeling results represent that illuminance distribution in zones of photometric imaging is significantly
influenced by the laser beam cross-section profile for various thickness of corneous layer and epidermis in
transmitted and reflected light, and also derma in reflected light. Illuminance distribution for adipose tissue
in reflected and transmitted light, and also derma in transmitted light, practically do not depend of laser beam
profile for anatomic thicknesses, which are appropriate for human skin on various sections of body.

There are represented results of modified Monte-Carlo simulation method for biomedical photometer with
ellipsoidal reflectors during biometry of human skin layers. For highly scattered corneous layer and epidermis
the illumination of middle and external rings of photometric images changes depending from the laser beam
profile for more than 50 % in transmitted and 30 % in reflected light. For weakly scattering skin layers (derma
and adipose layer) the influence of profile can be observed only for derma in reflected layer and is equal not
more than 15 %.

Keywords: ellipsoidal reflector, laser, human skin, photometry, Monte-Carlo simulation.
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Biusinue npoguJis Jia3epHOro my4yKka Ha CBeTopaccessHue
KOKeH YeJI0BeKa Mpu (pOTOMEeTPHUH JIJIUIICOUIATbHBIMHA
peduiekTopamMu

Besyrabiiit M.A., be3yriuas H.B., Koctiok C.A.

Hayuonanvuuiii mexnuueckuil ynueepcumem Ykpaunvi
«Kueesckuii nonumexnuyeckuul uncmumym umenu Heops Cukopckozoy,
np. Ilobeowl, 37, 2. Kues 03056, Yxpauna

Hocmynuna 16.01.2018
Hpunama k newamu 20.02.2018

KoppekTHblil yueT mapaMeTpoB JIa3epHOTO U3ITydareisl Ui HOBBIICHUS AUATHOCTUYECKONW JOCTOBEp-
HOCTH METOAOB OINTHYECKOH OMOMETUIIMHCKON IHArHOCTUKH SIBISICTCS BAKHBIM ISl IPUKJIAAHBIX 337134
ounodoronuku. Llenpro naHHON paboTHl SABJIsIACH OLIGHKA BIWSHHA NPOQHIS paclpelesieHHs SHEPruu
B TIONIEPEYHOM CEUYEHUH JIa3epHOIO ITyYKa Ha CBETOPACCESIHbE CIOSIMH KOXKH UeJIOBEKa MpU POTOMETPHU
SIUTATICOUAATIBHBIMU PedIIEKTOpaMu.

buomennuuuckuii  GoTOMETp € IITUINCOMIAIBHBIMU  peIEKTOpaMu  JIsl HCCIEAOBaHUsl 00pa3LoB
OMOJIOTMYECKUX TKaHEH B MPOXOSIIEM M OTPKEHHOM CBETE HCIOJB3YeT B KauyeCTBE 30HIUPYIOLIETO
Ja3epHOEe M3JIyuyeHHe OECKOHEYHO TOHKOTO, rayCCOBOTO M PaBHOMEPHOIO MPO(GMIIS HONEPEUYHOr0 CEUCHHUS.
Pacnpoctpanenue my4koB 00O3HaueHHBIX Npoduiel, coctosimux u3 20 MiIH (OTOHOB C AJTMHOM BOJIHBI
632,8 HM, OBUIO MPOMOJECIMUPOBAHO MyTeM cuMyisiuun MoHTe-Kapio B CIIOSIX KOKH 4elloBeKa (POroBOM
cioe, SMUAEPMHUCE, AEPME U TOAKOKHOM KUPOBOW TKAHM) PAa3TUYHON aHATOMUYECKOW TOJILMHBI U JJUTUII-
couganbHBIX peduiekTopax ¢ GpokaabHEIM napamerpoM 16,875 MM u sxcenTpucureroM 0,66.

Pesynbrarel MOIEIMpPOBAaHUS [TOKA3alHd, YTO paclpeesieHHE OCBEIICHHOCTH B 30HAX MO (OTOMET-
PHUECKUX N300pasKEHHH JIs Pa3JIMUHBIX TOJIIIMH POTOBOTO CJIOS M SIIHACPMHECA B IPOXOAALIEM U OTPasKEHHOM
cloe, a TaKKe JEPMbI B OTPAKEHHOM CBETE CYHIECTBEHHO IOJIBEPKEHBI BIMSAHUIO TPOQUIS MOMEPEUHOrO
CeueHHMs J1a3epHoro myyka. Pacnpesnenenue oCBEILICHHOCTH ISl TIOAKOXKHOM KUPOBOM TKAHH B OTPA’KCHHOM
1 IPOXOJISIIIIEM CBETE, a TAKXKE AEPMBI B IPOXO/SILEM CBETE, IPAKTHYECCKH HE 3aBUCAT OT NPOQHIIS JIa3ePHOTO
My4Ka JUIs aHATOMUYECKHUX TOJILINH, CBOUCTBEHHBIX KOKE YEIOBEKA HA Pa3IMYHbIX Y4acTKax Teja.

[Ipencraiens! pe3ynbTaThl MOIUGUIMPOBAHHOTO MeToAa cuMyisiuiui MonTe-Kapio it OnomenuimH-
cKoro (hoToMeTpa ¢ UIHIICOUAATBHBIMH peIIEKTOpaMU TP OMOMETPHH CJIOEB KOXKH YenoBeka. it CuiibHO
paccenBaroIX POroBOTO CJIO0S M ATIHCPMHCA OCBEIICHHOCTh CPEAHET0 M BHELITHETO KOJIel (POTOMETPHUECKUX
n300paXeHUI N3MEHSIETCS B 3aBUCUMOCTH OT Ipoduits 1a3epHoro mydka 6onee yem Ha 50 % B mporeamem
ceere U 30 % — B oTpaxkeHHOM. [l ciabo paccerBalOmIUX CIOEB KOXKHU (IEpMbl M MOJKOKHOW KUPOBOH
TKaHH) BIMSHUE TPOQUIS 3aMETHO TOJIBKO JUIS AEPMBI B OTPAKCHHOM CJIO€ M He mpeBbImaet 15 %.

KiroueBble ¢JI0Ba: 3UIHIICOMAAIBHBIN pediIekTop, Ta3ep, Koka dermoBeka, (Goromerpus, Moure-Kapio
MOJIEJIMPOBAHHE.
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Introduction

Class of modern optical informational and
measurement devices, which applies for noninvasive
and low-invasive diagnostic of different indicators,
conditions and diseases, use light-emitting diode
or laser probing radiation with corresponding
characteristics of energy and wavelength.
Pulsioxymetry, glucose metering, chromometry,
mexametery, laser Doppler flowmetry, and optical
profilometry [1] create small by nomenclature, but
the most numerous by production group of optical
methods, which are widely used in biomedical and
laboratory practice. Considering that mentioned
methods use light, which is reflected and/or
transmitted and the main light scattering organ is
human skin, the evaluation of influence of its optical
properties on the indicators of the registered light is
important and actual problem.

In more complicated systems of optical
noninvasive diagnostic (like optical diffuse or
coherent tomography, confocal microscopy, and
dermatoscopy) [2], there takes into consideration
light scattering and light absorption properties of
human skin during the process of medical
visualization. Each of the mentioned methods allows
estimation of skin integument structure in normal
state or during pathologies in different depth and at
different resolutions. The advantage of noninvasive
research methods against traditional biopsy is not
only the ability of fast receiving of cell image,
tissue, and skin relief into mode, but also dynamical
objectification of observation and evaluation of
light therapy efficiency. Authors [1, 3] notes that
interaction between light and skin is complicated
due to the multilayer and multicomponent structures
of skin. Corneous layer reflects 5-7 % of incident
radiation. Collimated beam of light transforms into
diffusive owing to microscopic heterogeneity in
the boundary of air and corneous layer. Significant
part of light, reflected by the skin, creates due to
backscattering by different skin layers (corneous
layer, epidermis, derma and microvascular system).
Absorption of scattered light by skin pigments
provide quantitative information about concentration
of bilirubin, melanin, water, saturation of hemoglobin
with oxygen, actual content of different absorbers
in tissues and blood, and this form the basis for the
number of previously mentioned methods [1, 4].
Significant penetration of visible and near infrared
light through the skin inside the human organism,
especially in the wavelength range of «therapeutic

window» (650-900 nm), is the basis for number of
phototherapy methods [5].

Devices and systems, which realize these
methods, refers to the class of photometers,
according to measuring parameters and technical
essence. The construction of such devices is
typical for applied optical systems. However, the
reliability and accuracy of measured values is still
problem. The first reason is the loss of useful optical
signal. The reason for this is impossibility of total
registration of scattered by biological tissue radiation
by collecting aperture. The second reason is the
mathematical model of optical radiation distribution.
It ensures the interconnection of measurement
results with physiological characteristics, but it not
necessarily considers the features of measurement
system based on photometer. Taking into account
general operation principles of mentioned biomedical
photometers, they can be equipped by the measuring
core with the shape of ellipsoidal reflector (ER). Thus
allow increasing of specific weight of registered
optical signal [6]. Practical experience of real and
modelled experiments reveal that proper selection
of parameters of reflector, source and photodetector
[7] allow selection of necessary configuration of
measuring tool for solution of different problems
of biomedical experiment. The one of necessary
condition for consideration of interaction of optical
radiation with biological media is collimating of
incidentradiation, similarly to biophotonics in general
and method of ellipsoidal photometry in particular.
That is the reason why the interest of the research is
the profile of energy distribution of radiation source
in transversal direction to the light propagation and
its influence on the features of ray tracing [8] in the
system «biological media + ellipsoidal reflector» and
on spatial distribution of scattered light. The aim of
the study was the evaluation influence of the laser
beam profile on the light scattering by human skin
layers at ellipsoidal photometry.

Methods

Output parameters of laser radiation source,
such as spectral characteristics, divergence of the
laser beam, average or continuous power, coherence
degree and modes [3], significantly influences the
optical properties, which describes the interaction
of such radiation with biological media. Since
determination of optical properties of biological
media (BM) solves using inverse methods of
biomedical analysis, the proper consideration of
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sourced parameters during solution of major problem
will allow significant increasing of its accuracy.
Considering the advantages, formulated in for
photometers with ellipsoidal reflectors, among the
direct methods of modelling of light propagation in
BM the article authors singles out the Monte-Carlo
method [9, 10]. During this method realization, it
is possible to consider such parameters of source
like power and energy distribution in transversal
modes. From the other side, spectral characteristics
of laser radiation are included in optical coefficients
of scattering and absorption, scattering anisotropy
factor, and in refractive index, that characterizes BM
sample. Considering the photometer construction
with ER and their purpose, longitudinal profile of
laser beam (direction diagram, divergence), which
traditionally considers as Gaussian, do not provide
diagnostically significant information, and in this
research it is not examined.

Power distribution in laser beam defines by
properties of active resonator, which an have different
stationary configurations of electromagnetic field
(modes and oscillation type), thus the change of
field directions in orthogonal secant of beam in each
of coordinates [11] can be considered for specific
laser type of selected power. For single-mode laser
transversal mode TEMOO of lower order is under
the Gaussian law of intensity distribution around the
central maximum (1). This transversal mode allow
focusing of the laser ray into minimal spot with high
power density:

I(}") — e—2r2/r“2
1

0

5 €8

where /| — intensity in the center of Gaussian beam;
r,—radius of laser beam.

In the research there is represented analysis of
influence of profile of main transversal mode with
Gauss distribution. Additionally there considered
cases with infinite thin beam and beam of finite
diameter with uniform distribution (Figure 1).
Practically, infinitely thin beam can be reached by
using one or, in some cases, two diaphragms with
small orifice diameter, placed in series. In this case,
diameter of laser beam strives for zero. Gauss profile
of main transversal mode corresponds to parameters
of real laser sources without using of transmission
optics, and beam radius determines by maximum
value of intensity in beam center reduced on e’
times. Almost uniform distribution is resulted by
using of thin plate of milk-glass and collimating

optical system, increase of angular value of which
corresponds to the output beam diameter, and suitable
diaphragm, which acts as a spatial filter. Both critical
cases of intensity distribution and Gauss transversal
profile are axially symmetric and centered referring
to receiving side of photodetector.

I/,

P1
| P2
R % / P3

0 7, r, mm

Figure 1 — Transversal distribution of laser power: P1 —
infinitely thin beam; P2 — Gauss section beam; P3 —
uniform intensity beam

The transition to values of laser source power
(in case of continuous light emitting) and energy (in
case of impulse light emitting) is possible if consider
specific laser type and measurement method of these
energy parameters. Considering numeric experiment
of current research, it is assumed that nominal power
of laser radiation is the graph functions situated
under integral, and they are represented in Figure 1.
At the same time incident radiation on experimental
sample is considered the same for three examined
cases of transversal profile of its distribution. At
both anatomically and optically, human skin can be
represented as single-layer organ, or multi-layer one
with layer quantity up to 10 [12—14]. At the same
time, separate layers are similar to each other, with
minor differences in optical coefficients of scattering
and absorption and the same refractive index [15].
For the research in this work there was selected four-
layered structure with optical properties represented
in Table. At the same time the thickness range of
upper mentioned layers corresponds to Ref. [16].
Analysis of optical properties describe the corneous
layer and epidermis as strongly scattering layers in
this structure. Dermis and adipose tissue are weakly
scattering comparing to them.

Algorithmization of light propagation in multi-
layered BM by Monte Carlo method [10] include
sequential considering of interactions of incident
photon of initial weight with scattering (absorbing)
center in separate layer. Results of modeling are
coordinates of outgoing photon of reduced weight and
directing cosines, which forms spatial distribution
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of scattered radiation in photo receiving plane of
measuring system, considering mechanism of ray-
tracing in system «BM+ER» [7]. At the same time
there considers Fresnel conditions between media
of human skin layers. Multi-layered skin concept
considers that optical properties and thickness of
corneous layer, epidermis, derma, and adipose tissue
remain constant. That is the reason why the variation
of real layers thickness cannot be considered,
and it is time-consuming process to evaluate the

influence of incident beam of rays on such structure.
That's why in the research there was investigated
the influence of energy distribution in transversal
section inside the laser beam for separate layers of
human skin in forward and backscattered light with
using of mirror ellipsoid of revolution methods. As
an informational-measuring system there was used
photometer configuration (Figure 2), similar to
experimental setup used in [7, 8], and Monte-Carlo
simulation algorithm in system «kBM+ER».

Table
Optical properties of human skin layers
Human skin layers n W, i g d, mm
Corneous layer 1.5 0.1 100 0.8 0.02 ...0.62
Epidermis 1.34 0.15 45 0.8 0.035...0.726
Derma 1.39 0.073 20 0.76 0.66 ...4,76
Adipose tissue 1.44 0.068 15 0.8 0.03 ... 8,38

In real photometer are used two monochrome
CCD camera DMK-21 (Imaging Source) and
objective optical system Tamron 13VM2812. In case
when photodetector size corresponds to reflector
entrance port diameter (double focal parameter) and
is sensitive plane situated directly in its second focal
plane, thus all rays passed out of the BM sample
participate in formation of photometric image.
As size of CCD matrix of camera are significantly
smaller then entrance port, than at photometry uses
matching optical system that project photometric
image, which was formed in second focal plane,
into photodetecting plane. Actually, in such case in
formation of photometric image participates only
rays, which interacts with reflectors.

CCD

second focal plane of top ellipsoid

\
1
3

first focal plane of top ellipsoid

first focal plane of bottom ellipsoid

5 second focal plane of bottom ellipsoid

—3

[cep

Figure 2 — Scheme of model photometer: top (1)
and bottom (1') ellipsoidal reflector; source port (2);
plane mirror (3); BM sample (4); the matching optical
systems (5, 5')

For comparison of images, that were received
by real photometer and obtained during simulation
in modeling photometer, it is necessary to apply
appropriate filtering. It is necessary to separate from
photometric images only part of radiation, which
reflected from the internal mirror surface of reflector,
so as other part of radiation does not go to CCD
matrix. Thus, it is possible to consider the influence
of objective optical system of real photometer as a
result of numerical modelling. Radiation from the
light source comes through the source port 2 to the
plane mirror 3, which is situated on the small axis
of ellipsoid of revolution. In modeling experiment,
the point of ray initiation is the plane mirror center,
which coincides with mathematical center of
ellipsoid, and initial weight of photons is reduced on
the coefficient of reflection of mirror 3, which is used
in real photometer.

Results and discussion

Modeling is performed by authorial developed
specialized software. It represent adequately in
both numerical comparison of calculated values of
coefficients of diffuse reflection, absorption, and
total transmittance; and analysis of photometric
images of real and model experiments [17]. The
quantity of emitted photons equals to 20 million for
approximation of incident radiation parameters to
possibilities of reception and registration system that
use monochrome CCD camera. For three considered
cases, separate photons sizes were adapted to form
and size of photometric image pixels. The unit
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photons weight was modeled by white color, and
smaller values — at grayscale. As a result of modeling,
there was received a series of photo-metric images of
second focal plane of top and bottom ellipsoids for
separate layers of human skin with different thickness

(Figure 3) considering the incident laser beam profiles.
Photometric spatial distribution in second focal
plane of top ellipsoid corresponds to backscattered
light, and in second focal plane of bottom ellipsoid
corresponds to forward scattered light.

b d

h k

Figure 3 — Photometric images of forward and backscattered light for model with corneous layer thickness 0.02 mm
(a, b), epidermis with thickness 0.035 mm (c, d), derma with thickness 1.56 mm (f, /) and adipose tissue with thickness
2.12 mm (j, k), which corresponds to uniform intensity distribution of incident beam

Based on the zone-analysis principles of
axially symmetrical images at ellipsoid photometry
[18], there were received graphs of illuminance
dependency (relation between intensity in pixels to
area of corresponding zones) for middle and external
rings of photometric images (Figures 4-7). Error
of determination of illuminance in middle ring of
photometric image a calculates as relative deviation
of illuminance level in central circle in each series of
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Figure 6 — Illuminance of the external and middle rings of photometric images for model of various thickness of derma
in forward (a, b) and back scattered (¢, d) light respectively: P1 — infinitely thin beam; P2 — Gauss section beam; P3 —
uniform intensity beam
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Figure 7 — Illuminance of the external and middle rings of photometric images for model of various thickness of adipose tissue
in forward (a, b) and back scattered (c, d) light respectively: P1 — infinitely thin beam; P2 — Gauss section beam; P3 — uniform
intensity beam
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During the analysis of graphs, it is important
to consider that real range of thickness change of
investigated human skin layers is situated in the
limits, described in the Table. That is the reason why
the estimation of influence of incident beam profile
on the spatial distribution of scattered radiation in
photometric images (Figure 3) of separate layers is
expedient to perform in mentioned thickness range
of multi-layered structure. However, the combination
of skin layers with different thicknesses in one
modeling experiment can have too many variations.

Previous estimative tests of authors reveal that
problem resolving require additional analytical basis.
Thus, in current research it was analyzed influence of
separate layers of human skin on spatial distribution
at photometry by ellipsoidal reflectors.

There compares graphs of corneous layer
(Figure 4) and epidermis (Figure 5) with dependency
of different zones in photometric images of derma
(Figure 6) and adipose tissue (Figure 7). Figures
represent that in both reflected and transmitted light
the transversal section of laser collimated beam
significantly influences on the light distribution
in both edge zone (external ring) and middle ring
[17] of photometric image of corneous layer and
epidermis. Thus, the profile of incident beam for
these light scatter tissues will have crucial influence
on light scattering of multi layered human skin
structure regardless of the thickness of mentioned
layers. At the same time, the influence of laser
beam profile on adipose tissue in applied tasks of
biomedical photometry by ellipsoidal reflectors will
have no significant influence on light scattering.
Thereby, the contribution of spatial distribution of
scattered light by adipose tissue during investigation
of multi layered skin structure can be represented by
constant component of defined thickness. Atypical
for this particular investigation is light scattering
by derma (Figure 6). Moreover, the dependency of
illuminance of forward scattered light from the beam
profile is insignificant for almost all investigated
thicknesses. This allows considering the radiation
distribution effect in derma as constant component
during creation of analytical model of forward light
scattering. Thereby, the influence of incident beam
profile on the light scattering in derma in forward
direction is similar to light scattering of adipose
tissue in forward and backward directions. At the
same time, the influence of the laser profile on light
scattering of derma in backward direction is similar
to light scattering type in epidermis and corneous
layer. Moreover, the influence of the profile on light

scattering in forward direction for corneous layer is
too big for small thickness of such BM, which will
particularly influence on the investigation of human
skin samples from lips, forehead, nose, breast geni-
tals, belly, back, shoulder, forearm, and thigh [16].

Light of the middle ring and edge zone of graphs
can be considered typical for different profiles
of incident beam, because there observes typical
correlation in mutual disposition of corresponding
curves. Infinitely small profile of incident laser
beam creates lower illuminance of corresponding
zones of photometric images comparing to Gaussian
profile. Uniform distribution of radiation intensity
in transversal section leads to the highest illuminance
level.

Conclusion

Current report represents results of numerical
modeling illuminance distribution in different
zones of photometric image for separate layers
of human skin in forward and back scattered light
during photometry by ellipsoid reflectors. Numerical
modeling was performed by Monte-Carlo method,
which was modified for photometry by ellipsoid
reflectors, and considers profile of transversal
distribution of probing laser radiation. Received
results reveal that for strongly scattering layers of
human skin (corneous layer and epidermis) the
influence of the incident beam profile for anatomic
thicknesses of these layers is considerable, and create
the illuminance difference in both edge zone and
middle ring of photometric image. The difference
reaches more than 50 % in forward scattered light,
and 30 % in backward scattered light. At the same
time, for relatively weak scattering layers of human
skin (derma and adipose tissue) the influence of the
incident beam profile is considerable only for derma
in reflected light and reaches 10-15 %. Mentioned
features reveal the influence of profile of incident
laser beam on light scattering effects in separate
layers of human skin. This allow interpretation of
such results during construction of photometers with
ellipsoid reflectors for human skin investigation as a
multi layered media in condition of in vitro or in vivo
experiments.
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Llenbro paboTHI SBISUIOCH H3yYCHUE BO3MOKHOCTH MTPUMEHEHHMSI MAaCCHBOB ZN HAHOTPYOOK B KauecTBE
OCHOBBI JIISL CO3/IaHHsI MaJOTa0apUTHBIX U JICTKOBECHBIX 3JIEMEHTOB TMOKOI AJIEKTPOHMKH, B TOM YHCIE B
YCIIOBHSX BO3JCHCTBHSI HOHU3UPYIOIIETO U3ITyYCHUS.

B pabote npeacraBineHsl pe3yabTaThl CHHTE3a Zn HAHOTPYOOK, MOMTYyYSHHBIX ITyTEM 3JIEKTPOXUMHYECKO-
IO OCaK/ICHHS B MOPHI MOJMMEPHBIX MAaTPHII, U H3yUYCHUE UX CTPYKTYPHBIX H NEKTPOPH3UICCKUX CBONCTB
MOCJIe HANpaBICHHOH MOAU(UKAINY MOHM3UPYIOUIMM H3JTyYCHHUEM C pa3jindyHOM 1030M. Meromamu pac-
TPOBOI JEKTPOHHOI MHUKPOCKONUH, PEHTTEHOCTPYKTYPHOTO M SHEPTOAUCIIEPCHOHHOTO aHaIn3a U3ydeHa
CTPYKTypa HaHOTPYOOK, MMEIOIIHUX TTOJHUKPUCTAIINIECKYIO CTPYKTYPY M IOJTHOCTBIO COCTOSIIINX M3 IUHKA,
U MPOJIEMOHCTPUPOBAHO, YTO 00MyueHne nonamMu Ar®" ¢ 1o3o0i ot 1 x 10° mo 5 x 10" von/cM? u dHEprUCH
1,75 MbB/HYKIIOH OKa3bIBaeT BIMSIHUE HA KPUCTAJUIMIECKYIO CTPYKTYPY HAaHOTPYOOK.

[Tpu OonpmMX 103aX B Zn HAHOTPYOOK BO3HUKAIOT JIOKAJTM30BaHHbBIC BEICOKOIC(EKTHBIC 30HBI, IPUBO-
JSIIIHE K KPUTHYECKOMY M3MEHEHHIO CTPYKTYPBI M, COOTBETCTBEHHO, JIEKTPOINPOBOJMMOCTH: MPU MaJbIX
7103aX JEKTPONPOBOJMMOCTh YBEIMYUBACTCS, OHAKO TPH JOCTHKEHUHU ITOPOTOBOTO 3HAYCHUS — PE3KO CHU-
xaetcs. Takum o0pazoM, ObUT yCTaHABJIEH MEXaHU3M BO3JCHCTBUS MOHU3MPYIOIIETO OOTyYeHUSI HA HAHO-
MarepHuajbl U ONpe/esieHa BO3MOKHOCTh MMPUMEHEHUSI MaCCHBOB Zn HaHOTPYOOK B KaueCTBE OCHOBBI JUIS
CO3/1aHHs MAJOTA0APUTHBIX U JIETKOBECHBIX DJIEMEHTOB T'MOKOI SIIEKTPOHUKH.

KuroueBble cjioBa: cpaguanoHHOE MaTepUaiOBEACHNE, HAHOTEXHOJIOTHH, KPUCTAJUIMYECKasi CTPYKTypa,
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Abstract

The aim of the study is establishing the possibility of using Zn nanotube arrays as a basis for design
compact and lightweight elements of flexible electronics, including operating under influence of ionizing
irradiation.

The paper presents the results of the synthesis of Zn nanotubes obtained by electrochemical deposition in
the pores of polymer matrices and the study of their structural and electrophysical properties after directional
modification by ionizing radiation with different doses. Using the methods of scanning electron microscopy,
X-ray diffraction and energy dispersive analysis, the structure of nanotubes having a polycrystalline structure
and completely consisting of zinc was studied and it was demonstrated that irradiation with Ar®" ions with a
dose from 1 x 10° to 5 x 10" ion/cm? and energy 1.75 MeV/nucleon has an effect on the crystal structure of
nanotubes.

At high doses, localized highly defect zones arise, leading to a critical change in the structure and physi-
cal properties of the nanotubes, respectively. It is shown that the consequence of the modification of the crys-
tal structure is a change in the electrical conductivity of nanotubes: at low doses the electrical conductivity
increases, but when the threshold value is reached, it sharply decreases. The change in the crystal structure
and the corresponding changes in the conductive properties of Zn nanotubes due to irradiation determine the
mechanism of ionizing radiation influence on nanomaterials and determine the possibility of using Zn nano-
tubes arrays as a basis for creating compact and lightweight elements of flexible electronics.

Keywords: radiation material science, nanotechnology, crystal structure, conducting properties, flexible
electronics.
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BBenenue

Cpeau orpoMHOro pasHoOOOpasusi MarepuajioB
Zn [1] u ZnO [2, 3] aBasitoTCS OJHUMH U3 HanOoJee
MEPCHEKTUBHBIX JUIS CO31aHHUs HAHOCTPYKTYP Ha MX
OCHOBE, TaK KaK OHM 00JIa/lal0T KaK MOIyTIPOBOAHU-
KOBBIMHM, TaK U MbE30JIEKTPUIECCKHUMHU CBOWCTBAMH,
YTO MOXKET CIIY>KUTb OCHOBOW JJISI CO3AAaHUSI MaJlo-
rabapuTHBIX M JIETKOBECHBIX 3JIEMEHTOB T'MOKOH
JNIEKTPOHUKH, B TOM YHCIIE NpeAHA3HAYCHHBIX IS
paboThI B BKCTpEMabHBIX ycIoBusIX. Monudukanus
C IPUMEHEHUEM HOHU3UPYIOIIETr0 U3JIy4YeHHs] HaHO-
CTPYKTYPHBIX MaTepUajioB SIBJISETCS OIHOW U3 3a-
Jla4 COBPEMEHHOI'0 MaTepHajOBEICHHS, OCKOIbKY
HOCHUT KaK NPUKIAJHOHN, Tak W (pyHIaMEHTaIbHBIN
xapakrep. [lyrem oOmy4deHHSI MOHHBIMHM ITy4YKaMHU
MIPEACTABISACTCS] BO3MOKHBIM HE TOJIBKO MOIU(HLIN-
poBaTh CTPYKTYypy HaHomarepuaios [4—8], HO U u3-
MEHUTb POBOAUMOCTb HAaHOCTPYKTYp [9, 10].

@DyHaMEeHTaNbHBIA aCIEKT U3Y4YEHUs BIMSHUS
HOHU3UPYIOIIETO U3JIy4YEHHUsI COCTOUT B ONpesese-
HUM MEXaHHW3MOB €0 B3aUMOJCHCTBUS C HaHOpa3-
MEpHBIMH OOBEKTaMH, ONPENCICHUH XapakTepa U
CBOWCTB BO3HHUKAIOIIMX JOE(PEKTOB M MX BIUSHUI
Ha cBoiicTBa Marepuana. V3BecTHO, YTO B3auMO-
JCHCTBUE MYYKOB TSDKEJIBIX MOHOB C MaTEpHaJIOM
MIPOMCXOJUT HOCPEICTBOM JABYX MEXaHU3MOB, Ha-
OJroIaeMbIX NMPH Pa3HBIX SHEPIUSAX MOHOB: 3a CUET
CTOJIKHOBEHHUI C SApaMU U C 3JICKTPOHAMH. DIEeK-
TPOHHBIE [TOTEPU YHEPTUH MIPEACTABIAIOT COO0I He-
yOpyruil mpouecc, KOTOpbIid BKIIOUaeT B ce0s BO3-
Oy>K/IeHHE JIEKTPOHOB M IOMUHHUPYET NPH SHEPTUH
HaseTaromux noHoB > 1 MaB/uyki. B To xe Bpems
MOTEPsl SHEPTHU HA SApax BKIIIOYACT B ceOsl 3amel-
JICHHWE HAJIETAIOIIEro MOHA 3a CUeT YNPYIUX CTOJI-
KHOBCHUH W JOMHUHHMPYET NPH HHU3KUX 3HEPIHAX
(<10-60 3B/ nykmn). Takoe B3auMoeiicTBUE IPUBO-
JUT K U3MEHEHHIO CTPYKTYPBI U3-32 (OPMUPOBAHUS
TOYEUHBIX 1€()EKTOB B KPUCTAIIIMYECKON CTPYKTYpE.
Toueunsle paguanmoHHbIE AE€()EKTHI MOTYT aHHU-
THJIMPOBATh WIM CTEKaTh 1O rpaHuiamM 3epeH. llpu
OOJIBIIMX HHEPTUSAX OOMyHArOIUX HOHOB XapakTep-
HBI KaCKaJJHbIC aTOMHBIC CTOJIKHOBEHUS. 3a]a4a aHa-
JM3a TaKUX SBJICHUH 10 cuX nop He perieHa. Hanbo-
Jiee CIOKHBIMU JUISl ONIMCAaHMsI ¥ aHaJIN3a SIBIISIOTCS
MIPOLIECCHI 3BOJIIOLUH KPUCTAIUIMYECKON CTPYKTYPbI
BCJIENICTBUE OOITydeHus: qudQy3us, peKoMOUHAIHS,
a TaKKe 00pa3oBaHNe KOMILJICKCHBIX Ae(eKToB. YKa-
3aHHBIC MPOLIECCHI ONMPEACISIOT HAPYLICHUS B KpU-
CTaJUIMYECKON PEIIETKE U BBI3bIBAIOT M3MEHEHHE KaK
¢u3nUecKrX, TaKk 1 MEXaHUYECKUX XapPaKTEPUCTHK
HaHOCTPYKTYp [9, 10]. B TO ke Bpems cTpyKTypHBIE

WM3MEHEHUs, CBSI3aHHBbIE C M3MEHEHHEM KOJIMYeCTBa
1 Xapakrepa AeQeKTOB IpU PaAHaliOHHOM OTKHUTE
METAJUTUIECKIX HAHOCTPYKTYp, MPUBOIAT K H3Me-
HEHUIO poBoAuMOcTH. [Ipu 3TOM BaskHBIMA (haKTO-
pamul Ipu paraiiOHHON MOAM(DHUKAIINN SBISIFOTCS
SHEprusl HaJETAIOIIUX HMOHOB W JI03a OOIy4YeHHS,
KOTOpBIE OTpEIeIIsieT KOHEUHYIO KOHIIEHTPAIHIO Jie-
(heKTOB B CTPYKTYpE.

C mpakTHYeCKOW TOUKH 3pCHHs HanOoJIee HHTE-
PECHBIMHU SIBJISTIOTCSI MCCIIEIOBAHUS, TTOCBAIICHHBIC
paaraioHHON MOIU(PUKAIIMK CTPYKTYPHl U (PU3H-
YEeCKHX CBOWCTB MAacCHBOB HaHOPa3MEpPHBIX MaTe-
pHAJIOB, TaKUX KaK HAaHOTPYOKH W HAHOIPOBOJOKH.
Kak maccuBbl, Tak ¥ OJMHOYHBIE HAHOTPYOKH M Ha-
HOTIPOBOJIOKH MOTYT CTaTh OCHOBOW MHKPO- U HaHO-
AIIEKTPOHUKH YCTPOICTB B KAYECTBE DJIECMEHTOB M-
OJTHBIX ¥ TPAH3UCTOPHBIX CUCTeM. braromapsi cBonmM
YHUKAJIBHBIM CTPYKTYPHBIM CBONCTBAM IMIIMHAPH-
YecKne HaHOCTPYKTYPBI 0071aaloT MOTEHITHATBEHON
BO3MOXXHOCTBIO TIPUMEHEHHS B Ka4eCTBE (POTOIIEK-
TPUYECKHX DIEMEHTOB, TaTYUKOB, JIA3€POB, COIHEY-
HBIX DJIEMEHTOB, POoTOMeTEKTOPOB. OCOOBII HHTEPEC
MPEJCTABISIOT CTPYKTYPHI, TIOJYYEHHBIE XOPOIIO
MacImTaOMpyeMBIM METOJOM IMAOJIOHHOTO CHHTE3a
B TIOpaxX TOJMMEPHBIX TPEKOBBIX MEMOpaH, MO3BO-
JISTOIINX CO3/1aBaTh IENbIH KIIacC MalorabapUTHBIX
W JIETKOBECHBIX DIIEMEHTOB THOKOHW 3JIEKTPOHHKH.
W3BecTHBI AKCTIEpUMEHTaNIbHBIE JaHHBIE TI0 HCCIe-
JIOBAaHHUIO BIMSIHUA HHU3KODHEPTETHYECKUX ITyYKOB
TSOKENTBIX MOHOB HAa CTPYKTYpy W TPaHCIOPTHEIE
cBoiicTBa Zn HaHOTPYOOK [7]. Hamm B mpensimy-
mpx padorax OBLIO MOKa3aHO BIWSHUE OOITYy4YeHUS
noHamMu Xe?** [10] u onexkTpoHAMH Ha CTPYKTYp-
HBIE XapaKTePUCTHUKH MAacCHBOB Zn HaHOTPYOOK.
B mpencrasnenHoi pabore Ha puMepe OOTydeHHS
noHaMu Ar®" 1oka3aHO BIMsSHHE BO3ICHCTBUS HO-
HU3HPYIOLIETO U3ITyUYeHUs Ha CTPYKTYpPY H JIEKTPO-
MIPOBOJIMMOCTDh MAaCcCHBOB Zn HAaHOTPYOOK C IIEIBIO
OTIpe/ieTIeHHsT BO3MOYKHOCTH WX HWCIIOJIb30BaHUS B
Ka4eCTBE OCHOBBI JJIS CO3/IaHUS MalorabapUTHBIX
Y JIETKOBECHBIX 3JIEMEHTOB THOKOH AIIEKTPOHHKH, B
TOM YHCIIe TTPETHA3HAYCHHBIX I pa0OTHI B OKCTpe-
MaJbHBIX YCIOBHUSX.

MeTtoauka

B xauyecTBe maOMOHOB Ui CHHTE3a HaHO-
CTPYKTYp Zn ObUIN MCIIOJB30BaHbl TPEKOBHIE MEM-
OpaHbl TOMIMHOK 12 MKM Ha OCHOBE MOJIUATHIICH-
tepedTanara ¢ mopamu auamerpoM 380+10 HM.
DNEeKTPOXUMHUYECKOE OCAXkJACHHNE B TOPHI 1a0I0H-
HOIl MaTpuIlbl MPOBOJUIOCH B IMOTEHIMOCTATHYE-
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ckoM pexxkume npu HanpstkeHuu 1,75 B. Cocras
pactBopa snekrpomura: ZnSO,X7H,0 (360 r/n),
NH,Cl (30 r/m), NaC,HO,x3H,O (15 r/n),
CH,O, (120 r/m). Konrpons 3a mpoueccom pocra
HaHOCTPYKTYP OCYIIECTBIISIICS METOJOM XPOHOAM-
nepomerpun MynstumerpoM Agilent 34410A. s
CO37aHUsl Karojaa Ha MIaOJOHBI METOIOM MarHe-
TPOHHOTO HAaIBUIEHUS B BaKyyMe€ HAHOCHJICS CIIOW
3070Ta TONMIMUHON 10 HM, KOTOPBIA CITy KU pabo-
YUM DJIEKTPOIOM (KaTomoM) Ipu ocaxacHuu. [Ipu
JIAaHHBIX YCJIOBHUSIX HANBUICHUS IOPHI B MAaTpPHIIC
OCTaBaJIMCh OTKPBITHIMHU, YTO MO3BOJISUIO MOTy9aTh
HaHOCTPYKTYphl B ¢dopMe HaHOTPyOOK. OcoOeH-
HOCTH TTOTy4eHUsT (POPMUPOBAHUS METATTNIECKUX
HaHOTPYOOK B TTOpax MOJMMEPHBIX MTA0IOHOB TIPH-
BeneHsl B padore [11].

O6nyyerne Zn HaHOTPYOOK B TIOTUMEPHBIX
mrabmonax woHaMu Ar'® ¢ dmroencom ot 1 x 10° 1o
5 x 10" won/cM? TPOBOAMIOCH Ha YCKOPHUTETE TSIKE-
neIX HOHOB «JI11-60» Actanmuckoro ¢rmmana MH-
CTUTyTa simepHOM (msmkn mpu masienuu 10 Ila.
[Ipu sTOoM TpaekTopus mpobera MOHOB IpoJerana
BIOJTb TJIABHOW OCH HAHOTPYOOK. J[o3a oOmydeHMs
3a/aBanach IMyTeM W3MEHEHHUS BPEMEHH DKCIIO3H-
nuu. OIeHKa ¢ HWCIONB30BaHUEM IPOrPaMMHOTO
komrutekca SRIM 2013 Pro mokasana, 9T0 TIPH BBI-
Opannoit »Hepruu 1,75 MpdB/Hykimon pacdeTHas
JunHa Tpobera moHoB Ar'® B Zn HaHOTpyOKax co-
crapisieT nopsiaka 10 MKM, 4YTO MEHbILIE JJIMHBI Ha-
HOTpYOOK (12 MKM).

WccnenoBanne MOp(HOTOTHYECKUX —XapakTe-
PUCTHK W 3JIE€MEHTHOTO COCTaBa IOJyYeHHBIX Ha-
HOTPpYOOK 1I0 W TIOCNIE OOJNYYCHHs] TPOBOIUIOCH
C UCTONB30BaHWEM PACTPOBOTO  AIIEKTPOHHOTO
Mukpockona (POM) Hitachi TM3030 ¢ cucreMoit
SHEPTOTUCTIEPCHOHHOTO  MuKpoaHamm3a  (D1A)
Bruker XFlash MIN SVE tipu yCKOpsIfOIieM Harpsi-
xxeruu 15 kB. Pentrenoctpykrypusiit ananmms (PCA)
npoBoawics Ha nudpakromerpe D8 ADVANCE ECO
C ACTIOTb30BAHUEM HM3ITyUEHUS PEHTT€HOBCKON TPYO-
ku ¢ Cu-aHomoM u TpauTOBOTO MOHOXpOMAaTopa Ha
nudparupoBanHoM Tyuke. J{ndpakrorpaMMel 3amm-
CHIBATMCH B JuamnaszoHe ymioB 30-90° 20, ¢ marom
0,01° 20. Hus nwnentudukanuy da3 U UCCICIOBA-
HUSl KPUCTAJUTMYECKON CTPYKTYPBI MCIIOIb30BATI0Ch
nporpammHoe obecrieuerne BrukerAXSDIFFRAC.
EVAv.4.2 n mexnyHapomHas 6a3a manablx [CDD
PDF-2.

Ompenenenne dIEKTPOPU3UICCKUX CBONUCTB
MacCHUBOB HAHOTPYOOK TIPOBOIMIIOCH C MCTIONH30Ba-
HHUeM ucTogHuKa Toka HP 66312A (CLUIA) u Mymb-
tumetpa 34401 A Agilent (CI11A). BonsT-ammnepHbIe

XapaKTePUCTHKN CHUMAIIACh C MaCCHBa HAHOTPYOOK
wiomaaeio 1,0 cM? craeayromum o0pasoM: MexIy
JIBYMS METAJUTMYECKUMHU TUIACTHHAMH ITOMEIIAH
oOpaszerr ¢ Zn HAaHOTPYOKaMH TaKUM 00pa3oM, 4TO-
OBl TIACTHUHBI TIEPEKPBIBAIA TOJIBKO Ty YacTh, TIe
HaHOTPYOKH HAXOASTCS B IJICHKE. 3aTeM IUTaCTUHBI
MTOJICOeINHAIOTCA K MCTOYHHUKY TOKa C ITOCJeI0Ba-
TEJIHHBIM COCAMHEHHEeM MYIbTUMETpa. Tak Kak mo-
JUMEPHBIN TeMILIaT UMEeT AUIIEKTPUUIECKYIO MIPH-
POy, TO BO BCEM H3MEPSIEMOM JUaIa30He HaIpsKe-
Huit ot —1,3 1o 1,3 B marpuiia He BHOCUT BKjIaj B
ANEKTPOTPOBOJISIINE XapaKTEPUCTUKHA HAHOTPYOOK.

OcHOBHAA YaCTh

[Ipu snmekTpoocakIeHUU B MOPHI MOHO-TPEKO-
BBIX MeMOpaH OBUIM TOJYYEHBI HAHOCTPYKTYPBI,
MIPEJICTABIISIONINE COOOW TPYOKH BBICOTOM 12 MKM,
¢ BHEIIHUM auaMeTpoM 380 HM (KOTOpBIN 3a1aBa-
Cs JAMaMETPOM TIOp MAaTpHIlbl), BHYTPCHHUM JHa-
metrpoM 180 HM U TonmuHOM creHok 100 um. POM
CHUMKH MacCUBOB Zn HaHOTPYOOK IOCIIE yaJICHUS
MOJIMMEPHOM MaTpHULIbI TPEICTABICHBI HA PUCYHKE 1.

Pucynok 1 — POM-u3o0paxeHne MaccuBa Zn HaHOTPY-
00K TT0CIIe yAAJICHUs MTOJTUMEPHOI MaTpHIIbI

Figure 1 — SEM-images of array of Zn nanotubes after
polymer template dissolution

@a30BbIl COCTaB U HapaMeTpbl KpUCTaJINYe-
CKOW pemeTKH Zn HaHOTPyOOK ObUIM MCCIIeTOBaHBI
metooM PCA, xoTopblii moaTBepAns (PUCYHOK 2),
YTO CHHTE3MPOBAHHBIE UCXOAHBIE 00PAa3Ibl COCTOAT
U3 Zn ¢ reKcaroHaJabHOW MPUMUTUBHOMN PELIETKOM C
TmapaMeTpamu dIeMeHTapHoOl sueiiku a = 2,6638 A,
c = 49337 A (PDF # 04-0831, a = 2,665 A,
c = 4,947 A). Otiune 3HaueHus mapameTpa dle-
MEHTapHOW SYEHKU OT 3TaJOHHOIO 3HAYEHUs, CKO-
pee Bcero, 00yCIOBICHO MUKPOHATPSKEHUSIMHE, BO3-
HUKAIOIIMMH B CTPYKTYpPE B MPOIECCE CHHTE3A.
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PucyHnok 2 — PCA-criekTpbl Zn HAaHOTPYOOK, OOIYUYEHHBIX € Pa3IM4HON 1030it: a — ucxoausii; b — 1 X 10° non/cm?; ¢ —
1 x 10" mon/cm?; d — 5 x 10" non/em?; e — 1 x 10" mon/cm?; f— 5 x 10" non/cm?

Figure 2 — XRD-spectrum of Zn nanotubes irradiated with different doses: a — pristine; b — 1 x 10° ion/cm?% ¢ —
1 x 10" ion/cm?; d — 5 x 10" ion/cm?; e — 1 x 10" ion/cm?; f— 5 x 10" ion/cm?

Kak BugHO, ¢ yBenmuenueM (iroeHca mporucxo-
JIAT U3MEHEHHE KPUCTAIUIMYECKOU CTPYKTYpbI, UTO

JIETKO TPOCJICIUTH M0 W3MEHEHHIO IapaMeTpa die-
MEHTapHOU A4eiiku (Tabmuma 1).

Tabnuya 1/ Table 1

DBOJIIONHS NAPAMETPOB KPUCTAIMYECKO# peureTkn Zn mocjie o0,ryueHust HoHaMu Ar*® ¢ pa3im4Hoii 1030it

Evolution of the Zn lattice parameters after irradiation with Ar®* ions with different doses

Jo3za, non/cm? Ucxonnbrit 1x10° 1x10'° 5x10'° 1x10" 5x10"
Doze, ion/cm? Pristine HOH/CcM? HOH/cM? noH/cm? non/cm? non/cm?
ion/cm? ion/cm? ion/cm? ion/cm? ion/cm?
a, A 2,6638 2,6641 2,6646 2,6649 2,6663 2,6672
¢, A 4,9337 4,9332 4,9327 4,9323 4,9321 4,9317

[Ipu yBenudeHnnun 0361 HAOMIOAAETCA HE3HAYH-
TENIbHBIA POCT MapaMETPOB AIEMEHTAPHOU SUYEHKH.
Taxoke npu aHaIM3€ NPEJICTABICHHBIX HA PUCYHKE 2
JAHHBIX MOYKHO 3aMETHTh, YTO C YBEITUUYCHHUEM JIO3BI
oOydeHns: HaOMIOMAeTCsl CHIDKEHHE HHTEHCHBHO-
CTeH TMKOB TIpHW OONBIINX yTIax W TIpH (IIFOCHCE
obmyuenns Boimre 5 % 10 non/cM? HHTEHCHBHOCTH
mukoB st Totockoctedt (103), (210) u (212) camka-
eTcsl I0 MUHUMYMa M CpaBHHMMA I10 BEIMYHHE C (O-
HOBBIM m3nydeHueM. CHIKEHHE WHTEHCHBHOCTEH
MOKET OBITh OOYCIIOBIICHO H3MEHEHUEM TEKCTYPHBIX

ko3 durmenToB (7C), KOTOPHIE PaCCUUTHIBAIKCH ITO
¢dopmyne Xappuca (1):

rc(kty =10 /15 1K) (1)
n

1,(hkl) I1,(hkl)’

rae /(hkl) — sKcriepuMEHTaNbHO MOMyYeHHas! OTHO-
CUTEJIbHAs MHTEHCUBHOCTD; / (hkl) — oTHOCHTEIbHAS
WHTEHCUBHOCTbD, COOTBETCTBYIOILAS JAHHOU IIIIOCKO-
ctu cornacHo 6asze JCPDS; n — KOTUYECTBO IIOCKO-
cTeil. Pe3ynbTrarel pacueToB IPUBE/ICHBI B TAONHUIIE 2.
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PacuerHble TekcTypHBIe KOI(GUIHEHTHI
Calculated texture coefficients

Tabnuya 2 / Table 2

TC (hkl)
il Ucxomupiii 1 x 10° mon/cm® 1 x 10"mon/cm®> 5 x 10"uon/cm®> 1 x 10" won/em®> 5 x 10" non/cm?
Pristine ion/cm? ion/cm? ion/cm? ion/cm? ion/cm?
100 0,7852 0,7146 0,7314 0,6931 0,5633 0,4521
101 1,0314 1,0452 1,1067 1,1462 1,1863 1,2156
102 0,4551 0,4135 0,4062 0,3984 0,3468 0,2461
103 0,3414 0,3151 0,3015 0,2893 — —
210 0,3241 0,2972 0,2842 0,2576 0,1351 —
212 0,2315 0,2146 — — — —

TexcTypHble KOd(PPHUIIUESHTH OOJBINE EAMHH-
Bl JUIS HATpaBJIeHUS YKa3bIBAIOT HA TMPEWMYIIe-
CTBCHHYIO OPHEHTAIIUIO KPUCTAUIUTOB (0OmacTeit
KOTE€PEHTHOTO PacCesHMs), 9TO TPEANoIaraeT yBe-
JTUYEeHAE 4YHCia 3€PEH BAONb JTHUX HapPaBICHHM.
Uwucno orpaxeHuit (71) COOTBETCTBYET MaKCHMAJTb-
HOMY 3HAYEHHUIO TEKCTYPHBIX KOd(DPHUIMeHToB. 3Ha-
genus TC(hkl) ncxogaoro odpasma Zn HAHOTPYOOK
MOJTBEPKIAIOT TPENIOIOKEHHE O ITOIUKPUCTA-
JTUYECKON CTPYKType C IOMHUHHUPYIOIINM HaIlpaB-
nmeareM [101]. He3HauuTenapHOE pETHCTpUpPYEMOE
M3MEHEHHNE B KPHUCTAJUINYECKON CTPYKTYpEe CBA3aHO
C ToKanu3aInuen 1eekToB Mpu WX He3HAYUTEITFHOM
KOITMYECTBE OTHOCHTEIHFHO Pa3MEepOB CaMUX 00pas-
IIOB. YUWTHIBAS, YTO XapaKTep pagHaIliOHHBIX TO-
BpEeXJIEHUH MaTepuaia CHIIBHO 3aBUCUT OT SHEPTUU
WOHA, W MPUHUMAas BO BHUMaHHE, YTO BHIOpaHHAs
sHeprus noHoB Ar¥" cocrasmser 1,75 MoB/HyKIT0H
(T.e. pacueTHas mWHA MPoOera MOHOB B Zn HaHO-
TpyOkax 10 MKM MEHBINIE IJUHBEI HAaHOTPYOOK B
12 MKM), HEOOXOTUMO YUUTHIBATH JIOKATHHBIE H3ME-
HEHUS CTPYKTYPbI, BO3HUKAIONINE M3-32 YMEHBIIIe-
HUS DHEPTUH MOHOB NP WX JBHWKCHHUH BJIOJb TPEKa.

W3BecTHO, WTO JHEPrUs WOHOB MOXKET Tepe-
JlaBaTbCsAd NIByMS MEXaHM3MaMH: 32 CUET JHEPTHH
ANEPHBIX TOTEPL (S)), KOTOpas CBs3aHa C Nepena-
4eil SHEpruM aToMy 4epe3 YIpyroe CTOIKHOBEHHE
¥ JOMHUHHpPYET TIpH HU3K0H sueprum (< 1 MaB/Hy-
KJIOH), ¥ SHEPTHHU JJIEKTPOHHBIX MOTEPH (S ), KOTO-
past peacTaBiIsieT co00i HEyNnpyroe CTOIKHOBEHHE
HaJETAIOIIEer0 MOHA C JJIEKTPOHAMH aTOMOB MH-
IIeHN W JOMUHHUPYET Npu 0oJiee BHICOKON DHEPTHUH
(> 1 MaB/nayxmon).

DJEeKTPOHHOE TOPMO)KEHHE MOHOB TIPHUBOIUT K
TIepPEXoy SJICKTPOHOB Ha 0ojiee BHICOKHE CBOOOI-
HBIE DHEPreTUYECKHEe YPOBHU M, COOTBETCTBEHHO,
00pa30BaHNIO AIIEKTPOHHBIX BAKAHCHH Ha HU3KHX
SHEPreTUYECKUX YPOBHSX, T.€. IPOUCXOTUT BO3OYK-
JICHHE aTOMOB. B pe3ynbrare Heynpyrux B3auMo/1ei-

CTBUI BO3HHUKAIOT DJIEKTPOMAarHUTHOE HW3Iy4YCHHE,
MPUBOASIIEE KO BTOPUYHOW HOHMU3ALMU. YIPYroe
TOPMOKEHHE TIOPOKIAET B MEPBYIO OYepeIb TOUEH-
HBIE AeQeKTHI THIa mapsl OpeHKess, a TakKe KacKa-
JTBI TAKAX TOYEYHBIX J1e(DEKTOB.

ITpu 06ayYeHNH HAHOCTPYKTYp HOHaMu Art" ¢
sHepruer 1,75 MpB/HYKIIOH BO3HUKAIOT 3JIEKTPOH-
Hple (S)) u anepHbIe (S)) MOTEPU SHEPTHHU, KOTOPBIE
COTJIaCHO pacdeTy ¢ IMpHUMEHEHHEM IMPOrpaMMHOTO
obecnieuenust SRIM Pro 2013 comoctaBuMbI. Tak kak
JJIEKTPOHHBIE W SIEPHBIE YHEPTeTUYECKHE TMOTEpH
CITOCOOCTBYIOT JIOKATFHOMY HarpeBy oOpasiia B 00-
JIACTH B3aUMOJICHCTBUS MOHOB C KPUCTAJIIMYECKON
pemetkoit. Ilpu mocneayromeid peKpucTaIn3aiuu
MIPOUCXOANT PENTaKCallusl HaNpPSKEHWH BCIIEACTBHE
omkura neeKkToB u o0pa3oBaHWE HOBBIX 3€PEH C
KPUCTAJUTMUECKON CTPYKTYPOH, ONHM3KOW K ITAJIOH-
Ho#t. Takum oOpaszom, HabOIIOmaeTCs MepeophueHTAa-
U] TEKCTYPHBIX HAINIPaBIECHUH, YTO TOATBEPKIAeT-
Csl TaHHBIMH PETHT€HOCTPYKTYPHOTO aHaJIHN3a.

B 10 xe BpeMs mpu 3aMe/IIEHNH HOHOB B OTIpe-
JISJICHHBIA MOMEHT BPEMEHHU WX YHEPTHH CTAHOBUT-
Cs HEJOCTAaTOYHO JUIS AJIEKTPOHHOTO B3aUMOJCH-
CTBUS WJIH OOpa30BaHMs KacKagHBIX Ie(EeKTOB, HO
JIOCTATOYHO ISl 00pa30BaHUs TOUCYHBIX JC(HEKTOB
tuna mapsl @penkens. C y4eToM TOTO, YTO KOH-
[EHTPAIUs TOYEUHBIX J1e(hDeKTOB B OTPENEICHHBIX
30Hax OyIeT YBETWIMBATHCS C YBETWUCHHEM (DITro-
eHca, JIOKaJIN3alus ¥ HaKOIUIEHHE TaKuX Je(eKToB
OyIyT TIPOUCXOMNTH B 00NACTSAX, TIe MOHBI MMEIOT
HAMMEHBIITYI0 SHEPTHIO ¥ OKOHYATEIIbHO TOPMO3SIT-
cs1. [lpu mpeBbIIIeHNH KOHIIEHTPAIiA HAaKOTIEHHBIX
ne(eKTOB HEKOTOPOTO OIPEIEIEHHOTO 3HAUYEHUS |
WX KOArymsilui B TaKUX 00JacTax OydyT MPOUCXO-
JUTH pa3pylIeHne CTPYKTYphl U amMopdu3aus OT-
JeTBHBIX o0acTel HaHOTPyOOK. BriocnencTBum 3tn
30HBI CTAHOBATCS OOJIee TIOABEPKECHHBIMH BHEIITHIM
BO3/ICUCTBUSAM W MOTYT pa3pylIaThCsl BCIEACTBHE
MEXaHHYECKON WM XUMHUYeCKor o0padorkm. Tak,
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Ha pucyHke 3 npexactasneno PEM n3zobpaxenue Ha-
HOTpYOKH, 0OIyuYeHHOH ¢ HamOoNbLIeH 1030H, MO-
clle yaaJleHHsl OJIMMEPHOTOo mabioHa.

Pucynok 3 — POM-u3o0pakeHne pa3pyImeHHOH CTPYyKTY-
PBI Zn HaHOTPYOKH, TTOTYYCHHON [T 00pasia, o0IydeH-
HOro noHamu Ar®" ¢ no3oit 5 x 10" ion/cm?

Figure 3 — SEM-image of the destroyed structure of a Zn
nanotube obtained for a sample irradiated with Ar®" ions
with a dose of 5 x 10" ion/cm?

Jns TOTEeHIMaTbHOTO MPAKTUYECKOTO TPHU-
MCHCHUSI HAHOCTPYKTYp B KaueCTBE OCHOBBI ISt
YCTPOMCTB MHUKPOIJIEKTPOHUKU OJHOM M3 BAKHBIX
XapaKTePUCTUK SIBISIETCS yAENIbHAs MPOBOJUMOCTH
(0), KOTOPYIO JUISI MACCUBOB HAHOTPYOOK PACUUTHI-
Baju 1o gopmyie (2):

dl 1 @

o=——,

dU A
rae / — muHa HaHOTPYOOK; A — tuomans; di/dU —
TaHreHc ymia HakjoHa /[-U. Ha pucynke 4 npencras-
JIeH rpadyK 3aBUCUMOCTH yAETIbHON MPOBOANMOCTH

Zn HaHOTPYOOK OT 103bl 00myuenus. Ilorpem-
HOCTb U3MEpEHUil cocTasisieT He 6onee 3 %.

—
e

.
; !

o
@

Conductivity, S*10°

o
i

Pristine10° 10" 5*10'"10"" 510"
Fluence, ions/ cm?

Pucynok 4 — I'paduk 3aBHCHMOCTH MPOBOTUMOCTH 00-
pa3moB Zn HAaHOTPYOOK OT A3l OOIyIEHUS

Figure 4 — Graph of the change in conductivity of Zn
nanotubes samples from the radiation dose

Kak BugHO n3 pucynka 4, Mmoxudukauus KpH-
CTAJIMYECKON CTPYKTYphl HOHamu Ar®* Bieder u3-
MEHEHHUE MPOBOIAIIUX CBOUCTB. [Ipu pocTe 10361 00-
Jy4eHUs! TPOBOAMMOCTH yBenuuusaercs. [locne no-
CTHOKCHUSI KPUTHUYECKOTO 3HadeHus 5 X 10! non/ cm?,
MIpU KOTOPOM MPOUCXOIUT pa3pylIeHUE CTPYKTYpHI,
HaOMI0aeTCsl YMEHBLICHUE 3JIEKTPOIPOBOAHOCTH.
Honuzupyromee o0dy4YeHHe, SBISSICH NPUYHHOM
panuanroHHOTO OTKUTa e(eKTOB, IPUBOAMT K yBe-
JIMYEHUIO 2JIEKTPONPOBOANMOCTH MacCUBa HAHOTPY-
0ok. Hakorenue nedexToB, BBI3BIBAIOIIEE Pa3py-
LIEHUE CTPYKTYPbI IPH OONBIINX J103aX OOMyUYeHHS,
CHI>KAeT POBOAUMOCTD.

Takum o0pa3om, ompenencHa 3aBUCHUMOCTb
ANIEKTPONIPOBOAMMOCTH MAacCUBOB Zn HaHOTPYOOK
OT 1036l HOHM3UPYIOILIEro o0myyeHus. Taxxke ycra-
HOBJIEHa KPUTHYECKas 103a, MPEBBIIIEHNE KOTOPOH
MPUBOANUT K Jerpajallid HAHOCTPYKTYPHOTO Ma-
Tepuaja MU YTpare 3IIEKTPOIPOBOIAIIMX CBOMICTB.
HecMotpst Ha 3TO, 1OCTAaTOYHO BBICOKHE 3HAYECHUS
MPOBOAUMOCTH 00pa3loOB IMO3BOJSIIOT PaccMaTpu-
BaTb MaccuBbl Zn HaHOTPYOOK B KaueCTBE OCHOBBI
JUISL 3JIEMEHTOB BJIEKTPOHUKHU, (DYHKUHMOHUPYIOLINX
B IIpe/ieNiax ONpeesIeHHOM 036l 00IydeHHs.

3ak/aoueHue

IIpoBeneno nccienoBanue BIMSHAS OOTydeHHs
noHamu Ar®" ¢ sueprueii 1,75 MaB/HyKka 1 10301 OT
1 x 10° 1o 5 % 10" ron/cM? Ha CTPYKTYPY U DIEKTPO-
MIPOBOTHOCTH MACCHBOB ZN HAHOTPYOOK THAMETPOM
380 HM, CUHTE3UPOBAHHBIX METOJIOM DJIEKTPOXHUMHU-
YECKOTO OCAXKIEHHS B TIOpax TPEKOBBIX MeMOpaH.
B pesynbrare HampaBieHHOW MOMUGUKAIIMN HAHO-
TpyOOK HaOIIOaeTCsl HE3HAUNTEIIHOE YBEIHIeHHE
MapaMeTpoB JJIEMEHTApHOM SYEHWKH, YTO MOXKET
OBITH OOYCIIOBIIEHO OTKUTOM Je(eKTOB U PEeKpH-
craumzanuei. 1lpu 3ToM yBennuuBaeTcs 3IEKTPO-
MIPOBOAHOCTE 00pPa3loB BILIOTH 10 103 10! mom/
CM?, TIOCJIC Yero 3JIEKTPOIPOBOISIINE XapaKTepH-
CTUKHM YXY/IIAIOTCS 33 CUET TOSBICHUS JIOKATHHBIX
BBICOKOZIE(DEKTHBIX 30H W Pa3pyIICHUs CTPYKTYPHI.
Takum 00Opa3oM, yCTaHOBJIEHAa KpHUTHYECKas 1034,
MIPEBBIIIIEHNE KOTOPOH MPUBOAMT K JAETpajauy Ha-
HOCTPYKTYPHOTO Marepuaja U yTpare (pU3NIeCKUX
cBoiictB. HecMoTpsi Ha 3TO, JOCTATOYHO BBICOKHE
3HAYEHUS IPOBOAMMOCTH 00Pa3IIOB MO3BOJISIFOT pac-
CMaTpuBaTh CHHTE3WPOBAHHBIE MAaCCHUBHI HAHOTPY-
0OK B KaueCcTBE OCHOBHI ISl DIIEMEHTOB JJIEKTPOHHU-
KH, (QYHKITMOHUPYIOMINX B TIPEJeNiaX OMpeaeieHHON
JTO3BI OOITydeHUSI.
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yak 621. 382.8.002
Ouenka pa3mepoB Tonorpapuueckux aedexron
MOJIYIIPOBOJHUKOBbLIX KPEMHHUEBBIX CTPYKTYP

Cenbko C.D., 3eqenun B.A.

Qusuro-mexnuyeckui uncmumym Hayuonanenou akademuu nayx benapycu,
yn. Kynpesuua, 10, 2. Munck 220141, Benapyco

Hocmynuna 15.01.2018
Ipunama x newamu 21.02.2018

BrwsiHue HETrIOCKOCTHOCTH MOJTYIPOBOJHAKOBBIX IJTACTHH HAa XapaKTEPUCTUKU U3TOTABIMBAEMbBIX MPH-
OOpOB IPOABIISIETCS Uepe3 pacHOKyCHPOBKY N300paKEHUS TOMOJIOTHH (DOPMUPYEMOU CTPYKTYPHI i CHIDKEHUE
paspeleHus mpy NpoBeieHH: onepanuii Gporonurorpaduu. J{ist kKauecTBEHHOTO KOHTPOJISI HETIOCKOCTHOCTH
HIMPOKO MCTIONB3yeTcst MeTofi Makyoh Tonorpaduu, KOTOPBIN OTHAKO HE TO3BOJISIET TONYYUTh KOJMUYECTBEH-
HBIE XapaKTePUCTUKH HAOII0IaEMbIX Ie()EKTOB, UTO CYIIIECTBEHHO OIPaHUYMBAET ero puMeneHue. Llens nan-
HO# pabOTHI 3aKITI09YaIach B pa3pab0TKe METOAMKH pacdeTa pa3MepoB TOMOrpapuIecKux ne(eKToB MIacTHH
co c(hOPMUPOBAHHBIMY HA HUX TIOJYTIPOBOJIHUKOBBIMH CTPYKTYpaMH, YTO MO3BOIUIIO YCTAHOBUTH KPUTEPUU
TOHOCTH TUIACTUH B 3aBUCUMOCTH OT pa3MepoB JIE(PEKTOB U MPOBOIUTH UX CBOEBPEMEHHYIO OTOPAKOBKY.

B ocHOBY pa3pabarbiBacMOi METOJMKH pacueTa TOJI0KEH BBIBOJI COOTHOIIICHHH, CBSI3BIBAIOIINX HCKaXKe-
HUE JIEMEHTOB M300paXKEHUs ¢ KPUBU3HOMW JIOKAIBLHBIX YYACTKOB ITOJYIIPOBOIHUKOBOH TIIACTHHBI CO chop-
MHUPOBaHHBIMH Ha HEH CTPYKTypamHu. JlaHHbIe CTPYKTYPBI PACCMATPUBAIIICH KAaK KOHEYHBIE DJIEMEHTHI H300pa-
JKEHUSI, B TIPEJIeNiaX KOTOPBIX painyC KPUBH3HBI TOBEPXHOCTH IPUHUMAIICS TOCTOSTHHBIM. [locnienoBarenbpHoe
BBIUHMCIICHUE OTKJIOHEHUS Kpasi SJIEMEHTOB OT HJICAIbHOM TIOCKOCTH Ha OCHOBAaHHHU ONpEJeNICHHs pajnyca
WX KPUBU3HBI TTO3BOIIIIO ITOTYYHUTh TEOMETPHUYECKHNA MPOPHITH KOHTPOIUPYEMOU TOBEPXHOCTH B BBIOPAHHOM
psamy ameMenToB. OmpeeneHsl YCaoBHus (GopMHUPOBAHMS H300paKEHUH U TPEOOBAHIS K CTPYKTYPAM.

[ToydeHbl aHATUTHUECKUE BRIPKEHHS, CBSI3BIBAIOIIIE BETMIMHY HCKKEHHUH SJIEMEHTOB CBETOTCHEBOTO
N300paKEHHSI C TEOMETPUIECKAM MPO(UIeM MOBEPXHOCTH. ITO MO3BOISET MPOBOJNUTH ONEPATUBHBIN KO-
YEeCTBEHHBI KOHTPOIIb HAOIOIaEMbIX TOOTpadhUIecKuX JIe(hEeKTOB Kak B TIPOU3BOJCTBEHHBIX YCIOBUSIX, TAK
W B UCCIEOBATEILCKUX elsiX. [IpUBEJICHbI MPUMEPBI PACUETOB TONOTrpaduieckux NeeKTOB MOTYIPOBO-
JTHUKOBBIX KPEMHHEBBIX TUIacTHH. CpaBHEHHE ITOYYSHHBIX PE3YJIBTATOB C JIAHHBIMU TPAHIIUOHHBIX METOJIOB
MOKAa3aJI0 UX MOJHYIO UICHTUYHOCTb.

KiiroueBble cji0Ba: MOMyNpOBOAHUKOBBIE CTPYKTYpBI, ONTHUYECKasi TOmorpadusi, KOJINYECTBCHHBIH KOH-
TPOJIb, pacyeT U300paKEHHH.
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Abstract

The effect of non-flatness of semiconductor wafers on characteristics of manufactured devices is shown
through defocusing of an image of a topological layout of a structure being formed and through reduction of
resolution at photolithographic processing. For quality control of non-flatness the Makyoh method is widely
used. However, it does not allow obtaining quantitative characteristics of observed defects, which essentially
restricts its application. The objective of this work has been developing of a calculation method for dimen-
sions of topographic defects of wafers having semiconductor structures formed on them, which has allowed
determining acceptability criteria for wafers, depending on defects dimensions and conducting their timely
penalization.

A calculation method under development is based on deduction of relationships linking distortion of
image elements to curvature of local sections of a semiconductor wafer that has formed structures. These
structures have been considered to be image finite elements and within this range the curvature radius has
been assumed to be constant. Sequential calculation of deviation of element ends from ideal plane based on
determining their curvature radius has allowed obtaining geometry of a target surface in a set range of ele-
ments. Conditions of image formation and requirements to structures have been determined.

Analytical expressions relating a deviation value of elements of a light-to-dark image with surface ge-
ometry have been obtained. This allows conducting effective quantitative control of observed topographic
defects both under production and research conditions. Examples of calculation of topographic defects of
semiconductor silicon wafers have been provided. Comparison of the obtained results with the data obtained
by conventional methods has shown their complete conformity..

Keywords: semiconductor structures, Makyoh topography, quantitative characterization, image calculation.
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BBenenue

I'eomeTpuyeckoe COBEPIIEHCTBO MOTYIPOBOIHH-
KOBBIX ITACTHH OKa3bIBAET OIPOMHOE BIIMSHIE Ha BbI-
XOJI ¥ KAaUeCTBO M3rOTABIMBACMBIX Ha HUX TIPUOOPOB.
OnHako, MOCKOJIBKY MIACTHH C WAEATBHBIMU TITOCKH-
MU TTIOBEPXHOCTSIMH HE CYIIECTBYET, MOYKHO yTBEpPXK-
JIaTh, YTO B JICHCTBUTEIHLHOCTH MOBEPXHOCTH OO0
IUTACTHHBI XapaKTepU3yeTcss 00beMHBIM TOIorpagu-
yeckuM penbedom. [lonokenne moOoi Touku Ha ee
MOBEPXHOCTU OHO3HAYHO XapaKTEpU3yeTCs TpeMms
koopauHaramu X, ¥ u Z. Hanbonpmmii ©HTEpEC mpu
9TOM MPEJCTaBISIeT N3MEHEHHE KOOP/INHATHI Z Ha 3a-
JTAHHOM Yy4acTKe TOBEPXHOCTH OT HEKOTOpPOTrO 3Ha-
YEeHHUS, COOTBETCTBYIOIIETO HICATBHONW IIOCKOCTH,
VHa4Ye HEeIUIOCKOCTHOCTbh, BhIpaXkaeMasi Kak (DyHKITHS
Z = flX, Y) u onpezaensemas KaueCTBOM MeXaHHYe-
CKOIf 00paboTKM PaboUeH MMOBEPXHOCTH.

BnusiHue HEmnoCKOCTHOCTH Ha XapaKTEPUCTUKHU
W3TrOTaBJIMBAEMbIX TIPHOOPOB MPOSIBISIETCS Yepe3 pac-
(hoKyCHPOBKY M300payKEHHS TOMOJIOTHH (OPMUpYe-
MOH CTPYKTYpBI U CHUKCHUE pa3pelIeHUs U MpoBe-
nennu oronurorpaduyeckux ornepanuii. CoBpeMeH-
HBIE TTPOEKIIMOHHBIE CUCTEMBI, UCTIONB3YIOMINE JalTh-
Hee ynbrpaduoneroBoe uznyuenue (A = 100—300 um),
XapakTepu3yloTcs: nryonHoi (okyca 1-2 mkwm. Pas-
Mmep kprctamuioB C mpu 37TOM COCTaBIsIeT MPUMEPHO
1 x 1 cM. DT0 03HAYALT, UTO AOMYCTUMAs HEIJIOCKOCT-
HOCTB COCTaBIISIET 2 MKM Ha 1 cM JiHuHbL B mpotus-
HOM CITy4ae 4acTh AJIEMEHTOB KpUcTasuia OyJeT Haxo-
JIITHCS BHE (DOKYCa M MIX Pa3Mephl yKe He OyayT COOT-
BETCTBOBATh TPeOyeMbIM HOpMaM [1].

HopmaruBHO-TexHHYeCKasi JTOKyMEHTAIUsl Ha
MOJIyITPOBOTHUKOBEIE TJIACTUHBI B KAUECTBE OJHOTO
13 OCHOBHBIX TPEOOBaHUY BBIIBUTAET COOTBETCTBHE
KavyecTBa 00pabOTKH MOBEPXHOCTH 14 Kiaccy miepo-
XOBaTOCTH [2, 3], 4TO COOTBETCTBYET BHICOTE HEPOB-
HocTel mpodpuns R menee 25 um. OnHako pakrude-
CKue TpeOOBaHHUs K Ka4eCTBY IMOBEPXHOCTH TOpa3Jio
BBIIIIE, T.K. COBPEMEHHBIE ITOYTIPOBOTHUKOBBIE ITPH-
0OpbI 0A3UPYIOTCSI HA TEXHOJIOTUH, HCIIOIb3YIOIICH
rieHKy TonmuHon 10 HM u meHee. Kpome Toro, MHO-
TOYHCIICHHBIE UCCIIEIOBAaHUS Ka4eCTBa TIOBEPXHOCTH
IJIACTUH MOCJE MOJUPOBKU MOKA3aIu HAIMYUE Pas3-
HOOOpa3HbIX JAedekToB [4—7], cBI3aHHBIX KaK HEIO-
CPEICTBEHHO C MOJIIMPOBKOMA, TaK U C TPEABLTY MU
OTepalysIMU, B YACTHOCTH BBIPAIIMBAHUEM CIIUTKOB,
UX Pe3KOH Ha TJIACTHHBI, TPABICHUEM U T.]I.

KoHTpoibh moBepXHOCTEW TAKOTO YPOBHS Kade-
CTBa JOCTHTaeTCS TEHEBBIMU METOJaMH, KOTOPHIE
MTO3BOJISIIOT BBIABIATH JIe(DEKTHI pa3MepoM MOpsi-
ka 1/100 miMHBI BONHBI, YTO JJI BHAMMOIO CBETA
COCTaBJISET BEeNUUMHY mopsiaka 7 HM. Cpeau HUX
IIMPOKOE PACTIPOCTPaHEHHUE MOTYYHII METOJ OMNTH-

yeckoil Tomorpadun [8—10], Ha3bIBacMblid B 3apy-
0exHOI nuTeparype merogoM Makyoh tonorpadun
[11, 12]. C momomIsio TaHHOTO METOAA TPOBEIACHBI
OOIIMpPHBIC HCCIICAOBAHUS TONMOrpaUuecKuX Jie-
(EKTOB TOBEPXHOCTH TONYIPOBOTHUKOBBIX ILIa-
CTMH U HX CBSI3M C APYTMMH BUAAMHU Je(EKTOB
[13—16]. YcTanoBneHsl BUAbI Ae(PEKTOB ¥ TPUUUHBI
WX BO3HHKHOBEHHS, B YACTHOCTH SIMOK, OYrOpKOB,
BOJIHMCTOCTH MOBEPXHOCTH M Jp. YCTAHOBJIECHA MX
B3aMMOCBSI3b C IPyTUMH Je(eKTaMu MOJI0KEK, Ha-
npuMep CBHUPI-IeeKTaMu, JTUHUSIMHU CKOJIBKCHUSI.
Omnpenenensl pa3Mepsl Tonorpaduueckux 1eeKToB
B iaHe. B To ke BpeMsi MPaKTUYEeCKH OTCYTCTBYET
nHpopManms 00 X pa3Mepax B BBICOTY, YTO CHEp-
KHUBaeT pa3pabOTKy KPUTEPHUEB FOAHOCTHU IJIACTUH
no naHHO#W rpynne nedextoB. OnHOW M3 NPUUMH
3TOTO SIBJISICTCS CIJIOKHAS HEJIMHEHMHAs 3aBUCUMOCTb
WHTEHCUBHOCTH M300pa)XeHUs! Je(eKTa OT ero reo-
METPUYECKUX MapaMeTpOB U OTCYTCTBHE IpHEMIIC-
MBIX METOZIOB pacueTa HaOIoIaeMbIX H300pasKeHUH.

Llenp naHHOM pabOTHI 3aKIII0YaIaCh B pa3padoT-
K€ METOJMKH pacueTa pa3MepoB TOMOTpahuIecKux
ne(eKTOB TUTACTHH CO COPMUPOBAHHBIMH Ha HHUX
MOJTYIPOBOIHUKOBBIMHU CTPYKTYPAaMH, YTO MO3BOJIU-
JI0 YCTaHOBHUTH KPUTEPUU TOJHOCTH TUIACTHH B 3a-
BHUCUMOCTH OT pa3MepoB J1e(eKTOB U IPOBOIUTH UX
CBOEBPEMEHHYIO OTOPAKOBKY.

dopmupoBaHne U300pakeHusi CTPYKTYpP Me-
TOJ0OM ONITHYECKOH Tonorpadpuu

Merton onTuyeckoil Tonorpaduu OCHOBaH Ha
MPOCTHIX 3aKOHAX T'€OMETPUUECKON ONTUKH. OnTH-
yeckasl cxeMa KOHTpPOJIsI IPUBEICHA Ha pUCYHKe 1.

1

6

Pucynok 1 — Ontndeckas cxeMa KOHTPOJS TTOBEPXHO-
CTe METOIOM ONTHYEeCKOH Tomorpaduu: 1 — MCTOYHUK
cBeTa; 2 — KOHTPOJIMpyeMasl TOBEPXHOCTE; 3 — nedexT; 4
— 9KpaH; 5 — CBETOTEHEBOE M300paKeHUE MMOBEPXHOCTH;
6 — uzodpakeHue aedexra

Figure 1 — Scheme of Makyoh topography imaging:
1 — light source; 2 — target surface; 3 — defect; 4 — screen;
5 — light-to-dark image of surface; 6 — defect image
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CBeT OT TOMOIIEHTPUYECKOTO HCTOYHHKA TIa-
JTaeT Ha KOHTPOJIHPYEMYIO MOBEPXHOCTh, OTpaXka-
eTcs OT Hee W IomajaeT Ha dKkpaH. Hammuwme He-
POBHOCTEH MOBEPXHOCTH KPEMHHEBBIX TIACTHH CO
cthopMHpOBaHHBIMHU Ha HUX TIOITYIPOBOTHUKOBBIMU
CTPYKTypaMH MPUBOANT K JOKAIEHOMY W3MEHEHHUIO
yIJTa OTpakKeHUS CBETA 110 OTHOIIEHHIO K YIIIy OTpa-
KSHHSI TIOBEPXHOCTHIO B IIEJTOM, YTO MPOSBIISETCS B
VCKaXCHUH N300paKeHUsI CTPYKTYPhI B JTOKAJIBHBIX
obmactsax ¢ Z # 0. [Ipu Z < 0 (BOTHYTOCTH TIOBEPX-
HOCTH) H300pakeHHE CTPYKTYpPHl YMEHBIIACTCS, a
mpu Z > 0 (BBITYKJIOCTH) — yBENIHUHUBaeTCs. Bemn-
YIHA MCKaKEHUH HANpsSMYIO 3aBHCHUT OT pa3MepoB
ne(eKToB, YTO TMO3BONIIET PACCUUTATH pPa3MephI
MUKpPOHEPOBHOCTEW MOBEPXHOCTH MOIYTPOBOIHH-
KOBOM IUIACTHHBI.

HUckaxeHne u306pamenuﬂ Ha Kpl’lBOJ’lHHCﬁ-

HOM Y4YaCTKE IMOBEPXHOCTHU

YnoOHBIMH OOBEKTaMH IS pacueTa pa3MepoB
ne(eKToB SABISETCS MOITYNPOBOAHHKOBHIE IJIACTH-
HBI CO C(POPMHUPOBAHHBIMH Ha HHUX CTPYKTypaMu
B BHJIE KPUCTAJUIOB MPSMOYTOIBHONU (OPMBI C pa3-
Mepamu cTopoH 1-3 mm. ChopMupoBaHHBIE CTPYK-
TypaMH MOXHO paccMaTpuBaTh Kak KOOPIANHATHYIO
CETKY C pasMepaMu sUeHKH X BJI0JIb OCU X U J BJIOJIb
ocu Y. YcnoBue oproroHaiibHocTH oceil X u ¥ npu
9TOM HE SBIIsIeTCsl 00s3aTeabHBIM. M3Mepenne mc-
KaKEHUS M300paKeHUS TaKOW CETKH IO3BOJIAET
paccunTarh BEITUYHHY HEPOBHOCTEH.

OT pa3mepa CTPYKTYpHOTO D3JeMEeHTa WIH
SIYEMKU KOOPAMHATHOM CETKHM 3aBUCUT TOYHOCTh
pacdeTta koopauHat Z nedekxra. YMEHBIICHHE pa3-
Mepa SYeKH MPUBOINT K YBEIMICHHUIO KOJINYECTBA
M3MEpPEHNUH ¥ TOBBIIMICHUIO TOYHOCTH KOHTPOJIS.
PacueT pasmepoB HEPOBHOCTEH MOBEPXHOCTH BO3-
MOXEH, €CJIM MaKCHMAaJIbHbIA pasmep sSuerku He
MIpPEeBBIMIAET TPETH pa3Mmepa AedeKkra B IUTaHe, T..
HEO0OX0IUMO, 94TOOBI M300pakeHune nedexra ¢ Ju-
HEWHBIMH pa3MepaMu [ OBIIIO pa3fesieHo 1o Kpak-
Hel Mepe Ha Tpu dnemMenTa. Eciu n3o0pakeHue me-
(bekTa pa3gerneHo poBHO Ha JiBa AJIEMEHTa, TO Tpa-
HUIIBI AeeKTa ¥ TPAHUIIBI ITHX JJIEMEHTOB COBIIA-
JTAIOT ¥ CMEMICHHS N300pakeHusl He HaOIoIaeTcs,
T.K. i1 Kpas ¥ [eHTpa fedexTa JTaHHOe CMElIeHIe
OTCYTCTBYET.

C yMeHbIIeHHEM Pa3MepOB TUSHKH KOOPIUHAT-
HOH CeTKH TOYHOCTH KOHTPOJIS Bo3pactaeT. OgHaKo
MUHUMAaJIbHBINA pa3Mep sSSYeHKH UMEET CBOM Ipeed.
Du3uyuecKuil npejell onpeneisieTcs pa3peliariei
BO3MOYKHOCTBIO METOZIa 0 M300pakeHHIO AcheK-

TOB B muaHe. Tak, Ans cirydasi, ©300pakeHHOTO Ha
pucyHke 1, oH paBeH:

_ gh

+h M

xtgy,

min

IJIe Y — YIJIOBOM pa3Mep UCHOIb3yeMOro HCTOYHHKA
CBETa; g — pacCcTOAHNE OT UCTOYHHKA CBETa /10 KOH-
TPOJIMPYEMOI MOBEPXHOCTH, /1 — pACCTOSIHHE OT KOH-
TPOJIMPYEMOI TOBEPXHOCTH 10 dKpaHa. s Hau-
Oornee TUMUYHOTO ciydas, korqa g = 1 M, =1 ™M
u tgy = 0,0001 Takoif mpenen coctaBisier S0 MKM,
T.€. BeJIMYUHY TOPSJIKa IIUPUHBI CKpailbepHON 110-
POXKH Ha MOJyPOBOJAHUKOBOH TJIACTHHE.

ITpumem, 4to Kaxkaas siueiika CETKU MPEACTaB-
asieT co0oii IMEMEHTApHBIM Y4acTOK MOBEPXHOCTH,
KOTOPBI MOJKET ObITh BOTHYTHIM (Z < 0), BBITYKJIbIM
(Z>0) umn nmnockum (Z = 0). JlomycTum Takxke, 4To
paanyc KpUBU3HBI KOHTPOJIMPYEMOW MOBEPXHOCTH
B Mpejieax KaKJa0ro Takoro OTAENbHO B3ATOTO 3J1e-
MEHTA SIBJISICTCSI BEJIMUUHOW TOCTOsIHHOM. M300pa-
JKEHHE KOHTPOJIMPYEMOM MOBEPXHOCTH HA JKpaHe
TaK)K€ OKa3bIBAETCS pa3fefIeHHBIM Ha OT/ENIbHBIC
3JIEMEHTHI, OTpaHUYEHHBIE JIMHUSAMHI KOOPIUHATHOM
ceTku. OJTHaKO BCJIEACTBHE KPUBU3HBI TIOBEPXHOCTH
TUTACTUHBI pa3Mephbl TAaKUX JJIEMEHTOB Ha 3KpaHe
OKa3bIBAIOTCSA MCKaXKeHHBIMU. ONpenennuM COOTHO-
[IEHHE MEXIY PacCTOSHUSAMH OT MCTOYHHKA CBETa
JI0 KOHTPOJIUPYEMOI TOBEPXHOCTH, OT KOHTPOJIUPY-
€MOMi TOBEPXHOCTH J10 FKpaHa U pajilycaMu KpUBU3-
HBI R 3]IEMEHTOB KOHTPOJIMPYEMOM MTOBEPXHOCTH.

Bocnonesyemcst hopmyioit cepudeckoro 3ep-
Kana [4]:

+ 2

1 1 2
- T
g F R
rae F' — paccTosiHue 0T KOHTPOIUPYEMOI MOBEPXHO-
CTH /IO TOYKH (OKYCHPOBKU OTPAKEHHOTO CBETOBO-

T'O IIOTOKa. OTCIO,E[a:

Rg

F=—">—.
2g—R

3)

Jnia obecrniedeHnss OAHO3HAYHOCTH PE3yJIbTaTOB
KOHTPOJISI pPa3IMUYHbIX HEPOBHOCTEM OJHON W TOU
JKE IOBEPXHOCTH HEOOXOAMMO, 4TOOBI H300paxe-
HUSI BCEX AJIIEMEHTAPHBIX yYaCTKOB, COCTABIIAIOIINX
KOHTPOJIMPYEMYIO ITOBEPXHOCTh, (HOPMUPOBAIUCH
OMHAKOBBIM 00pa3oM. Pasmepsl wn300paxeHuit
SYEEK KOOPJIMHATHOW CETKH Ha BBIIYKIBIX y4acT-
Kax IOBEPXHOCTH BCETAa OONbIIE 1O CPaBHEHHUIO
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C pa3Mepamu H300paKeHHUI TIeeK, PACTOTOKEHHBIX
Ha TUTOCKMX yYacTKaX MOBEPXHOCTH. M300paxeHus
e CTPYKTYp, PACIIOIIOKEHHBIX Ha BOTHYTBIX ydacT-
Kax TIOBEPXHOCTH, CHIIHO 3aBHUCST OT IOJIOKCHHS
9KpaHa W MOTYT OBITh MPAMBIMH yMEHBIIICHHBIMH,
MepPEeBEPHYTHIMA YMEHBIICHHBIMH H TI€PEBEPHYTHI-
MH YBEJTHYCHHBIMH. {711 mocTOBepHOU HIOEeHTH(DU-
Kanuu neeKTOB M MPOBENECHUS PAacUeTOB MpHeMIIe-
MBIM SIBJISIETCS JIMIITH TAKOW CITydaid, KOT/Ia BOTHYThIE
YYaCTKH 0T MPSAMOE YMEHBIIIEHHOE N300pakeHue,
T.. TPOTHUBOTIOJIOKHOE H300PKEHHUIO BBITYKIIBIX
y4acTKOB. Pazmepsl n300paskeHn ssueek KOOpIuHaT-
HOM CEeTKH Ha BOTHYTHIX Y9aCTKaX MMOBEPXHOCTH MPH
9TOM MEHBIIIE TI0 CPaBHEHUIO C pa3Mepamu u300pa-
KEHHUH sSTYeeK, pPacTOIOKEHHBIX Ha MIIOCKUX ydJacT-
KaX TIOBEPXHOCTH. JTO MOKET OBITh OCYIIECTBICHO
TOJIFKO B CiTy4ae, eciu (POKyChl BOTHYTHIX AJIEMEH-
TOB OyIyT pacroiaraTkcs mocie skpana (tT.e. F > h)
WU Ke OyayT OTCYTCTBOBAaTh BOBCE (CITydai, eciiu
2g < R, a TakkKe IS BBITYKIBIX 3JIeMeHTOB R < ().
JlarHOE yCIOoBHE MOXXHO BBIPa3UTh MaTeMaTHUECKH
B BHJIE:

2gh

R> .
g+h

“)

Ecnmu manHOe ycnoBue He coOmromaeTcsi, U30-
OpakeHHE BOTHYTOTO 3JIEMEHTa KOHTPOJIUPYEMOM
MOBEPXHOCTH Ha dKpaHe 00 MpeBpamaercs B Tou-
Ky (F = h) 1 CTAaHOBHTCS IPAKTHYECCKH HEBUIUMBIM,
00 SIBISIETCS] IEPEBEPHYTHIM U HAKJIAIBIBACTCS HA
n3o0paxxeHue Apyrux 31eMeHToB (F < /). YacTb u3o-
OpakeHMII sSYeeK «Hcye3aeT», YTO CO3/1aeT HEKOTO-
PYIO HEONPEICICHHOCTh NP HICHTHU()UKAIIMUA U30-
OpakeHus. B 3Tux ciryyasx nmpoBefieHue U3MEPEHUH
napamMeTpoB H300paKeHUS] CHIIBHO YCIIOXKHSIETCS
WJTU TaKe TIPAKTUYECKU HEBO3MOXKHO.

CrnenyromuyM 3TaroM HAaCTOSIIEH METOTUKU
SIBIIICTCSL U3MEPEHUe cMmelneHuit Ax u Ay uzo0pa-
JKEHUI sTUeeK KOOPJIMHATHOW CETKHU U PacyeT KOOop-
muHat. VM3MepeHue cMelieHni n300pakeHui sueek
KOOPJIMHATHOM CETKH MOXKET OBITh OCYIIECTBIECHO
C TOMOIIBIO MPAKTUYECCKU JIFOOBIX U3MEPUTEIBHBIX
npucnocoOneHuii TM60 MPOrpaMMHBIMH CpeCTBa-
MU TIpU 3arpy3ke H300paKCHHS B TMEPCOHATBHBIN
KOMIIBIOTEDP. B OTAENBHBIX ClTydasix, KOTAa pa3Mephl
HEPOBHOCTEW COM3MEPUMBI C pazMepaMu Bceil KOH-
TPOTUPYEMON MOBEPXHOCTH, MPOBOMIT HU3MEPECHUE
pa3MepoB U300pakeHUs TYCHKHU KOOPIUHATHOM CeT-
KH, U3 KOTOPOTO BBIUYUTAIOT PACUCTHHIN pazMep 3TO-
r0 N300paskeHus, paBHbIM X* = x(g+h)/g.

Pacuer xoopmunar X u Y He mnpexncrasi-
eT 3arpyaHeHuii. CMmeleHue H300paKCHHH SUSeK

HE TPUBOJUT K M3MEHEHHUIO KOJIMYECTBA DJIEMEHTOB
n3o0pakenus. IloaToMy KoopmWHATBI BBEIOpAHHOM
TOYKA MOXHO BBIYHCIUTH MPOCTHIM yYMHOKEHHEM
MOPSZIKOBOTO HOMEpa 3JIEMEHTa Ha ero pa3Mep B Ha-
MpaBjieHUH ocu X win Y-

X

i (5)

= l'x|j

= const’

Y=o (6)

CrnoxHee OOCTOUT JENO C OIpEeleleHneM KO-
OpAMHATHI Z,-f DTO BO3MOYKHO TOJIBKO HAa OCHOBAHUU
M3MEpPEeHHH CMEIIeHNH H300pakKeHUH KOOpAHWHAT-
HOM ceTkn. MI3MeHeHne BeTUIHHEI Zl,j ONPEIEISIETCS
CMENIeHNEM H300paKeHHs KaK KOHTPOJIHPYEMOTO
AIIEMEHTA, TaK U MPEIBIAYIIEeT0, IPUYeM BKIIa]] CMe-
[ICHUS N300pakeHus IPEABIYIIEro 3JIeMEeHTa B JIBa
pasa Bbie. O4eBHIHO, ¥ 3TO OyAET NOKa3aHO HIXKE,
YTO TPUpAIIEHUE BEINIHHBI ZU oTpesieNsieTcsl TaH-
TEHCOM yIJIa HaKJIOHA KOHTPOJHPYEMOTO DJIEMEHTa
K TUTOCKOCTH KOHTPOJIUPYEMOU MTOBEPXHOCTH, OIIpe-
nenseMoro kak Ax/2h. 3uauenue ZI, IUIS psizia, COCTO-
SIIETO U3 HECKOJIBKUX AIIEMEHTOB M300pKEHHUS ITPH
Jj = const, SBISIETCS CyMMOHW NPUPAIICHUN OTIETb-
HBIX 3JIEMEHTOB M MOXET OBITh BBIPAKEHO KaK:

i—1
kg,
2h n=1

i

JxAx,
4h

2y

(7

Ha pucynke 2 mnpuBeneHa cxema oOpa3oBa-
HUSl CMELICHUSI M300pa’KCHMsI 3JIEMEHTOB IOBEPX-
HOCTH, TOSICHSIONIAs COOTHOILEHUE MEXKIY YIJIaMH
MaaloMuX ¥ OTPAKEHHBIX Jy4el, a Ha pUCyHKe 3
NpUBECHA CXeMa, MOsACHSIomas (OpMUPOBAHHUE
npoduis nosepxHocTtd. Hanmunme HEpoBHOCTH Ha
KOHTPOJIMPYEMOH MOBEPXHOCTH IPUBOAUT K CMelLie-
HUIO U300pa’keHus ee AeMEeHTOB. CBET OT TOYEYHO-
ro MCTOYHHUKA S, PaclOOXEHHOI'O HA PACCTOSHUH
g OT KOHTPOJIMPYEMOH [TOBEPXHOCTH, AIaeT Ha 3Jie-
MEHT KOHTPOJIUPYEMOI MOBEPXHOCTU AB C HEKOTO-
poil kpuBHU3HOM paanycoMm R ¢ ueHTpoM B Touke O.
Touka A TaHHOTO 3JIE€MEHTa COBIIAAACT C IOJIOKCHU-
€M X,, COOTBETCTBYIOIIMM HJICANBHOH IUIOCKOCTH,
a Touka B OTKJIIOHEHA OT 3TOH MAeanbHOMN IIOCKO-
ctu Ha BenumuuHy Az = x,B. Ilpumem, 4ro pasmep
KOHTPOJIMPYEMOT0 3JIEMEHTa MOBEPXHOCTH [OCTa-
TOYHO MaJjl, U U3MEHEHUEM pajuyca ero KpUBU3HbBI
OT TOYKHU A 110 TOUYkH B MOKHO TipeHeOpeus. Pa3zmep
KOHTPOJIMPYEMOTO 3JI€MEHTa 4B B IJIaHE BJOJb OCH
X, mpuHaIexalend IUIOCKOCTH KOHTPOJIHUPYEMOM
TIOBEPXHOCTH, COCTABJIAET BENMYUHY X = Xx,. KoH-
TPOJIUPYEMBIH JIEMEHT JaeT Ha SKpaHe, pacrosio-
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JKEHHOM OT KOHTPOJIMPYEMOH MOBEPXHOCTH Ha pac-
CTOSIHUU /1, N300pakeHHe BIOJIb COOTBETCTBYIOIICH
ocu X*, mpuHaaneKalei IIoCKOCTH dKpaHa, pa3Me-
pom x"+ Ax = x,"x.,". Ha ocHOBaHMM reoMeTpuyecKoit
ONTUKU JIETKO ONPEACIUTh COOTHOILECHHE MEXKIY
yriamu o (tga = x/R) u B (tgf = x/g). B cnydae ot-
CYTCTBHS KPHUBU3HBI KOHTPOJIHMPYEMOH MOBEPXHO-
CTH pa3Mep H300pakeHUsI COCTABUII Obl BEIMYHHY
x* = x,*x,* = x(g+h)/g. Benmunna cmemenus uso-
OpakeHMsI Kpasi KOHTPOJIMPYEMOTO BJIEMEHTa, CO-
OTBETCTBYIOLIETO TOYKE B, OT MOJIOXKEHHUs, COOT-
BETCTBYIOIIETO MICaTbHON IUIOCKOCTH (anee — u3-
MEHEHHE Pa3MEpPOB JIEMEHTa B COOTBETCTBYIOILEM
HampasieHUHd X Win Y 1Mo OTHOLIGHHUIO K pasMmepy,
COOTBETCTBYIOILIEMY HJCAIbHON IJIOCKOCTH), CO-
CTaBISET BeMMUMHY Ax = x,*x*, KOTOPYHO MOXHO
BBIPA3UTh KaK:

Ax =hxtg(Ra—B+B) = hxtg2o. ®)
Orcrona:

tg2o = H

ga== ©)
WJIH JUTS. MJIBIX YTIIOB

Ax

too, = —. 10
ga=— (10)

ITockombKy XX, = X X,, TO BEJIMYUHY OTKJIOHE-
HUd Az = x3B MOBEPXHOCTU OT UJEAJIBHOU MIIOCKO-

CTHU MOXKHO 3aIThMCaTh KaK:

xAx

Az:—zxtgoc:——. (11)
2 4h
3HaK MUHYC YKa3bIBa€T Ha TO, YTO MOJOKUTEITb-
HBIE 3HAYEHUS CMemeHUsI AX COOTBETCTBYIOT OTPH-
LaTeabHbIM 3HaYeHUIM Az (T.e. nedekt umeet (op-
MY SIMKH).
W3 pucynka 2 BUAHO, 9TO BeJTMUnHA R CBA3aHa C
AX clIeTyI0IIUM COOTHOIIIEHUEM:

x  2hx

tga B E

R

(12)

DTO OTHOIIEHHUE MOXKHO KCIIOJIh30BaTh B CIIY-
yae HeoOXOIMUMOCTH JUIsl IPEIBAPUTEIBHON OLECHKH
panuyca KpUBH3HBI 1e(hEKTOB KOHTPOIUPYEMOU TO-
BEPXHOCTH C TOYKH 3pEHHUS 00ecTIeueHUsT He0OX0Ir-
MOTO yCJIOBHSI (DOPMHPOBAHHS €€ N300PaKeHHSI.

X
Z, =2,  + 2z, , +2, y =z, — xtgo, — 5 xtg(o, —o,) =z, —

'] J
.
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Pucynok 2 — OtpaxeHue cBeTa Ha KPHUBOJIMHEHHOM
Yy4acTKe MMOBEPXHOCTH

Figure 2 — Light reflection at a curvilinear section of
surface area

Terepp paccMOTpUM CMeIlleHHe N300paskeHus
U BOCCTAHOBJIEHHE TPOGUIS IMOBEPXHOCTH TpHU
HaJIMYUUd MHOXKECTBA JIEMEHTOB M300pakeHus. B
JAaHHOM Cily4ae HEOOXOJMMO y4ecTh HM3MCHEHHUE
paauyca KpUBHU3HBI KOHTPOJIUPYEMON TOBEPXHOCTH
MIpH Tepexojie OT OJHOTO AIEMEHTa K Apyromy. M3
pUCyHKa 3 MOXHO ONpPEIeIUTh MO3JIEMEHTHOE H3-
MEHEHUE BEJMYUHBI Z. 3@ TOYKY OTCUETA NPUMEM
HEKOTOPBIH 3JIEMEHT HM300pa)KCHHUs, PaCIOI0KEH-
HBIA Ha Oe37e()eKTHOM ydacTKe MOBEPXHOCTH, T.€.
COOTBETCTBYOIIMI ycoButo z, = 0 u x; = 0. Be-
JINYMHA OTKJIOHEHHUS Z IOBEPXHOCTH OT UICATbHOM
IJIOCKOCTH JUISl IEPBOTO DJIEMEHTA B TOYKE X, CO-
CTaBJISIeT:

xAx,

4h (13)

X
zlzzo—zxtgocl:zo—

I[JISI BTOPOTO 3JICMCHTA OTKJIIOHCHHUE COCTOUT U3
TPEX COCTABJIAIOIINX:

xAx,  xAx,

14
2h 4h (9
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AHaIOrn4HoO 115 MOCICAYIOIIHNX 2JICMCHTOB!

Z3 =231+ 23, + 233 = 2, — Xtga, —%x tg(o; —o,) =z — sz;;l - xfzz — xf;l% (15)
T =z b Zay +Ze = 2y — yAx,  xAx,  xAx;  xAx, . (16)

A e O

y

T 0 [£5) [£E] 2
X0 X1 ko) X3 X4 X

PI/leHOK 3 — DieMeHTHI I/1306pa)K6HI/I${ 1 COOTBETCTBYIOIINEC UM 3JIEMCHTBI IOBEPXHOCTU

Figure 3 — Image elements and corresponding surface elements

OO6mas popmyrna yiss KOOPUHATHI Z, BIOJIL OCH Ou4eBUIHO, YTO pACUETHBIC 3HAUEHUS JIJISI OJTHO-
X (T.e. mpoduab KOHTPOIMPYEMOH IIOBEPXHOCTH TO M TOTO )K€ JIEMEHTA, MOJTy4YeHHbIC 10 (hopMyam
BJI0JIb OCH X) IPUHUMAET CIEIYIONUI BHUI: s Z. v Zj, JIOJKHBI OBITH MTPAKTUYECKH OIMHAKOBBI-

MU C YYETOM IOI'pCHIHOCTH H3MepeHHﬁ, €CJIM KOOp-
(17) JHUHATBI Zi/' HUCXOJHBIX TOUYCK OJNMHAKOBBEI, T.C. Z0i = Z/'O'

7 x < xAx,
=z —

i 0 75 — n 4h |j:const'
"~ PaCCMOTpI/IM HECKOJIBKO IIPUMEPOB pacyuera pe-

AHanoru4Hoe BbIpakeHue Uit mpoduist Broiap — AIPHBIX CTPYKTYP.
ocu Y. Ha pucynke 4 npuBezieHa TOnorpaMmma KpeMHH-
€BOI IUIACTUHBI CO C(HOPMUPOBAHHBIMU CTPYKTypa-
. PR e A YAy, L (18) MM MHICTPAILHBIX CXEM, KOTOPas CBHICTENECTBYET
255 T 4k e 0 HAJIMYMM B HEHTPE IUIACTUHBI TOHOTPapHIECKOTO
nedekra. YBenmuueHHOe H300paxeHue JeeKTHON
obnmactu mpuBeneHo Ha pucyHke 5. Koaddurment
JMHEWHOTO YBEIMYCHHS TPHBEICHHOTO H300paxe-
HUSA K ICHCTBUTEIILHOMY N300pa)KEHHIO TOTIOTPAaMMBI
cocraBuJi 2,5. 3Ha4eHUs g U /1 Py MOYYEHUH TOIO-
X rpaMMbl cOCTaBWIA cooTBeTcTBeHHO 1,0 M 1 0,5 M.
Az, = _E(Axi—l + Ax)). (19 Tuamerp nnactunst cocrasmser 100 M, pasmep kpH-
cramia 4,00 x 4,65 mm, T.e. x = 4,00 MM, y = 4,65 MM.

[Mony4eHHble GOPMYITBI, HECMOTPS Ha KaXyILy-
10CS CIIOKHOCTB, JIOCTAaTOYHO IPOCTHI B TPUMEHe-
nuu. [lpu pacyere npoduiis K paHee NMOIyUYSHHOMY
3HAYEHUIO Z,_ TIPUOABISETCs BeMMInHa Az ;
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Pucynok 4 — TonorpamMmma moaynpoBOAHUKOBON KPEMHH-
€BOM TUTACTHHBI CO C(HOPMUPOBAHHBIMU CTPYKTYPAMHU
Figure 4 — Makyoh image of a semiconductor silicon
wafer with formed structures

""‘-*’ L e
RENENE
rrrrri
Pucynok 5 — Ompenenenue BeIMUYUHBI CMELICHHS HU30-
OpakeHUs ITEMEHTOB Ha TOMOTpaMMe

Figure 5 — Determination of a deviation value of elements
on a Makyoh image

B Tabmume 1 mpuBeneHsl pe3yabTaThl KOHTPO-
1 mpoduis nedexTa BIOIL HampaBiaeHus X. Be-
JMYMHA YBEJIMYEHHOTO CMEIIEHUs HM300parkeHUs
YUIIOB Ha MPHUBEIEHHOW TOmorpamMme o0O3HaueHa
KaK Ax *.

Benuunna cMmenienust n300pakeHusl YUIOB Ha
JIEHCTBUTENBHOM TOMOrpaMmMe 0003Ha4YEHa KaK Ax,
(Ax, = Ax*/2,5). 3nauenue Z* momyyanu myTem
MPSIMOTO M3MEPEHHUsT MPO(UIS ¢ MOMOIIBIO MHIHU-
KaTtopa MHOTOOOOPOTHOT'O C LIEHOM JiesieHust 1 MKM.
AHaJOTHMYHBIC PE3YJIbTaThl KOHTPOJS BAOJIb OCH Y
MpHUBEICHBI B Tabnuue 2.

Bo wu3bexanue ommOKM MpU OINpeAeseHUN
TOYKH OTCYETa B KAaueCTBE OPUEHTHpPA HCIOJb-
30BaJIM TECTOBBIH MOIYJb, UMCIOIINNA MHBIE Pa3-
Mephl U MOMEUCHHBIN cTpenkamu. M3 mpuBeneH-
HBIX JaHHBIX BHJIHO, YTO PE3yJbTaTbl KOHTPOJISI
C YYETOM OTHOCHUTEIBHO HEBBICOKOM TOYHOCTH H3-
MEpeHHUH, MPOBEJCHHBIX C MOMOIIBI0 MHOT0000-
POTHOTO MHAMKATOPA, XOPOLIO COTNIACYIOTCS IPYT
C APYyTOM.

Ha pucynke 6 mpuseaensl ¢ortorpadus (a)
u ToniorpamMma (b) KpEeMHUEBOH IIACTUHEI CO clie-
JaMU pe3Kd U cHOpPMHUPOBAHHBIMU Ha HEH TecTo-
BeiMU MOII xongencaropamu.

Ha pucyHke 7 npuBeleH reoMeTpudeCcKHH
npoIb 3TOW TUIACTHHBI BIOJIb HANpPaBIICHUS
AA (mogauu pexymiero Kpyra), moJry4YeHHbIN my-
TEM NIPsIMOTIO HU3MEPEHHUs] MHIUKATOPOM MHOTO-
000poTHBIM (a), a Takke pacdyeTHbIM nyTeMm (D)
Ha OCHOBAaHMM U3MEPEHUS CMEIIEHUS 3JIEMEHTOB
M300paKeHHUsT C MCIOJIB30BAHMEM BBIPAKCHHM

(17) u (19).

Tabnuya 1
Pe3yabTarsl KOHTpOJIsA npoduis AedexTa BI0Ib HanpaBaeHus X
Defect profile control results along X
i 0 1 2 3 4 5 6 7 8 9 10
Xiﬁ, mm 0 4 8 12 16 20 24 28 32 36 40
Ax, mm 0 1,0 3,0 5,5 5,0 1,5 -3,0 5,0 —4,5 -3,0 -0,5
Ax, mm 0 0,4 1,2 2,2 2,0 0,6 -1,2 -2,0 -1,8 -1,2 -0,2
Z _ypm 0 -0,8 —4,0 -10,8 -19,2 —24.4 -23,2 -16.,8 -9,2 -3,2 -0,4
Z ), um 0 0 =5 -10 -18 —22 —22 -15 —-10 —4 0
Tabauya 2
Pe3yabrarsl KOHTpOJIA npoduis AedekTa BI0Ib HAIPaBdeHus Y
Defect profile control results along Y
j 0 1 2 3 4 5 6 7 8
Y, mm 0 4,65 9,30 13,95 18,60 23,25 27,90 32,55 37,20
Ay/*, mm 0 1,5 3,5 5,5 4,0 -2 -6 —4 -2,5
Ay, mm 0 0,6 1,4 2,2 1,6 -0,8 —2,4 -1,6 -1,0
ZFM, pm 0 -1,4 —6,0 -14,4 -233 -25,1 -17,7 -84 -23
Z*i:”, pm 0 -1 -5 -12 —22 —22 -16 -8 -2
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a

b

Pucynok 6 — BHeniHuit Buj noiynpoBOJHUKOBOM CTPYKTYPBI CO ClielaMt Pe3Ku (¢) U ee onThyeckas Tornorpamma (b)

Figure 6 — Semiconducting structure with grinding marks (@) and its Makyoh image (b)
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Pucynok 7 — M3mepennstii (@) u pacueTHbIN (b) Mpohminm MOBEpXHOCTH IIACTHHBI CO CIIEIaMHU PE3KH

Figure 7 — Measured (@) and analytical (b) profiles of a wafer surface with grinding marks

B mepBom ciydae m3menenue mpodmiis oOy-
CIIOBJICHO KaK HEPOBHOCTHIO TOBEPXHOCTH, TaK H
W3MEHEHUEM TOIIIMHBI TUTACTHHBI, H XapaKTepHu3y-
eTCS MaKCUMyMOM IS 24-ro 3nemenTa (314 Mkm)
1 MUHAMYMOoM it 2-To anemernTa (302 mxm). Bo
BTOPOM — TOJIBKO HEPOBHOCTHIO MOBEPXHOCTH, T.C.
ciielaMu pe3kd. MakcuMmalibHOe pas3liiuhe B BbI-
core mpoduiad (8 MKM) MOIYUECHO MEXAYy 22-M H
24-m snemenTtamu. C y4eTOM ATOTO Pa3iUYHsl TI0-
Jy4eHHBIC TPOQUIN MOXHO CYHTATh COBIAIA0-

MUMHA. XapaKTepHOW YepTON TOTYUEHHBIX MPOpH-
JIeH SIBISICTCS] 3aMETHBIA TIIIO00pAa3HBIN XapakTep,
YTO CBSI3aHO C OCOOCHHOCTSIMH JTWHAMUKH ITpoIiecca
PE3KH.

3akaoueHue

[Ipennoxena mMeroauka pacdera MHUKpOTEoMe-
TPUUYECKUX MapaMeTPOB MOBEPXHOCTEH Ha OCHOBE
WU3MEpPEHUH HMCKaXEHHUsI H300pakeHust cHopMHPO-
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BaHHBIX HA HHUX CTPYKTyp. [loyueHbl BhIpasKeHUS,
CBSI3BIBAIONINEC BEIIMYMHY UCKKCHUS U300paKeHHUsI
Ha TOMOTpaMMax W TeOMeTpPHYECKHi mpoduib mo-
BEPXHOCTH, YTO MO3BOJIICT OCYIIECTBISTH KOJUYC-
CTBEHHBIN KOHTPOJIh HAOMOmaeMbIX AedekToB. [Ipu-
BEJICHBI IPUMEPBI pacueTa pealibHbIX Tororpadude-
CKHX Je(EKTOB.

[Mony4eHHbIe pe3yabTaThl MOTYT OBITh HCIIOb-
30BaHbl KaK B HMCCIIEAOBATEILCKUX IEIsX, TaK U B
YCIIOBHSX CEPUHHOTO MPOM3BOJACTBA JUIS ONEPATHB-
HOTO KOHTPOJISI U pa30paKOBKH MOTYTPOBOTHUKOBBIX
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Oco0eHHOCTH JIEKTPOMEXAHOAKYCTHYECKOTO
npeodpa3oBaHusl YHEPTUN NUINHAPUIECKUMHU
Mbe30KepaAMUYeCKNMHU M3JIy4aTeIsSIMU ¢ BHYTPEeHHUMH
IKPAHAMH B COCTaBe MJIOCKHX CHCTEM

Jleiiko A.I', Kangpauyk U.B., CBsiTHeHko0 A.O.

Hayuonanwnwiti mexnuyeckuti ynugepcumen Ykpaumvl
«Kuescruil norumexnuyeckuti uncmumym umenu Meops Cukopcrkozoy,
np. Ilo6eowt, 37, 2. Kues 03056, Yxpauna

Hocmynuna 23.01.2018
Ipunama k nevamu 28.02.2018

Paccmotpena 3agada n3mydeHus 3ByKa IUIOCKOH CHCTEMOM, 00pa30BaHHOW M3 HMJIMHIPUYECKUX MbE30-
KEepaMHUYECKUX M3JIy4areiel ¢ BHyTPEHHUMH aKyCTUYECKH MATKUMU dKpaHaMHu. [IpofonbHble ocu n3myyva-
TeJel mapajleNbHbI U JIeKaT B OTHOM MIIOCKOCTH. YKa3aHHas CUCTEMa XapaKTepu3yeTcs B3auMOAEHCTBUEM
ANEKTPUIECKUX, MEXaHUUECKUX M aKyCTHUECKUX TOJIeH B Mpolecce NpeoOdpa3oBaHus U3TydaTesIMU JICK-
TPUYECKON SHEPrUM B aKyCTUYECKYIO U B3aWMOJEHCTBHEM aKyCTUYECKUX MOJel n3nmyuaresneil B mporecce
(opMupoBaHus TOJIEH B OKpyXKatolux cpefax. Llenbio paboThl SBIAIOCH ONpeieieHue 3aKOHOMEPHOCTEH
3NIEKTPOMEXAHOAKYCTHYECKOTO MTPeoOpa3oBaHus SHEPTHH IUIHMHIPUUECKUMHU MhE30KePaMUYECKUMH H3ITY-
YaTesIMHA ¢ BHYTPEHHUMH IKPaHaMHU B COCTaBE TUIOCKHX CHCTEM C yUETOM BCEX BHIOB B3aWMOECHCTBHSL.

WccnenoBannsi OCyIIECTBISUINCh METOAOM CBSI3aHHBIX TTOJIEH B MHOTOCBSA3HBIX 00JAacTAX C IpHBIIE-
YEHUEM TEOPEM CIIOKEHHUS AJIS1 IMIMHIAPUYECKUX BOJNHOBBIX (GyHKUMH. Pu3ndeckue Mmojsi, BOSHUKAOLINE
IIPY U3JIyYEHUHN 3BYKa TaKOW CUCTEMOH, ONpEesIeHbl ITyTEM COBMECTHOTO PEIIEHUs cUCTeMBbI AU depeHIn-
AJbHBIX YPaBHEHUI: BOJHOBOIO yPaBHEHUS; YPAaBHEHUH JBIKCHHS TOHKHX IbE30KEPAMHUUECKUX 000JI0UEK
B IIEPEMEILCHMAX; YPABHEHHH BBIHY)KICHHON 3JIEKTPOCTATUKH JUIS NTbE30KEPAMUKH IIPU 3aJaHHBIX TPaHNY-
HBIX YCIIOBHSIX, YCIOBHUSX CONPSKEHUS TOJIEH Ha TpaHnIax paszaesia MHOTOCBSI3HBIX 00IacTel U 3eKTpude-
CKUX yCJIOBHSIX.

Pemienne 3aauu CBEEHO K PEIICHUIO OECKOHEYHON CUCTEMBbl JTMHEHHBIX aNreOpandecKiux ypaBHEHUH
OTHOCHTENIFHO HEU3BECTHBIX KOA(PPHUINEHTOB Pa3JIOKEHUH MOJICH B PAIBI IO BOJIHOBBIM (DYHKLIUSIM.

AHanu3 pe3yinbTaToB YNCIEHHBIX PACU€TOB, BBIITOJHEHHBIX HA OCHOBE MOJYUYEHHBIX aHAIUTHYECKHUX CO-
OTHOUICHUH, TO3BOJIMII yCTAHOBUTD Psifl 3aKOHOMEPHOCTEH B DJIEKTPOMEXaHOAKYCTHYECKOM MTPeoOpa3oBaHuN
SHEPIrUM U3Ty4aTessIMHU B COCTaBe IUIOCKUX cucTeM. [Ipu 3ToM yuTeHbI: B3auMoielicTBIE MOJIeH B IIpoliecce
peoOpazoBaHMs YHEPTUH; B3aUMO/IEHCTBHE U3ITydaTesIell U CUCTEMBI [0 aKyCTUYECKOMY TOJII0; CTETIeHb Ha-
PYUIEHHS pagualbHON CHMMETPHH aKyCTHYECKOTO HAarpy KeHUs U3lTydaTesieil OT BETUYUHBI aKyCTHYECKOTO
B3aMMOJICHCTBHS; MHOTOMOJJOBOCTh MEXaHWYECKUX TOJIEH M3IIydaTesiell B COCTaBe IIOCKON CHCTEMBI U 3a-
BHCHUMOCTb TIepepacIipe/IeIeHNs] SJHEPTUU MEXIy MOJIaMHU KOJIeOaHWH OT CTETIeHN HApYUICHHUS PaguallbHON
CUMMETPHHU aKyCTHYECKOTO HarpyXeHUs H3Jydareineil.

KarwueBsbie ciioBa: npeoOpa3oBaHue SHEPrUM; aKyCTHUECKOE B3aWMOJICHCTBHUE; IIOCKAsi CUCTEMa; [IUJIUH-
JPUYECKUH MTbe30KEPAMUUYECKHII U3ITydarellb.
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by cylindrical piezoceramic transducers with internal screens
in composition of flat systems
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Abstract

The problem of sound emission is considered by a system formed from cylindrical piezoceramic ra-
diators with internal acoustically soft screens. Longitudinal axis of emitters lie in one plane. This system
is characterized by the interaction of electric, mechanical and acoustic fields in the process of conversion
electrical energy to acoustical energy and acoustic fields in the process of forming them in the environments.
The purpose of the work is to determine the peculiarities of the electromechanical acoustic transformation
of energy by cylindrical piezoceramic radiators with internal screens in the composition of flat systems,
taking into account all types of interaction.

The research was carried out by the method of bound fields in multiply connected domains with
the use of addition theorems for the cylindrical wave functions. The physical fields arising from the emis-
sion of sound by such a system are determined by the joint solution of the system of differential equations:
the wave equation; equations of motion of thin piezoceramic shells with circular polarization in displace-
ments; the equations of forced electrostatics for piezoceramics at given boundary conditions, the conditions
of conjugation of fields at the boundaries of the division of domains and electric conditions.

The solution of the problem is reduced to the solution of an infinite system of linear algebraic equations
with respect to unknown coefficients of field expansions.

An analysis of the results of numerical calculations, performed on the basis of the obtained analytical
relations, called to establish a number of features in the electromechanical acoustic transformation of energy
by emitters in the composition of flat systems. They include: the role of acoustic interaction in the process
of energy conversion; determination of the mechanism of quantitative assessment of the influence of interac-
tion on these processes; the dependence of the degree of violation of the radial symmetry of the acoustic load-
ing of the emitters on the amount of acoustic interaction; the appearance of multimodality of the mechanical
field of emitters in the structure of the plane system and the dependence of the redistribution of energy be-
tween all modes on the degree of disturbance of the radial symmetry of the acoustic loading of the emitters.

Keywords: energy conversion; acoustic interaction; flat system; cylindrical piezoceramic emitter.
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BBenenue

[TpakTHueckas peasn3alys CHUKEHHS Pabouux
9acTOT KOPaOEIbHBIX T'HAPOJIOKAIMOHHBIX CHCTEM
[1] nns yBeIMYEHUS UX NAaJbHOCTH MPU COXPAHEHUU
HarpaBJIeHHBIX CBOMCTB I'MAPOAKYCTHUECKIX aHTCHH
1 pa3MepOB TPAHCIIOPTHBIX OTCEKOB AJISl pa3MELLCHUs
9TUX aHTEHH O00yCJIOBHMJIa HEOOXOANMOCThH IOMCKA
HOBBIX TIOIXOAOB K MOCTPOCHUIO TAaKMX AaHTCHH.
OmHuM M3 TakMX MOAXOIOB SBJISAETCS MEPEHOC
BHEITHUX aKyCTHYECKUX 3KPAHOB, OOBIYHO IMOKPHI-
BAIOIIMX YacThb M3JIydyarolle MOBEPXHOCTH LH-
JUHAPUYECKUX U3NIydaresnedl s (GopMHpOBaHUS
OIHOCTOPOHHEH  HAmNpaBJIECHHOCTU aHTEHH [2],
BO BHYTPEHHIOIO TOJIOCTh M3imyuareseil. IIpu stom
BHYTPEHHHE IIOJIOCTH H3JIydaTeiedl IOJKHBI OBITH
3aMoJIHEHBI KUJIKOU cpenoi [3—4], a pa3zMelieHHbIe
B HUX 9KpaHbl — OBbITh IMJIMHAPHYECKHUMHU U UMETh
MO0 HECUMMETPUIHYTO GOpMY, THOO HE OCECHMMET-
pUYHOE PACIIONOXKEHHUE, JTHO0 U TO U apyroe [4-5].

N3 ¢dusmueckux cooOpakeHUH sICHO, 4TO IMpH
paboTe MIOCKOM cUcTeMbl, 00pa30BaHHON U3 LIUIUH-
IPUYECKUX  TbE30KEPAMUUYECKUX  H3JIydaresei
C MapajuieNbHBIMA  TPOAOJIBHBIMUA  OCSIMH, JIeXKa-
IIMMH B OJHOH IUIOCKOCTH, M BHYTPEHHUMH
OWIMHAPUYECKUMH ~ DKpaHaMH, BO3HHKACT DAL
3 QeKTOB B3aUMOICHCTBHS BOJHOBBIX MPOLIECCOB.
[IpeoOpazoBaHue 3NEKTPUUECKON HEPTHUHM B aKyc-
THUYECKYIO CONPSDKEHO CO B3aUMOJCHCTBHEM 3Je-
KTPUYECKUX, MEXaHMYECKHX M  aKyCTHYECKHX
BOJIHOBBIX mosiel [4, 6]. @opMupoBaHUE aKyCTHYEC-
KHX TOJICH BO BHYTPEHHHX MOJIOCTSAX H3JIydarelieit
COIIPOBOXKAACTCS B3aMMOACHCTBUEM MEXAaHMUYECKHX
KoNeOaHUM WX TIbE30KepaMUYECKUX  000JI0YeK
co cpenamu [3, 4] U BHYTPEHHUMHU SKpaHAMHU H3ITy-
yareneit [4, 5]. [lpu popMupoBaHHH K€ aKyCTHIECKUX
nojied B yHOPYyrol cpene, OKPY:KaIoIIEH IITOCKYIO
W3JTy4alollyl0 CHCTEMY, BOSHUKAET B3aUMOJICHCTBUE
MEXaHUYECKUX KOJICOaHUH M3ITydyaresieil ¢ BHELIHEH
Cpeoil 1 MHOTOKpATHBIH mporecc oOMeHa H3ITydeH-
HBIMH M PACCESIHHBIMH AaKyCTHYECKUMM BOJHAMHU
B CHCTEME, ONpEIEeNsIEMbI Kak B3anMOJCHCTBHUE
M3y4daTesiell o akyCTHYecKoMy oo [2, 3, 7-9].

W3BectHo [2—4, 10], 4TO UMIMHIPUYECKUE
MbE30KEPAMUUYECKHE H3IIyyaTesld OObIYHO BO3OYXK-
JTAIOTCS PAAUAIBHO CUMMETPUYHBIM 3JIEKTPUIECKUM
HanpspKeHUEeM, 4TO OOECTeUMBACT «3aKauHMBAHHE
B HUX JICKTPUYECKOH 3HEPrHU TOJBKO Ha HyJEBOM
MOJIe UX MEXaHHUECKUX KOJICOaHHH U, KaK CIIC/ICTBHE,
panuanbHyI0 CUMMETPHUIO 9THX KOJIeOaHUi U co3aa-
BaGMbIX HMMH aKyCTHYECKUX Iojel mpu pabore
W3JTydaTens BHE CHCTEMBI.

EcTtecTBeHHBIM cIIEICTBHEM HANUYUS YKa3aH-
HBIX BBIIIC B3aUMOICHCTBUI (PH3MUECKUX TTOJICH
SBISIETC TIOTeps IMIMHIPHYECKUMH IThe30Kepa-
MHYECKHMH W3ITydaTesIMH TIpu paboTe B cocTaBe
MJIOCKOM CHUCTEMbl DPAJIUAIbHOW CHUMMETPUU HUX
MEXaHIYECKOTO W aKyCTHIECKOTO HAarpyKeHHS.

DT HapyIIeHUs paiaTbHON CHMMETPHHU aKyc-
TUYECKUX M MEXaHWYECKHX TMOoJel 00yCIOBIMBAIOT
MOSIBJICHNE B MEXaHWYECKOM TIOJie W3JTydaresei,
TTOMHMO OJTHOM COOCTBEHHOM (POPMBI X KOJICOaHUH,
nocreAyomux Moa. Ilpu sToM amMmmuTyasl Koie-
0aHMI TOCIEAYIONIMX MOJ CPaBHUMBI C aMIUIH-
TyIOU KoJIeOaHUi HylIeBOH MofbI [4, 6]. DTO 3HAUMT,
YTO B JaHHOM CIIy9ac IMPOUCXOAUT 3PPEKTUBHOE
nepepacrpeeseHne «3aKkaauBaeMoi») B U3ITydaTeNn
SHEPTHH MEXAYy BCEMH MOAaMH  KOJEeOaHMA.
TakuMm oOpazoMm, B TpoIiecce MpeoOpa3oBaHUs
ANIEKTPUYECKON HSHEPrHM B MEXaHWYECKYI0 IMpH
M3JIy4YEHUHU 3ByKa HCCIEAyeMOM CHCTeMOU TpH-
HUMAaeT yd4acTHe TOJIbKO OJHa, HyJeBas Moja
KoJIeOaHui m3mydareneit. J[pyriue BHOBb BOSHHUKITTHE
MOJBI Ha 3TOM JTame Tmporecca TNpeoOpa3zoBaHUs
JNIEKTPUYECKON DJHEPTUM B aAKyCTUYECKYI0 He
y4acTBYIOT. B To ke BpeMs »Heprus BCeX MOJ
MEXaHHYEeCKOTO TIOJNsl Tpeodpasyercss B IHEPTHIO
aKyCTHYECKOTO TIOJs. B KOMWYecTBEHHOM OTHOIIIE-
HUU 3TU MPOIECCHI 3aBUCAT OT MHOTUX (PH3UIECKIX
(hakTOPOB W TIPENCTABISAIOT OOJNBIIOW WHTEPEC
B MIPHUKJIAJHOM TIIaHE.

enpio manHO# pabOTHI SIBISIOCH OTPEACTICHUE
3aKOHOMEPHOCTEH MEXaHOAKyCTHYECKOTO Ipeodpa-
30BaHMsI DHEPTUH IMbe30KePAMHUYECKUMHU IIHITHH]I-
PUYECKAMH W3IyYaTessIMH C BHYTPEHHUMH JKpaHa-
MH B COCTaBE TIOCKMX CHCTEM C YIeTOM BCEX BUIOB
B3aUMOJACHUCTBHUS.

OcHoBHAfl YaCTh

Paccmotpum 3amady 00 M3ITydeHHH 3ByKa CHC-
TeMoil (pucyHok 1), oOpa3oBaHHON W3 KOHEYHOTO
yrcna N OSCKOHEYHO JJIMHHBIX KPYTOBBIX IIMJIMH-
JPUYECKHUX HU3JIydaTelieid, NpOoAOJIbHBIE OCH KO-
TOPBIX MapaJUIeNbHbl M JISKAT B OIHOHM IIOCKOCTH
Ha PacCTOSHUM [, 1pyr OT apyra (s = 1, ..., N). Kax-
JbI M3TyYaresib CO CPEIHHM PaJMyCOM 7, W TOJI-
IMHOW CTEHKH /i 00pa3oBaH M3 HKECTKO CKIEEHHBIX
MEK/Ty COOO0M Mbe30KePaMUIECKUX MTPU3M C HAHECEH-
HBIMH Ha WX OOKOBBIE TUIOCKHE MOBEPXHOCTH JJICK-
TpogaMu. DIEKTPHYESCKU MPU3MBI BKITFOYCHBI Mapa-
JIeTIbHO, Onarofaps 4eMy BEKTOpbl HallpsHKEHHOCTH
ANEKTPHYECKOTO MO U MEXaHWYECKUX JedopMarnit
napauieNibHbl (OKpyxHas nossipuzanms). [lostomy
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M3TyYaTenn BO30YXKTAIOTCS Ha HYJIEBOM MoOJe WX
MEeXaHWYEeCKUX KONMeOaHWd SJIEKTPHUECKUM Harpsi-
xenueM y® = y e, rae ® — Kpyrosas 4acroTa.
BHyTpeHHss oJ0CTh u3myvaresei 3arnoiHeHa cpeion
C INIOTHOCTBIO P ¥ CKOPOCTHIO 3BYKa . B a10it cpe-
Jie pacrioiaraercsi aKkyCTHYECKH MSTKHWA JKpaH, BbI-
TTOJTHEHHBIN B BHIE CTUTONITHOTO KPYTOBOTO IFITHH/IPA

vy

[25

Pucynok 1 — HopmasibHOE ceueHHe MII0CKON CUCTEMBI

Figure 1 — Normal section of flat system

B maremarudeckoM IiaHe 3aj1a4a OmpeieIeHHs
(bm3nyeckux mose, NPUHUMAOIINX YYacThe B Ipe-
00pa30BaHUU DIIEKTPUUYECKON YHEPTHH B aKyCTHYe-
CKyI0 U (DOPMHUPOBAHHH MTOCIIETHEH B OKPYKAIOIIIX
CUCTEMY Cpe/iax, CBOIUTCS K COBMECTHOMY pellie-
HUIO CUCTEMbI AU PepeHINATLHBIX YPaBHEHHH, CO-
CTOSIIIeH sl s-T0 uanmydarens (s = 1, ..., N) u3:

— BOJTHOBOTO YpaBHEHWsI, OMUCHIBAIOIIETO JIBH-
KCHHE YIPYTUX Cpel BHYTPH M BHE HW3JIydaresiei
CHUCTEMBI:

S 2 ) = ()
Aq)i(g) + k ,-S(I),-(q) - 0? (1)
— YPaBHEHHUM JBUXKECHMSI TOHKUX IIbE30KEpa-

MUYECKUX OOO0JIOYEK C OKPYKHOH MOJIsIpU3aIueii
B IEPEMELIEHUSX:

U, oW, oW,
(1+Bs) 2S + ZS =(XS’YS 2S
dp;  09; ot
2 4 2
B, aal? - aaW B aaU WS g0
(O} (ON (08 Cs3g
+ o'sqrs =qQ aZWV .
h SYS atz ?

s

— YpaBHEHMH BBIHY)KJCHHOW 3JIEKTPOCTaTUKU ISt
MIbE€30KEPAMUKH:

E =—grady . divD, =0.

3nech A — oneparop Jlamnaca; ¢ — moTeHnuam cko-
POCTH aKyCTHYECKOTo Tons BHyTpu ¢ = ¢, u BHE
¢ = ¢ s-ro msmyuarens; k, — BOTHOBBIE YHMCIIA
cpen BHyTpu /1 k, =k, W BHe k= k s-ro nsmy4arens,

paauycoM q, . IIpononbHas ock 9KpaHa napajuiesbHa
MIPOJIOIBHOM OCH M3ITydarels, CIBUHYTa OTHOCHUTEIh-
HO Hee Ha paccrostHue [, ., v yron ¢, . Cucrema
M3JTydaTesieil pacroaraeTcs B ynpyroii cpene ¢ Boji-
HOBBIMH COTIPOTHBIIEHHEM pc. CHCTEMBI KOOpAWHAT
Y JIOTIOTHUTEJIbHBIE YaCTUYHBIC 00JIACTH, BBEICHHBIC
JUTSL pEeTlIeHus 3a/1a4H, TIPeICTaBIeHa Ha pUCYHKeE 1.

Ug, VVV — OKpPY’KHas W paauvajibHasg COCTABJIAIOIIUC
BCKTOpa CMCI]_ICHI/Iﬁ TOYCK CpCHHHHOﬁ MMOBCPXHOCTHU
000JI0UKHU S—TO H3JIy4areiid;

2 2 2
B _ hs 1+ e33s o = rOs .
12t Bk )t B

0s 3358335 Ciag

g, — BHELIHSSA paJMallMOHHAs HArpy3Ka $—TO M3-
nydarens; ¢, €, e, . Y — COOTBETCTBEHHO MO-
Jylnb  YIPYTOCTH MPHU HYJIEBOH 3IEKTPUYECKON Ha-
MPSDKEHHOCTH, JAMIEKTpUYEcKas IMPOHUIAEMOCTh
npy HyJeBOH nedopManuy, Nbe30KOHCTaHTa, IIOT-
HOCTh Marepuana Ibe30KePaMUIECKOH OO00I0UKH
s-ro m3nyvarens; E u D — BeKTOpbI HAIPSXKEHHOCTH
1 MHYKIUH JIEKTPUIECKOrO MOJIs.

IIpuBeneHHbIe ypaBHEHUS OIOJHSIOTCS TIpa-
HUYHBIMH YCJIOBUSIMH U YCJIOBUSIMH COMPSIKEHUS
aKyCTHUYECKHUX I0JIel Ha TpaHMLaX paslieia qacTHy-
HBIX 00MacTel, NPUHUMAIOIIUMH BUL:

q)gY)(am@x) :07ax :(X’Ox; OS ®x SZn, N :1?"'7N; (4)

ool ow. h
- =—=,0< <mr=r=r ——=;0)
61’5 81‘ |(Ps| K 2s Os 2
ob oW h
——=—",0<5p,|Sm; 1, =1, =1, ——; (6
o o o, L= O
G =—q_ =-— @ _ 6&5” 0<| |<n's—1 N, (7)
rs qrs - p 81‘ ps 61‘ ’ = (ps it R A ]
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— (s)
rac D= Z qDI — [IOTCHIMAJI CKOPOCTH MOJHOTI'O 110~
s=1

JIsL U3JTYYCHUSA paCCManI/IBaeMOfI CHUCTCMBEI; er — HOp-
MaJjibHasgd COCTABJAKOINAsA TCEH30pa MCEXAaHUYCCKUX
HaHpH)KGHI/Iﬁ B MBC30KCPAMHUKE S§-I'O HU3JTYyHATCJIA.

SJICKTpPI‘IeCKI/IC YCJIOBUA COCTOAT B 3aJlaHUUN
HAIPsKEHHOCTU  3JICKTPUYCCKOIO IO B IMbE30-
KepaMH‘leCKOﬁ 000J10UKe KaXXA0ro M3jydarceiis

(s=1, ..., N) cucteMbl B BUJC:
-V, M,
E, =—%"s @®)
2nr,

rae M — 4ucio mapajiesabHO BKIKOYEHHBIX MbE30-
KEePaMHUUECKUX TPU3M B 000JIOUKE S-TO M3ITydaTes.
[lepeuncneHnble yCI0BUs JOMOIMHSAIOTCS yCIOBUSMH
W3Ty4eHUs] Ha OCCKOHEYHOCTH.

Pemenne paccmarpuBaeMod 3amaun  Oynem
WCKaTh METO/IOM CBSI3aHHBIX I10JIE B MHOTOCBSI3HBIX
obmactsix [2, 4]. J1ns 9TOTO TIpEAICTaBUM BBIpAKCHHE
JUTS. MEXaHUYECKHUX U aKyCTHYECKHUX TIOJIEH cIieayto-
LIMMH Pa3TOKEHUSIMH B PSLIBL:

a‘,e =ZO[ (k(x)}e s os=1.,N;

U =D U, " W, =>W,e"; ©)
=> A8 (k) e™,

TJIE MCITOJIB30BaHbBI TPAIUITHIOHHBIE 0003HAYCHHUS 11~
muHApUYeckuX GyHKIui. [IpuMeHenne rpaHuaHOTO

)+D

(D(Y) (’,.Y , (pq

ycioBusi (4) TO3BOJSET MPEACTABUTH IMOCIEIHES
U3 BeIpakeHuii (9) B Buue:

(k,a,)
R

m

o\ (a,.0,) N, (ko) |e™. (10)

OCcoOEeHHOCTh pelIeHUs paccMaTpuBacMoi 3a-
Jlaud COCTOUT B TOM, UTO BCE aKyCTHUCCKHUE MOJIS 3a-
JIaHBI B CBOMX JIOKAIbHBIX KOOPJAMHATHBIX CUCTEMAX.
[ToaToMYy J1J151 KICTIOIB30BAHUS YCIOBHUI COMPSIKCHUS
(5) u (6) HEOOXOAMMO BBIPA3UTh MX B KOOPUHATAX
COOTBETCTBYIOIET0 M3iydaress. [lepeHoc cucrem
KOOp/IMHAT 00eCIIeUNUBAETCS C TOMOIIIBIO TEOPEM CII0-
JKSHUS ISl IAJTUHAPUYSCKUX BOJTHOBBIX (DYHKIIMIA:

H\) (k)™ = ZJ (kr )H,
Jo(ka)é =0,
Vot ) =S, (k

(kr ) i(m— VI)QDL{‘ elﬂw\ ;

i(m-)00c0,

J, (kr,)e™™; (11)

Os'Os )e

i(m=n)9og0s ino,
()7 Os ) Nn (k.r’.'v )e ' b

e s, [ . .7 @, Py, — TOMAPHBIC KOOPIAUHATHI Ha-
Jajia KOOpAMHATHOM cucTeMbl O, B KOOp/IMHATAX CH-
creM ¢ HayanamMu O u O'.

Anrebpaunzarusi QYHKIIHOHAIBHBIX ypaBHEHHM
(1)—(3), (5) u (6) c yuerom Bbeipaxenuii (7)—(11)
Ha OCHOBE CBOMCTB TOJHOTHI U OPTOrOHAJIBHOCTH
CHCTEM YyIIOBBIX (QyHKIMH Ha uHTepBane [0, 2m]
MIO3BOJISICT MOJYYHTH AJISI OTHICKAHUSI HEM3BECTHBIX
ko3 urmeHToB pasznoxenuit (9) crenyromryto oec-
KOHEYHYIO CHCTEMY JIMHEHHBIX anreOpandecKux
YPaBHEHUI:

J' (kl’ ) (1) i(n—-m)o . /4
+ -H,” \kr)e " =ic——"—;
q¢s
>, (kszo \ )” A (k) =ie
m o (12)
N
R OHY (k) + Z;ZA ‘1), (kr,, )" T |-
N Z;s "
i(m=v)®g,0, s €335 IP M
- -v (kle;Ox ) e | " s Agnz (ksrs ) cZEzS 47_[2 Q\E )>

m = —x, 09 0, }’l:—O0,0,00; V=

e MTPUX 03HAYaeT MPOU3BOIHYIO (QYHKIMH;

—0, Oa 0,
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J ( o ) Ha ocHOBe MoJTy4eHHbBIX COOTHOIICHUH Ha PH-
AE;; =J, ( k,r, ) _Im A5 TO0s ) N, ( k. ); Mepe IUIOCKOH CHCTeMBbI, 0Opa30BaHHON M3 Tpex
N, (kSOLOS) HJICHTHYHBIX H3IIydaTelieil ¢ BHYTPCHHUMH JKpaHa-
2 2 (v = 0): MH, ONPEICTHM 3aKOHOMEPHOCTH MEXaHOAKyCTHYC-
Q(S) — J' e de. = Ty="4) CKOTO IPe0Opa30BaHisl SHEPTHH €€ ITbe30KepaMude-

! 0 P l0(v=0); CKUMH U3JTyYaTelsIMH.
5 Pacyersl BBITOMHSIIACH JUTS CIEIYIOLIHMX XapaKTe-

3 .

) (Bsn + n) s PUCTHK U IapaMeTPOB M3ITydareneil i CHCTEMBI: ITbe30-
R = (1 B )n2 o —1+Bn" —oa,y, kepamuka LITBC-3 ¢ y=7210 kr/w’, e,,==38,896 Ki/m%;
: g C,,=13,6:10"°H/M; &9, =7002,8-10"2 D/vi; M=48; W =

[Tocne mpoBeaeHust psia OPOLEAYp MO peryisi- =200 B; 4=0,008 m; r,=0,068 m; pc=p ¢, =1,5-10° kr/m’;
pu3anuu cucteMsl (12) oHa MOXKET ObITh pazpennMa rp= 1,=0,139 »; =02r; [, =r, — h2 — o-
MCTOAOM PCAYKIIMH. -0,003 m; @, .=90°% f M3MensUIach ot 0 o 20 kI

0.15 h —WanyyaTtenb Ne1 1 Ne3 (Trancducer Ne1 and Ne3)
n ---NanyyaTtenb Ne2(Trancducer Ne 2)
B -—QOpgunHoYHbIN n3nyyatens (One Trancducer)
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Pucynok 2 — YacTOTHBIE 3aBHCUMOCTH aMIUIUTY/ PaJualbHON KoJIeOaTenbHOW CKOPOCTH M3nmydaTenei (a) u e€ Mox
JUIsl CPEAMHHBIX ¢ HOMepoM 2 (b) u kpaitHux ¢ Homepamu 1 u 3 (¢) u3nyuaresneil B coctaBe CUCTEMBI M BHE ee (KpH-

Bas 1) B Toukax ¢ koopaunaramu (r, = 0,072 m, ¢ = 90°)

Figure 2 — Frequency dependences of amplitudes of radial vibrational emitter speed (a) and its mode for the middle
number 2 (b) and the last with numbers | and 3 (c) emitters in the system and outside it (curve 1) at points with

coordinates (r, = 0,072 M, ¢ = 90°)

B kagecTtBe mccieayeMbIX OBLIH BBIOpPAHBI Ya-
CTOTHBIC W YIJIOBbIE 3aBUCHMOCTH aMILIUTYJ KOJe-
0aTeNbHON CKOPOCTH M aKyCTUYECKOTO JaBIICHUS
Ha MOBEPXHOCTH M3Nydarenend. PesynpraThl pacue-
TOB TIPEIICTABIICHBI HA PUCYHKAxX 2—4.

AHanu3 TPUBEACHHBIX pE3YJIbTaTOB CBHJIE-
TEJIBCTBYET O CIIOKHOM XapakTepe MpeoOpa3oBaHMs
AIIEKTPUYECKON PHEPTHU B aKyCTHIECKYIO B TIPOIIEC-
Ce U3JIyYeHHMs 3ByKa pacCMaTpruBaeMoOil CUCTEMOM.

Kax ye oTrmewasnock, 3Ta CIOKHOCTH CBf3a-
Ha C OOMJIMEM B3aMMOJCHCTBHUH, 0O0YCIOBICHHBIX
oOMeHaMH aKyCTHUYECKHMH BOJHAMH MEXKIY dJIe-
MEHTaMH CHCTEMBI B mporecce ee padoTsl. [lpen-
CTaBISIETCS HMHTEPECHBIM YCTAHOBUTH MEXaHU3M
BIIUSTHUS DTHX B3aWMOJCHCTBUI Ha (OPMHUPOBAHHUE
MEXaHMYECKOTO M aKyCTHYECKOTO IOJIeH H3Tydare-
JIell CUCTEMBI.

Kax wm3BectHO [5], mpu BBIOpaHHOM cCrIIOCOOE
AIIEKTPUYECKOTO HArpYKEHUsI HM3ITydaTeNieil B CHC-
TeMe B IWINHAPUYECKUX BOIO3ANOTHEHHBIX IThe-
30KepaMUICCKUX TPeoOpa3oBaTessiX BO30YKIacTCs
TOJIKO OffHa cOOCTBeHHas (popma KoyseOaHu U To-
3TOMY JOJDKHBI OBUTH CYyIIECTBOBATH TOJBKO JIBa
pe3oHaHca wmimydarenst (puUCyHOK 2a, KpuBas 1).
B T0 xe Bpemst peanbHbIe YaCTOTHBIE 3aBUCUMOCTHU
aMITTUTYZT KOJIeOaTeIbHBIX CKOPOCTEH HM3ydaresncit

B COCTaBe IJIOCKOM CHCTEMBI CYyIIECTBEHHO OTINYa-
10TCS (PUCYHOK 2a) OT OTIHCAaHHOM.
IIpoananuzupyemM 5TH 3aBUCUMOCTH. Bbraennm
B HHUX TPH 30HBI: TIEPBYIO (HU3KOYACTOTHYIO) 30HY
(f<6000 I'm), Bropyro (pe3OHAHCHYIO) 30HY
(6000 < < 14 000 I'm) 1 TpETHIO (BEICOKOYACTOTHYIO)
3oHy (f> 14 000 I'mr). Aramu3 rpaduKoB prUCyHKA 2a
CBUJICTENTLCTBYET O 3HAYUTEIILHOM yYBEITHMUCHUN KOJIH-
YeCcTBa MEXaHMUYECKHUX PE30HAHCOB IbE30KepamMuye-
CKHX M3ITydaTesici mpu paboTe uX B COCTaBE IIOCKOM
CHCTEMBI TI0 CPAaBHEHHUIO ¢ PabOTOM M3ITydaTesneii BHE
cuctembl. Oco00 MHTEPECHBIM MPENCTABISICTCS TTOSB-
JICHWE JTOTIOTHUTENBbHBIX MEXaHMYECKUX PE30HAHCOB
B TIEPBOM 30HE, I/I€ YaCTOTHI PE30HAHCOB OKa3bIBAIOT-
cs1 B (3—10 pa3) HIKe COOCTBEHHOH pe30HAHCHOM Ua-
CTOTHI MTbE30KEPAMUYECKIX O00OJI0YEeK H3TydaTesnei.
[Ipr >TOM aMIUIUTYTHO-4aCTOTHAs XapaKTEpHUCTHKA
(AUX) ka)xa0ro U3Iydaressi CHCTEMEI BO BTOPOI 30HE
MOJTHOCTBIO M3MEHsET cBoi BuA. Kpome Toro, AUX
KOJIeOaTeIFHBIX CKOPOCTEH M3Tydaresei 3aBUCIT OT
MecTa pacrnojokeHus: uaiydareneil B cucreme. Eciau
B IepBOil 30HE paznuuus Mexiy AUX uznnyqaresnei,
pacIoIoKeHHBIX BHYTPHU TIOCKOW CHCTEMBI (CpenH-
HBIX) U Ha €€ Kpasx (KpalHuX), SBJISIOTCS HeOOIbIIH-
MU, TO BO BTOPOIl U TPEThEU 30HAX 3TH pa3IUUHs CTa-
HOBATCS CyIIeCTBeHHBIMUA. OHH MIPOSIBIISIOTCS B TOM,
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YTO MPAKTUIECKN Ha BCEX YACTOTaX B OTHUX 30HAX aM-
TUTATYJIBI KOJIeOaTeThbHBIX CKOPOCTEH CPeINHHBIX H3-
Jydaresieil B HeCKOJIBKO Pa3 MPEBBIIIAI0T aMIUTATYIBI
CKOpOCTeH KoleOaHui KpaifHuX U3ITydaTesen.
AHanu3 KpUBBIX (PUCYHOK 2b, ¢) TIOKa3bIBaeT,
YTO TPUYUHON MPHOOpPETEHHS IMIUHAPUICCKIMH
M3ITydaTeNsiMi C SKPAaHOM B COCTaBe IUIOCKOH CH-
CTeMBl CBOWCTBA MHOTOPE30HAHCHOCTH SIBIISETCS
peoOpazoBaHe UX MEXaHMUECKHUX TOJIEH 1o/ BIIH-
STHIEM aKyCTHYECKOTO B3aWMOJIEHCTBHUS B MHOTO-
MosoBble. [lpw 3TOM aMITUTYaBI KoeOaTenbHBIX
CKOpPOCTEH OTHENBHBIX MOJ, CIEIyIOIINX 3a HyIe-
BOM, CpaBHUMBI IO BEJIMYMHE C aMIUIMTYJOH CKO-
pOCTH HYJIEBOW MOIBI, & B 00JaCTH HU3KUX YacTOT
BO MHOTO JI€CATKOB pa3 TpeBHImalT ee. VIMeHHO
TeHEPUPOBAHUEM ITHUX MOJl B MEXaHUYECKUX TOJISIX
n3nydareneil OObSACHSAETCS MOSIBICHHE, B YacTHO-
CTH, JTOTIOJIHUTENBHBIX MEXaHHYEeCKHUX PE30HAHCOB
B 30HE HM3KHUX YacCTOT. DTO BHIHO (PUCYHOK 2a) U3
COBIIAJIEHNSI PE30HAHCHBIX YACTOT U OJM30CTH BEJH-
YUH aMIUTUTY] KojeOaTenbHBIX cKkopocTedt Ha AUX
MIOJTHBIX KOJeOaTeNbHBIX CKOPOCTEH W3Iydarese
(pucynok 2a) n AUX kosneOaTenbHBIX CKOPOCTEH M3-
Jydarernieil Ha 3 THX Mojax (PUCYHOK 2b, c¢).
OO0paraer Ha ceOs BHIMaHHE TakKe U TOT (DakKT,
YTO MEXaHWYECKUE TN M3IyJaresieil IMEerOT HaOOphI
MOJI, pa3HbIE TI0 aMITIATYZE U (paze nx KonedareIbHBIX
CKOpOCTEil B 3aBUCHMOCTH KaK OT MECTa PacIoioKe-
HUS U3JTydaTeried B COCTaBE IUIOCKOM CHCTEMBI, TaK U
Ha Pa3HBIX YacCTOTax. JTHM OOBSCHSETCS pa3udie
AMIDTUTYITHBIX U (ha30BBIX YaCTOTHBIX XapaKTEPHUCTHUK
KpalHuX U CPETHUX M3Tydaresei INIOCKOU CHCTEMBIL.
YcTaHOBNICHHBIE BHIIIE 3aKOHOMEPHOCTH MeXa-
HUYECKHUX IOJIEH U3Tyvareneil B cOCTaBe IIIOCKUX CH-
CTE€M CBHUIETENHCTBYIOT O TOM, YTO B IAHHOM CITy4ae
npoucxomuT 3(pdeKkTUBHOE TepepacnpeneIeHne «3a-
KagqMBaeMOiD» SHEPTHH MEXy HECKOIBKIMH TTOCIEy-
romMH (hopMamu Kostebauuii namydareneit. [Ipu stom
TeHepUpYIOTCs He Bce (hopMbI KoebaHuid (Ha pUCYH-
Kax 2b, ¢), mepBasi ¥ TPEThsi MOZIa OTCYTCTBYIOT.
Bo3HuKHOBEHHE MHOTOMOIOBOCTH KOJeOaHHIA
LWIMHIPUYECKUX H3JIydyaTeeil B COCTaBe MIIOCKOM
CHCTEMBI HAXOIUT CBOE OTPAYKEHUE U B YITIOBBIX pac-
MIpeeTICHUSIX KoJIeOaTeTbHBIX CKOPOCTEH Ha TIOBEPX-
HOCTH u3nydareseil (pucyHok 3a). Bmecto ogHOpOI-
HOTO YTJIOBOTO pacrpe/eNieHus KojiebaTeIbHO CKO-
POCTH HMIIMHAPUYECKOTO U3ITydaTess ipy padoTe ero
BHE CHCTEMBI BOHUKAET CJIOKHOE YITIOBOE pacIipe/ie-
JIEHWE CKOPOCTH M3ITydaTells Mpy paboTe ero B COcTa-
B€ IUIOCKOM cucTeMbl. OHO XapaKTepU3yeTCsl ABYMS
3aKOHOMEPHOCTAMHU. Bo-TIepBhIX, YITIOBOE pactpe/ie-
JIeHWEe KOoieOaTelbHOW CKOPOCTH 3aBUCHT OT MECTa

PaCHONOKEHUsT U3IIydaTelis B IJIOCKOH cucteme. Bo-
BTOPBIX, OHO OTJIIMYAETCS 3HAUNTEIHLHON HEOTHOPO/I-
HOCTBIO pacIpefeNieHnsl aMILTUTY U (ha3 CKOPOCTH,
Pa3NAYHON TS pa3HBIX YaCTOT M3ITyUEHHSL.

EcrecTBeHHO, 94TO yCTaHOBJICHHBIE BBIIIIE CYIIlE-
CTBEHHBIC W3MEHEHUsI MEXaHHUUECKUX TOJeH IUITNH-
JIPUYECKHUX M3JTydaTeliell B COCTaBe TUIOCKUX CHCTEM
HaXOJIAT CBOE OTPakKEHHE U B IIpoIiecce mpeodpas3oBa-
HUS MEXaHMYECKOW YHEPTUH KOIeOaHU n3ydaTenei
B MX aKyCTHYECKyI0 dHepruto. OO 3TOM CBHUIETEIh-
cTBYIOT Tpaduku (pucyHku 3b u 4). AHaIH3 4acTOT-
HBIX 3aBHCHMOCTEH aMIUTATY]I aKyCTHYECKOTO JaBiie-
HUS (PUCYHOK 4) TOBOPHT O TOM, YTO BOZHUKHOBEHHE
MHOTOMOJIOBOCTH MEXaHUYECKHUX KOJIeOaH! H3ITyya-
Tenel, 00yCIIOBJICHHOE B3aUMOJICHCTBHEM aKyCTHYe-
CKHX MOJIEU IPU U3TYYCHHUH 3ByKa IIJIOCKOM CHUCTEMOH,
MIPUBOJIUT K PACIINPEHHUIO U 00OTAIIEHNIO UX CIIEKTPa
coOCTBEeHHBIX YacTOT. OCOOBIN TPaKTHICCKUI HMHTE-
pec CBs3aH ¢ TPOSBICHNUEM aKyCTUYECKHX PE30HaH-
COB Ha JIOTIOTHATEEHBIX YaCTOTaX B HU3KOYACTOTHOM
obmacty. 3HaueHws >TUX YactoT B (3—10) pa3 mMeHb-
1€ OCHOBHOM PE30HAHCHOW YacTOThl MbE30KEepaMH-
4ecKoil 000JIOYKH B BaKyyme, XOTS T€OMETPHUUYECKHE
pa3Mepbl H3TydaTesieil ocTanuch Heu3MeHHbIMU. [pu
3TOM aMIUTUTYAbl aKyCTUYECKUX JTaBICHUH COTMOCTa-
BHMBI C aMIUTUTYJAMU JIABIIEHUH aKyCTHIECKOTO TIOJIS
B 00JTaCTH OCHOBHOTO pe30HaHCa 000I0UeK H3Tydare-
neit. Takum oOpa3oM, 3(h(HheKTHBHOCTH TTpeodpa3zoBa-
HUSI MEXaHUYECKON PHEPTUH B aKyCTHUYECKYIO COXpa-
HSIETCS Ha 9aCTOTaX 3THX JIOTIOTHUTEIBHBIX PE30HAH-
COB, XOTSI TIPHA 3TOM PE30HAHCHAsI 00NacTh Cy)KaeTcs
B 10—15 pa3 1o cpaBHEHHIO C OCHOBHOM PE30HAHCHOM
001aCThI0 000JIOYKH.

Oco00 WHTEpPECHBIM TIPEICTABISIETCS TIOUCK
MeXaHu3Ma BIHSHUS aKyCTHYECKOTO B3aWMOJIEH-
CTBHSI JIEMEHTOB IUIOCKOM CHCTEMBI M3iIydaresei
C DKpaHaMH Ha TIPOIIECCHl MpeoOpa3oBaHUs B HUX
ANEKTPUUYECKOM PHEPrUuu B aKycTUUYEeCKyro. /s 3To-
ro oOparumcs K pUCYHKY 3b. AHaJIN3 MPUBEICHHBIX
3aBHCHMOCTEH CBHUJIETEIBCTBYET O TOM, UYTO PE3YIb-
TaTOM BIHUSHHUS aKyCTHYECKOTO B3aWMOJEHCTBHS
AIIEMEHTOB TIJIOCKOHM CHUCTEMBI SIBIISIETCA HapyLIeHHE
paanambHOW CHMMETPHH aKyCTHYECKOTO HarpyKe-
HUS LUWIMHAPUYECKUX H3Iydarened cucteMbl. M3-
BECTHO [4], YTO MPSIMBIM CJIEACTBHEM 3TOrO Hapy-
IIEHHS SBJISIETCSI BOZHUKHOBEHHE B MEXaHMYECKOM
[OJIE ATUX U3JIydaTesnel Mociaenyomux 3a HyJIeBOH
MO0 KoseOaHui. B koimuecTBeHHOM OTHOIICHHUH
crerneHb 3GGEKTHBHOTO TIepepacipeneacHus dHep-
TUH, 3aKaYUBAEMOM B U3JIy4aTeIu Ha HYJIEBOM MOJE,
MEX]Ty TTOCIEAYIOMUME (hopMaMu KolleOaHnui orpe-
JIENSIeTCS YPOBHEM aKyCTUYECKOTO B3aUMOJICHCTBHSL.
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Pucynok 3 — VYrioBble 3aBHCHMOCTH aMIUIATYX KOJeOaTeTbHOH CKOPOCTH (@) W aKyCTHYecKoro naBieHus (b)
Ha NOBEPXHOCTHU u3nyyarenei Ha yactote 11 kI'ng

Figure 3 — Angular dependences of the amplitudes of the vibrational velocity (a) and acoustic pressure (b) on the surface
of the radiators at a frequency of 11 kHz

Kak cnemyer w3 aHaymm3a cooTHoIeHuH (12), 5TOT  onpenensiercs BONHOBBIM —PACCTOSHUEM K 1,0

i 0
YPOBEHb 3aBHCHT OT 3HAYCHUS :%YHKL[I/H/I H (qus) U CTPEMHUTCS K HYIIO IIpH qus —00, OTO 3HaYUT,
n o
u J (kI ). @Oynkus H_ (quv) OIMCHIBAET  YTO IPH YBEIUUEHUI qu‘Y AKyCTUYECKOE B3aUMOJICHCTBHE
B3aMMOJICICTBHE MO  aKyCTHYECKOMY TIONFO BO  M3JIy4yarened B IUIOCKOW CHCTEME yMEHBIIAeTCs,

BHEIIHEH cpelie M3IydareNied IUIOCKOM CHCTEMBI C
Homepamu g u s (¢ = 1, ..., N; s = 1, ..., N) ipu oOmeHe
UMM  W3JIYYCHHBIMH M  OTPAXCHHBIMH  BOJIHAMH
C HOMepaMH 7 W m. 3Ha4eHHe O5TOH (yHKIMH

CIIC[ICTBUEM 4Yero SIBJISCTCS YMEHBIICHUE CTeleHH
HapyIICHUSI PAJHaIbHOM CHMMETPUH aKyCTUYECKOIO
Harpy>KeHus LIUTMHIPUYECKUX M3ITydarerieii U CHIDKSHUE
spdexTrBHOCTH OTOOpa BHEPrUM OT HYJICBOW MOJIBI
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Pucynok 4 — YacToTHble 3aBHCUMOCTH aMIUIMTYJ] aKyCTHYECKOTO MOJIS HAa MOBEPXHOCTH HU3Jydarelieii B cocraBe
CHCTEMBI B TOUKaX ¢ koopaunatamu (r, = 0,072 M, ¢ = 90°)

Figure 4 — The frequency dependences of the amplitudes of the acoustic field on the surface of the emitters in the system

at points with coordinates (, = 0,072 m, ¢ = 90°)

NoCTEeyoIMMA Mofiamu KosteOarmid. Tlpu J - (k[ )
9TOT BUJT B3aUMOJICHCTBHS UCUE3aCT.

®yukums  J, (k[ ) ONHCBIBaET  aKyCTH-
YeCcKOe B3aMMOCHCTBHE BO BHYTPECHHEHW 00IacTH
s-ro m3mydarens (s = 1, ..., N) Mexay aKyCTHICCKUM
9KpaHOM H MTbE30KepaMUIECKON 000TI0THON U3Tyda-
TeJs Py 0OMEHE MU H3Ty9€HHBIMA X OTPAKEHHBIMH
BOJTHAMH C HOMEpaMH 7 U m. 3HadYeHue 3ToN (QyHK-
LUK ONPENENACTCA BOJIHOBBIM PaccTosHuem k/ .
u crpemurcs K Hymo mpuk/ =0. Ilpu sTom
AMEIOT MECTO OIHMCAaHHBIC BBIINIE MOCIEACTBHS

JUTST aKyCTHYECKOTO B3aUMOJICUCTBHSI 3TOTO BHIA.

3akiaoueHne

MeToaoM CBsI3aHHBIX MOJ€Hl B MHOTOCBSI3HBIX
oOyacTsX pelieHa 3ajada W3Iy4YeHHs 3ByKa IUIO-
CKMMM CHUCTEMaMH IWIMHIPUYECKUX IbE30Kepa-
MUYECKUX U3Tydarenell C BHyTPEHHUMH YKpaHaMU.
[Ipn pemennn 3amaum y4TeHO B3aMMOJIEHCTBHE
(usnYecKux moyiell B mpouecce AeKPoMexXaHOaKy-
CTHYECKOTO MPeoOpa3oBaHMs YHEPTHH, B3aUMOICH-
CTBHE aKyCTHYECKHX IMOJeH U3ydaTesne cucTeMbl
BO BHEIIHEH cpene M B3aMMOAEHCTBUE aKyCTHYe-
CKUX IOJieHl SKpaHa MU MbE30KepaMUYECcKOll 000-
JIOUKM BO BHYTPEHHEH Cpejie Kaxa0ro M3aydaTesns
CUCTEMBI.

Ha ocHoBe nmosmyueHHBIX aHATUTUYECKUX COOT-
HOIIEHUI BBINOJIHEHbl pacyeTbl M MPOU3BEICH

aHaMM3 DJIEKTPOMEXaHOAKyCTUYEeCKOro Tpeobpa-
30BaHUS SHEPTUH N3ITydaTeIsIMI PacCMaTPUBAEMOTO
THTIA B COCTaBE IUIOCKHUX CHCTEM. YCTAHOBIIEH P
3aKOHOMEPHOCTE B STOM TNpeoOpa3oBaHWH, CBS-
3aHHBIX C AaKyCTHYECKHNMH B3aWMOJCHCTBHAMU
JJIEMEHTOB CHCTEM W H3JIydarerneil. DTH 3aKOHO-
MEPHOCTH MOTYT WTPaTh CYIMIECTBEHHYIO POJb MPH
MMOCTPOCHHUH TJIOCKUX CHUCTEM W3 IMINHAPHIECKIX
MMbE30KEPAMUYIECKUX H3ITydaTeNiell ¢ BHYTPEHHUMHU
SKpaHaMH W JIOJDKHBI YYHUTBHIBATHCS TIPH TPOEKTH-
POBaHUHU TAKUX CHUCTEM.
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KauecTBO M3MEPHUTENBHBIX CHCTEM CBEPXBBICOKOYACTOTHOTO JIMAIla30Ha, B TOM YHCJIE BEKTOPHBIX aHAJIN3aTOPOB
LIeTIe, BO MHOTOM 3aBHCHT OT JJOCTOBEPHOCTH HPOLENYP KATHMOPOBOK M HETIOCPEICTBEHHBIX M3MEPEHHH, KOTOPBIE 10-
3BOJISIFOT y4EeCTh MH(OPMALIUIO O BOCIIPOU3BOJMMBIX ITOTPEIIHOCTIX U3MEPHUTEIBHBIX CHCTEM IS TIOCJIELyoIIel Kop-
peKTUpOBKH. L{es1b10 paboThI ABISIIOCH MATEMATHUECKOE MOJICTUPOBAHNE MOTPEITHOCTEN N3MEPHUTEILHOI CHCTEMBI JUIs
0000IIIeHHOTO cITy4asi — 271-TIOTIOCHUKA.

PaccMoTpeHB! BOTIPOCH! MOBBIMICHNS! TOYHOCTH M3MEPHUTEIBHBIX CBEPXBBICOKOYACTOTHBIX CHCTEM 3a CUET KOM-
TICHCAIIMN CHCTEMAaTHYECKHUX MOTPEITHOCTEH, ONpeesieMblX pH KannOpoBke. KainbpoBka W3MEpPUTENBHBIX CHCTEM
1 KOPPEKTUPOBKA PE3yNIbTATOB HEMOCPEACTBEHHBIX N3MEPEHNUIT 110 pe3ysbTaraM KaJuOpOBKH TPEOyIOT UCTIOIb30BaHUS
COOTBETCTBYIOIIMX MAaTEeMaTHUECKUX MOJIeJIell morpemHocTeil. MaremaTiuecKie MOEIN HOrPEeNTHOCTEH MpecTaBis-
I0TCSI B BU/IE MHOTOTIOJIFOCHUKOB TIOTPELIHOCTEH, BKITIOYAEMbIX MEX/y 0OBEKTOM M3MEPEHHS U N3MEPUTEIBHON CHCTE-
MO, KOTOpast IpeAIoaraeTcs UAcalTbHOH, T.e. CBOOOTHOM OT IMOTPEUTHOCTEH.

B crarbe nmpeanokena 0000mEeHHAs MaTeMaTHIeCKasi MOAENb ITOTPEIIHOCTEH, ONMChIBAEMasi MHOTOIIOTIOCHUKOM
MIOTPEITHOCTEN, COIEPIKAIINM 7 TIOPTOB, COEAMHIEMBIX C 7-TIOPTOBOI U3MEPUTEILHON CHCTEMOH, U 7 TIOPTOB, COSIUHS-
€MBIX C /1 TOPTOM 00BeKTa u3MepeHus. s momydeHus B o0IeM BUAE ypaBHEHHS KalnOPOBKU AJIsl 21-TIOPTOBOM MO-
JIeTI MHOTOITOJTFOCHHUKA MOTPENTHOCTEH HCIONIb30BaHa €ro BOJIHOBAs MaTpHua repenadu 7], 3anucaHHas B KJIETOYHOM
BHJIE, @ 3aTE€M HaliIeHa CBSA3b MEKY PE3YJIbTaTOM U3MEPEHNN B MAaTPUYHOM BUJE C KJIETOUHON BOJHOBOM Marpuueit 7.
PaccMoTpeHo penienue st HaX0XKISHUS] MaTPULIbl HOTPEITHOCTEH MaTpUYHOTO YPABHEHHS, CBSI3BIBAIOIIIETO H3BECTHBIE
10 pe3yJbTaTaM COOTBETCTBYIOIIEH aTTeCTallMd MaTPUIIBI ISl STAJIOHOB € pe3yJbTaTaMi NU3MEPEHUH NpH KalnOpoBKe
B Marpu4HOoM BHJE. [Ipy pemennn 3Toro ypaBHeHMs 13-3a KIETOYHOH BOITHOBON MaTpHIb [ 7] MOSABISETCS MAaTPUUHOE
TIPOM3BEACHUE «CIHIBUYHOTO» THIIA. PemeHne BO3MOXKHO MTPU UCIIOIb30BaHUHM KPOHEKEPOBCKOTO MPON3BEICHHS JBYX
MaTpHll, oIepaTopa MepeMeNIeHNs] MaTPHIbl, RS-omepaTopa MaTpHIbl, a TaKXKe MeToza MckiatodeHus [aycca. ITomy-
YEHO ypaBHEHHE BOCCTAHOBIICHMS JCHCTBHTEIBHBIX 3HAYEHUH MaTPHIBl PACCESIHUS O0BEKTAa M3MEPEHUs, NCXOI U3
pe3yabTaToOB HEMOCPEACTBEHHBIX M3MEPEHHI B MAaTPUYHOM BHIE€ M MAaTPHIIBI TOrperHocTel. [Ipn pemenny ypaBHeHHs
BOCCTaHOBIICHHUS 11€1€CO00Pa3HO UCTIOIB30BaTh MAaTPHILy, HHBEPCHYIO K Marpuie nepenaqn [77.

Pa3paboranHas 0000IIeHHAss MaTeMaTHIecKasi MOJETb MOKET OBITh UCIIONIB30BaHa, HAIIPAMED, ITPH HEOOXOTUMOCTH
n3MepeHns napameTpoB ciaokHbIX CBY ycTpoicTB, BHIOMHEHHBIX Ha IUIaTax (MOMUIOKKAX), ¢ TEepPeXoaMH-30HAaMH K
N3MEPUTENBHBIM TIOPTaM, TI€ BaKHO YUNTHIBATh HAIMYHE JIONOIHUTENBHBIX yTedek CBY MOIHOCTH MEX /Ty TIOPTaMH.

KiaroueBrnlie ciioBa: CBCPXBBICOKHUE YaCTOThI, HpOI/I3BOJ'II>HI:II71 MHOTI'OITIOJIFOCHUK, MHOT'OITIOJTFOCHUK HOFpeIHHOCTeﬁ, Ma-
TPUYHOC YpaBHCHUC KaJ'II/I6pOBKI/I, MaTpUIHOC YPaBHCHHUEC HEIMOCPECACTBCHHOT'O U3MECPCHU.
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Abstract

The quality of measuring systems of the microwave range, including vector network analyzers, largely
depends on the reliability of calibration procedures and direct measurements, which allow to take into
account information about the reproducible errors of measuring systems for subsequent correction. The aim
of the paper is mathematical modeling of the errors of the measuring system for the generalized case for
2-n pole device.

The problems of increasing the accuracy of measuring microwave systems due to compensation of sys-
tematic errors determined during calibration are considered. Calibration of measuring systems and correction
of the results of direct measurements based on calibration results require the use of appropriate mathematical
models of errors. Mathematical models of errors are represented in the form of multipolar errors, included
between the object of measurement and the measuring system, which is assumed to be ideal, ie, free of errors.

The article proposes a generalized mathematical model of errors, described by a network of errors contain-
ing n ports connected to the n-port measuring system, and » ports connected to the n port of the measurement
object. To obtain in general form the calibration equation for the 2n-port model of the error multipolar network,
its transmission wave matrix [77], recorded in a cellular form, was used, and then a relationship was found
between the measurement result in a matrix form with the cellular wave matrix 7. A solution for finding the
error matrix of matrix equation that connects the matrices known from the results of the corresponding attesta-
tion for the standards with the results of measurements during calibration in the matrix form. When solving
this equation, a matrix product of «sandwich» type appears due to the cellular wave matrix [77]. The solution
is possible when using the Kronecker product of two matrix, the matrix translation operator, the RS operator
of the matrix, and the Gaussian elimination method. An equation is obtained for reconstructing the actual values
of the scattering matrix of the measurement object, starting from the results of direct measurements in the ma-
trix form and the error matrix. When solving the reconstruction equation, it is advisable to use a matrix inverse
to the transmission matrix [77.

The developed generalized mathematical model can be used, for example, when it is necessary to measure
the parameters of complex microwave devices made on boards (wafer), with probe transitions to measuring
ports, where it is important to consider the presence of additional microwave power leaks between ports.

Keywords: ultrahigh frequencies, arbitrary multipolar network, a network of errors, a matrix equation of
calibration, a matrix equation of direct measurement.
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BBenenue

[Ipouenypa kamuMOpPOBKM H3MEPUTEIBbHBIX CH-
CTEM CBEPXBBICOKOYACTOTHOTO [JHara3oHa, B TOM
Yucie BEKTOPHBIX aHAJINW3aTOPOB LENel, crocodHa
o0ecrieunTh MolydyeHHe HH(OpManuu O BOCIPO-
H3BOJUMBIX IOTPELIHOCTAX CHUCTEMBbl Ul IOCIe-
JyIoUeld KOPPEeKTHPOBKU HPU HEMOCPEACTBEHHBIX
n3Mepenusax [1-5]. Oto TpebyeT HCIOIB30BaHUS
COOTBETCTBYIOIIMX MAaTeMaTHYECKUX MoAeied mo-
rpemHocteil. CymectByeT Oosbloe pasHooOpasue
MoJieJIel TOrpelHOCTe U MpoLeayp KalauOpOBOK,
KOTOpbIE OTIMYAIOTCSl O CTEICHH CIIOXKHOCTH H
a¢pexruBHoctn [6—10]. Ho TumuvHO# 0coOEHHO-
CTBIO BCEX MpEAJIaraeMbIX MOAEIEH MOrpelHOCTeH
SIBJISIETCSL TIPE/ICTaBIICHUE MOBTOPSIOLINXCSA, T.€. CH-
CTEMaTU4YeCKUX IOTPELUIHOCTEH H3MEpPUTEIbHOM
CHCTEMBI IOCPEICTBOM HEKOTOPBIX MHOTOIIOJIIOCHU-
KOB IOTPELIHOCTEH, BKIIOYAEMbIX MEKAY 00bEKTOM
HU3MEPEHHUsT U M3MEPUTENIHOH CHUCTEMOM, KOTopas
IpeAarnonaraeTcs aeaibHOU, T.e. CBOOOIHON OT MO-
PELIHOCTEH.

B xadectBe MaremaTHdeckod MOJENTH HOrperl-
HOCTEH, MCIONBb3YeMO B caMOM OOLIeM cilyyae —
JUIL TIPOM3BOJIBHOTO MHOTOIOJIIOCHUKA C YHCIOM
MOPTOB 7 (C YHCIIOM TIOJIFOCOB COOTBETCTBEHHO 271),
C Y4YETOM MOTPEIIHOCTEH, BbI3bIBAEMBIX BO3MOKHO-
CTSMH YTECUEK CHUTHAJIa 3a CUET CBA3EH MEXIy BCEMH
rapamu OpPTOB, MOXKET ObITh UCIOJIB30BaH MHOTOIIO-
JIFOCHUK MOTPEIIHOCTEN B BUAE 41-TI0JIOCHUKA, KOTO-
PBIi B 3KBUBAJICHTHOW CXEME U3MEPEHUSI CBSI3bIBACT
N-TIOPTOBBIH OOBEKT M3MEPEHHsI CO CBOOOAHOWM OT
MOTPEIIHOCTEN A-TIOPTOBOM M3MEPUTENBHON CHCTE-
Moii. [Ipu 3TOM Bce cucTeMaTniecKue MorpeHoCTH
HU3MEPUTENBHON CHCTEMBI MPEACTABISIIOTCS TOCPE-
CTBOM IMapaMETPOB MaTpullbl paccesHus [E] 3Toro
21 -IOPTOBOTO MHOTOIOJIFOCHHUKA TIOTPELIHOCTEH.

MHOTOMOIOCHUK MOTPEIIHOCTEH B TAKOM CIIy-
yae COACPKUT n mopToB (i = 1, 1), coenuHsIEMbIX
C n-MOPTOBOM U3MEPUTENBHON CUCTEMOH, U 71 TIOPTOB
(j = n + 1,2n) noacoeAnHIEMBIX K 1 TIOPTaM O0BEK-
Ta u3Mepenus. [lepBas rpynmna nopToB mpeacTaBisi-
eT co0oii BXOJbl MHOTOIOJIFOCHUKA MOTPEIIHOCTEH,
Ha KOTOPBIX OIIPEACIISIIOTCS H3MEpPsIeMble TapaMeTPhbl
Marpulbl paccesHus [S ] oobekra n3mepenns (OU),
a BTOpasi IPpyIIa MOPTOB MPEICTaBIAET COOON BBIXO/BI,
K KOTOPBIM «IIOZIKITIOYECHBD) ACHCTBUTENbHBIC 3HAYCHHUS
napameTpoB Marpuiibl paccestuus [S ] OU.

Lenpto paboOThl  SIBISUIOCH MaTeMaTH4eCKOe
MOZICIMPOBAHUE  TOTPEHIHOCTEH  M3MEPUTEIbHON
cucTeMbl Uil OO0OOIIEHHOIro ciydass — clydas
2n-TIONIOCHUKA.

Maremaruuyeckasi MoJeJ b KaJUOPOBKH U He-

MOCPEACTBEHHOTO H3MepPEeHMsI

0O00011IeHHas MaTeMaTH4YecKasi MOJIEIb U3Mepe-
HUS [T 27-TIOJFOCHUKA TIPUBE/ICHA Ha PUCYHKE.

MHDPOHDmOCl'I!U‘!K O6BeKT HzMepeHus
—! norpenmocTed —
S Sx
1 Y pa—
2 . n+2— [S ]
3 — [E"] n+3— *
n— L an —

Pucynox — O6o0meHHast MaTeMaTH4YeCcKasi MOJIENb H3Me-
peHust s 2n-TIOMIOCHUKA

Figure — Generalized mathematical model of measure-
ment for 2n-polyusnik

s KOMMYeCcTBEHHOTO ONUCAHMS B MaTpUy-
HOM BHJE€ MHOTOIOJIIOCHUKA IOIPEIIHOCTEN Ha
KaXJIOH YacToTe HEOOXOAMMO HMMETh MaKCHUMYyM
(2n)* He3aBHCHMBIX KOMIUICKCHBIX ITapamMeTpOB.
[Ipym 3TOM ONTHMAaNBHBIM MPEICTABIAETCS BapH-
aHT YCTaHOBIIEHHUSI COOTBETCTBUS MEXIY MOpPTaMu
i=1,n Bxomau nopramu j =n + 1,2n BbIXOAA, IpU
KOTOPOM JIO0OH M3 71 CUTHAJBHBIX IyTEH MEXIy
BXOJIOM I U COOTBETCTBYIOIIMM BBIXOAHBIM IOP-
TOM j = [ + n MOXHO paccMaTpHUBaTh KaK «IIPSIMOM»
MyTh, B TO BpeMs Kak JIOOOH Ipyrodl myTb MOXK-
HO CUHTATh MPEACTABISIOUIUM CUTHAIBl YTEUKH.
Torga u3 obmero uncna mytedt n(2n — 1) uMerT-
cs 2n(n — 1) myTeil yTeuku U n MPSMBIX MyTeH H,
KakK CJEICTBHE ATOro, M3 odmiero yucna (2n)* He-
3aBUCHUMBIX KOMIUIEKCHBIX [1apaMeTpOB, ONMHCHIBA-
IOIIUX MHOTOTIONIOCHHUK TOTpenrHocTel, 4n(n — 1)
rapaMeTpoB MPEACTABISAIOT CUTHAJIBI YTEUKU U 4n
apaMeTpoB ONMMCHIBAIOT MPAMbIE Ty TH.

B curyanusax HyneBbIX yTeuek, Korjia CyliecTBY-
IOT TOJIBKO MpPSIMBIE MyTH CUTHAJOB, 2n-TIOPTOBas
CXeéMa MHOTOIOJIOCHUKA IOTPEIIHOCTEH MOXKET
OBITH pacuienyieHa MO FOPU30HTAIN Ha /1 JBYXIIOp-
TOBBIX CXEM, HEMOCPEICTBEHHO CBS3BIBAIOIINX CO-
OTBETCTBYIOIIME BXOJBI M BBIXOABI. B 3TOM citydae
MaTrpuyHoe npeacrasieHue [E] Oyner comepxarb 4n
HEHYJIEBBIX ITapaMeTpoB U 4n(n — 1) HyneBbIX.

Jns momydenust B oOmeM BuAe ypaBHEHHS
KaJHOPOBKH TPH 27-TIOPTOBOW MOAEIH MHOIOIO-
JIFOCHUKA MOTPEUIHOCTEN MOXHO HCIOJIb30BATh €TI0
BOJTHOBYIO MarpuLly nepeaauu [ 7] mopsiaxa (2nx2n),
3alUChIBAEMYIO B KJIETOYHOM BHJE, U 3aTE€M HalTH
CBA3b M3MEPEHHON Matpuibl paccesuus [S ] OU
C €ro MaTpuIen paccestHus [S |, BeIpakaeMou yepes
MaTpUILBI-KJIETKH BOJIHOBOW MaTpuiis! [77.
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Marpuna [7] 2n-TIOPTOBOTO MHOTOIIOIIOCHH-
Ka TIOTPENIHOCTEH CBSI3bIBACT MATPHILY MaJTAIONIHX
¥ OTPaKCHHBIX BOJIH BXOJIa @, U b, ¢ MaTpuuei naja-
IOIIMX W OTP@KCHHBIX BOJH BBIXOXA ¢, U b, B cOOT-

BETCTBHH ¢ MaTPUYHBIM BhIpakeHuEM [1]:

[a,] _ [b/J _|:[T:m] [T;b]:| b;
La]}m inieslis H W
re:
_al ] _bl i _an+1 1 _bn+1 i
[ai]: a; 1 [b,,]= bl ; [a]}: :af ’ [b.f]= bl
L9 _}7,1 ] _;’z n _.bz n

Ecmn paccMarpuBaTb BOJIHBI CO CTOPOHBI 005b-
CKTa U3MEPCHUA, TO POJIM BOJIH aj u bj BbIXOJAa MHO-
TOMOJIOCHUKA MNOTPCIITHOCTU B3dWMMHO MCHSIOTCH,
T. €. BOJIHBI bj pPacnpocCcTpaHssaACh OT HCIHU MHOI'OIIO0-

JlaHHOE ypaBHEHHE MOXKET OBbITH PaCHICIUICHO
TOPU3OHTAJIBHO HA JIBa MaTpUYHBIX YPaBHCHUS I10-
psnka (nxn):

®)
(6)

la] =T, ISI*IT, Db
(6] = (T, IS ]+T,DIb].

VYpaBHenue (5) MOXKeT ObITh PEIICHO OTHOCH-
TEJIbHO MAaTPULbI [bj] [IEPEMHOKEHUEM Ha MATpULLy
([T S 1+[T ])"; mpu 5TOM momydaem:

()] (7

CpaBHuBas oy4eHHOE BhIpaxkeHne (7) ¢ orpe-
JENIEHUEM MaTpHUIIbl paccesnus [S ] mopsaxa (nxn)
Ha BXOJIC MHOTOTIOJFOCHUKA ITOTPEITHOCTEH

[b]1=1S,]la], (®)

UMeeM:
T

(TS IHT, DAT IS I+ [T,D )

OTO ypaBHEHHUE MOKA3bIBACT, KAK UETHIPE KJie-
tounbte marpuust [T 1, [7,], [7, ], [T,,] marpust

ha

[S,]

JIFOCHUKA TOTPEITHOCTEH, M0 OTHOMICHHUIO K 00BhEeK-
Ty M3MEPEHUSI SIBIISIOTCS MAJAIOIUMK, B TO BpeMs
KaK BOJIHBI @, MAJalONIMe Ha LEMb MHOTOMONKOCHH-
Ka MOTPENIHOCTEH, PACTIPOCTPAHSIOTCS OT O0BEKTa
uaMepenus. Kak cienctBue JTaHHOTO OOCTOSATEINb-
CTBA BOJIHBI @; COOTHOCATCS C BONHAMH b, 4epe3 Ma-
TpHILy paccesHus [S | mopsaka (nxn) Kax:

[a] = [S]b,] 2

Torzxa BOJIHBI a/_ n bj BbIXOJa MHOI'OIIOJIFOCHHUKA
HOFpCHIHOCTeﬁ MOTyT OBITh 3aMKCaHLI B BUC!:

4]
[“j }

rre [0] — myneBast marpunia mopsiaka (nxn); [1] — enu-
HUYHAs MaTpulla nopsaka (nxn).

[Ipu moncraHoBke BbIpaxeHus (3) B mpaByro
yacTh BbIpakeHHs (1), TpoBens MepeMHOKEHHE
OJIOUHBIX MaTpHII, TIOJYYUM MaTpHYHOE ypaBHEHHUE
nopsinka (2nx2n) Buaa

3)

: 4

nepena4u [7] 2n-IOPTOBOTO MHOTOMOIIOCHHUKA TIO-
IPENIHOCTEN CBA3BIBAIOT MaTpully [S ]| ¢ Marpuuei
[S.]. YpaBuenue (9) sBisieTcst B 0000IIEHHOM BHJIE
ypaBHEHHEM KaJTHOPOBKH H3MEpPUTEIBHOW CHCTe-
MBI, TIPE/ICTABISIEMOH 2/1-TTOTFOCHON 3KBUBAJIEHTHON
CXEMOH.

Ecnu st kanuOpoBKH MCTIONB3YeTCs V ATallo-
HOB (/=1, v) To B ciy4yae UCIIOIB30BaHUS [-TO 3TAJIO-
Ha ypaBHeHHUe (9) MOKET ObITh 3aITUCAHO KaK:

(st ]=n, ] [SF ]+ DAL [SF]+[T.D™ (o)

rae[S/] — u3BecTHas 10 pe3y/abTaTaM COOTBETCTBYIO-
Iei arTecTaly MaTpuiia /-ro STaloHa.

Bripaxxenne (10) ompenensier MaTpudHOe Tpe-
o0pasoBaHue u3BeCTHON MaTpuipl [S)] B Marpuiry
usmepenus [S ] nopsnka (nxn). Ilpeobpasosanue
(10) omuchIBaeT n-NIOPTOBOE OTPAKEHHWE HA BXOJE
JTaJoHa, TpaHC(HOPMHUPOBAHHOE Yepe3 27-TIOPTOBYIO
CXeMy.

[Ipu n = 1 MHOTOITOIFOCHUK TTOTPEIIHOCTEN CO-
Kpamaercsi 0 0OBIYHOTO YETHIPEXTIONIOCHUKA, Ma-
Tpunpl [S)] u [S /] cranoBaTcs MaTpuuamu mapa-
METPOB, NPEACTABIIAIOUINX 10 (i)I/ISI/IT-IeCKOMy CMBIC-
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my kod(h¢uImeHTsl oTpaxkenus, a [7] craHOBHUTCA
Matpurei 2-ro nopsaka. Beipakenue (10) B Takom
cllydae CBOJIUTCS K MPeoOPA30BAHUIO OTPAKEHHS OT
HArpy3KH C 3aJIaHHBIM HMIICJJAHCOM 4epe3 JIMHew-
HBIW YETHIPEXITOIIOCHUK.

[nb] I:Slk ] + [7}m ] - [Sz]fl][Tab][Slk :' - [Sfl][na]

rae [0] — HyseBast MaTpuIia MopsiaKa n’.

Kaxmoe mx 3Tux v ypaBHEHHH MOXeET OBITH
CBEICHO K PsIy U3 1° INHEHHBIX OTHOPOIHBIX ypaB-
HEHUU Ha BXOJI€ MHOTOIIOJIOCHHKA MOTPEIIHOCTEH,
onuckiBaeMoro [ 7]. Tak kak 3To MaTpuIia mopsiaKa 2n
1 OHA COIEPXKHUT (211)? HIIEMEHTOB, TO PEIICHHE YpaB-
Henus (11) TpeOyer B o0mmiem ciydae perieHds ye-
THIPEX CHCTEM YPaBHEHUH JIJISl YETHIPEX 1-TIOPTOBBIX
sTanioHoB. Eciau npu n = 2 pelieHue >TOW 3aja4yu
JUTSE Ka)KJTOTO 9TaJI0OHA MPECTABIISET JOCTaTOYHO XO-
potro pa3padoTaHHYIO MPOLEAYPY, TO MPH 7, OOIb-
UX 2, MOXKHO CTOJIKHYTBHCS CO CJIOKHOM 3a7a4yeil.

HccnemyeM BO3MOXHOCTD PEUICHUS YpaBHEHHS
(11) B marpuuHo#i (opMme Onmaromapsi BBIPAKCHUIO
knerounbix marpun (7 1, [T,], [T, ], [T,,] B Bume
MaTPHYHBIX QYHKIMHA OT MaTpPHII [Sul"] u [Sf]. Us-3a
HEKOMMYTATHBHOCTH MAaTpPHYHOTO  ITPOU3BENICHUS
U TIOABJICHHS KIIETOYHOM MaTpuilel [7),] B MATpUIHOM
npoussesieHuH «couasuanoro» suna [S [ [T,] [S)]
PEIIUTh CUCTEMY COOTBETCTBYIOIIMX CKAISIPHBIX JIU-
HEUHBIX yYpaBHEHUH He ynaeTrcsl. TeM He MeHee Mpo-
W3BEICHUE MATPHII «COHABUYHOTO» TUMa B (11) MOXK-
HO HCKITIOYUTD, IPUMEHSS MPeoOpa3oBaHue, UCIIOhb-
3yIOIIlee J1Ba MaTPUYHBIX OTeparopa — 3TO KpOHEKe-
poBckoe npousBeacHue [A]® [B] nByx marpun [A4]
u [B] 12 onieparop nepemerienus S([A]) marpurpl [A].

[Tpumensis k matpunam [A] u [B] 12-ro nopsia-
Ka (nXn) KpOHEKEPOBCKOE YMHOKEHHE, TOTYyJaroT

(st ] |rsm. )+ rsqr.)-([st e[5! ] JRs(7.)

[IpenMyIIecTBOM —IOJIYYEHHOTO  BBIPAXKCHHUS
(15) sBiseTcss TO, YTO BCE €r0 BEIUYMHBI SBISIOT-
Csl TIPOU3BEJCHUSIMH THITA MaTPHIIA-OMBEKTOpP OJIH-
HAKOBOTO TMOPSKA 7° U TEM CaMbIM MOJTy4aeMbie
ypaBHEHUSI MPUHUMAIOT BHJl CHUCTEMbI JIMHEHHBIX
OJTHOPOJIHBIX MaTPHYHBIX YPaBHEHUH JUIS YETBhIPEX
Bektopos-cronbuos  RS([T 1, RS([T,]1, RS([T,,],

RS(T,,D.

PaccmoTpum perrenne MaTpHIHOTO ypaBHEHMUS,
MpencTaBIeHHOTO B BeIpaxkeruu (10) [2].

MOoXHO TOKa3aTh, YTO JIF000€ U3 V MaTPUYHBIX
ypaBueHu#t (10) n-mopsmka MOXKET OBITH 3aIMMCAHO
KaK:

[0], (11)
(n*Xn*)-MaTpUYHOE MPOU3BEJCHHUE, B TO BPEMsl Kak
S-oneparop mpeobpasyer (nxn) wmarpuiy [A] B n’-
pa3mepHEIit BekTop-cronoer S([4]) mociiegoBaremns-
HOW TepeCTaHOBKOW CTOJIOIOB MaTpuIlel [A] B Bep-
TUKAJIBHOM TOpSAKE. AJBTEPHATUBHO MOXET OBITh
WCIIOJIB30BaH U RS-oneparop, BO3ACHCTBHE KOTOPOTO
AQHAJIOTHYHO BO3/ICHCTBHIO S-0TepaTtopa Ha TPAHCIIO-
HUpOBaHHYyIO Matpulty [4]7, T.e.:

RS([A]) = S([4]"). (12)

CnenoBarenbHo, RS([A]) sBIseTCS BEKTOPOM-
CTONIOIIOM Pa3MEPHOCTBIO 712, COMEPIKAIIUM TTOCIIe-
JOBATCJIbHO B BEPTHUKAJILHOM IIOPAJAKE CTPOKH Ma-
TpuIlsl [A4], moBepHyTHIe Ha 90° 110 YacOBOI CTpeEJIKe.

I/ICHOHLS}/H YKa3aHHBIC BbIIIC OIICPATOPhbI, MOXK-
HO U30aBUTHCS OT «COHABUYHOI'0» BUJa MaTpUIHOT'O
npousBencHus [A][B][C] B Bume oqHOMI U3 CIEIyIO-
mwx Gopm:

S[ATBIICD = ([B]"® [4D S(C]) (13)
HIIn
RS([A][BI[C]) = (4] ® [B])RS(CD. (14)

Ucnonesys Bropyto ¢gopmy 3amucu (14) u mo-
MOJTHSAS €AMHUYHON MaTpuLed n-ro MopsjaKa «He-
COHJIBUYHBIC) MPOU3BEACHUs, Boipaxenue (11) Mox-
HO IIPEJICTAaBUTh B BUJIE!

([S"]@[l])RS([ D=[0],

Ecan ucnonp3oBaTh IO MEHbBIIEH Mepe TpHU
n-TIOPTOBBIX JTaJIOHA, U3MEPAEMBIX B XOIE Kalu-
OpOBKHM M3MEPUTEIIBHOM cucTeMbl (V = 3), TO MOXK-
HO MOJTYYUTh TOUHBIC BEKTOPHBIE PEIICHUS CUCTEMBI
(15), mpumensist MeTo1 UCKIIFOYeHHs ['aycca B cOOT-
BETCTBUH CO CIEIYIONICH METOIUKOM.

s Tpex ypaBHeHHe KanuOpoBku (15) mMoxer
OBITH 3aIFICAHO B BH/IE CICAYIONINX TPEX YPaBHEHUH:

(15)

(e[s: 1 )&s ([m hrs (n. D~ st st T Hrs ([, D[St el rs (7, D=[0]:06
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([me[s: T s (7, D+ —s ([, D-([s%: J@[st | rs ([, D[St o[ As (7, h=[o]: a7)

([me[s: ] |rs (7, D+ rs (1, ([t J@[s: T RS (T, D[S @D RS ([T, D=[0]. (15

Brrunras Beipaxkenue (17) u3 Beipaskenust (16), momyaum:

[([1 o[st ] ) ([] [s:] )}RS Eb])—[([Sfle@[Sf})—([SL]@[S;T)]RS([Tab])_
[ ({8t Jo0)-([st. Jol) |&s (7. )=[ 1&s ([, 1)-[2: 1&S (7., ) - (19)

-[p, 13 (7., ])=0.
Borunras oipaenue (18) u3 (16), moxydum:
[(ne[st ])-(nels: ') |rs(im )-[ st Je st TH-[st Je[s: T rs(.)-
(st @D~k 18D RS (7, 1) =2, 1R (7 1)-[2: 1R (7 ) -[2, TR (17, 1) = 02"

YMHuoxas Beipakenue (19) Ha [D2 ]71 , a BeIpaxkenue (20) Ha [D5 ]71 , TIOJTydaeM:

{qunb]) (0.1 [D ]8RS ([T, ])=[D. ] ID]Rs([z;,,D 1)

RS([7, 1)+[D; ] [D RS( T, )= ] [Ds]RS([7,, ]). (22)
BeunTas BelpakeHue (22) u3 BoipakeHus (21), MMeeM ypaBHEHHe
([DI'[D, - [D,J" [D]) RSIT, ) = ([D,]'[D,]-[D,]"[D,] RXT,)), (23)
KOTOPOE MOXKET GbITh pelieHo oTHocuTenbHO RS[T ]):
RS[T 1= (D,I[D,]- [DJ'[DD'[D,I'[D,]-[DJ'[D,]) RS(T,,). (24)
TTonoGHBIM ke 05pasom, ymHoxkas Beipakenne (19) Ha [D,]", a (20) na [D,])" momyunw:
(0.1 [D.]8S([T,, 1)+ RS([T., ]) = [2. ][, ]RS ([T, )): (25)
(D] [0 1R (7, )+ RS ([T, ) = (2] [2.]RS (73, ]): (26)
Beranras BeIpakerne (26) 13 BoIpakeHHs (25), HMEeM ypaBHEHHE:
(D) [D,]-[DJ"[D ) RSIT,)=(D,'[D]-[D])"[D,])RST,,), (27)
KOTOPOE MO’KeT ObITh pellieHo oTHocuTenbHo RS([T,]):
RS[T,1=([D,]'[D,}- [DJ'[DI(D,]'[D,]}-[D]'[D,]) RS[T,,]. (28)

OxoHYaTeNbHO, MOICTABISS BeIpaxkeHns (24) u (28) B Beipakenue (17), momyanm:

rs(r,)=([s5 Jo[s ([ 20T [P )T [P -0 ] [P ]+
+([st Jel)([e.1" [p1-[0s]" [2.]) (el st T JRs (7).
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[omyuaennsie ypaBHeHus (24), (28) n (29) npencras- B pesynprare pemieHust ypaBHEHUS KaTHOpPOBKH

JISTFOT COOOH pertenst ypaBHeHHH kamropoBkH (16)—(18).  (15) monmyuaem:

rs([7, 1) =([2. 7" 2 )= ] " [ D)([2.] [0 ] [2.]) RS ([T, )

&s([7, ) =([0. 1" [0 -0 T (2 D) ([T [21-10,1" [0, 1) RS (7 1)

RS (] [([ Jest )T 2 -[0. 1 [2.0) (2R -I2 T [20)+ o)
+([s:1 J@[l])([Dz [0 1-[0,7" [0)) (2.1 [ 1-12,]" [20])-

~([e[s: 1)1rs(71);

RS(T,,) — npon3BONbHBIH, HEHYJIEBOH KOMILIEKCHBIH BEKTOP — CTONOEI MopsiIKa 7°,

e BCHOMOraTenbHble Marpuubl [D —D ] mopsgka — TPUYHOMN EPEMECHHO POU3BOJICH, TaK KaK MPOLECC

n*xn? ONpeessIOTCs CIEAYIOIMMI BEIPAKEHUSIMU:  MCKIIFOYEHHUs TIEpeMEeHHBIX 1Mo Metoxy [aycca mon-

; KEH IPOBOAUTHCS TakuM 00pa3oM, 4TOOBI JIFOOOI

[D1 ] ([1] ®|:Slk :I ) ([ ] ': ] ), U3 4eThIPEX KICTOYHBIX MaTpHil [ 7] MOT OBITh TIPOU3-

BOJIBHBIM, B TO BPEMsI KaK TPH JPYTHX OMPEACIISIOTCSI

[ D, ] :( ]@[ Sk ) ( i ]@ Sk ] )’ Kak MaTpiiHble (GYHKIMU B XOJIC BBITIOJHEHHS OTle-
panuii NCKITIOYEHH S, KaK OBLIO TIOKA3aHO BHIIIIE.

[ D, ] :( ® [1 ) ([ Su ) }® [1]); Hekortopbsie orpannyenus O"fHOCI/ITeJII)HE) Mpoun3-

BOJILHOCTH BBIOOpA HE3aBHCHMOM KJIETOYHOH MaTpH-

[ D ] _ ( [ ) ( I: o[ st ]T ) (31) 16l TEM HE MEHEE CYLIECTBYIOT. BO-TIepBhIX, SICHO, UTO

4 3 ’ OeCCMBICIIEHHO BBIOMpATh HYJEBYIO Marpuily. Bo-

. 7 BTOPBIX, HE TOAUTCS BHIOOP TAaKOM KIETOYHOM MaTpH-

[ 5 ]:( S 1 ] ) ([Su 3 ]®|:S3 ] )5 IbI, KOTOpas JIeJlaeT CHHTYIISPHOM TIOJHYI0 MaTpHILy

[T]. Kpome Toro, ypaBHEHHE KaTHOPOBKU JOJHKHO

[ 6] ([ 1] ) ([ ]®[1]) OBITh MHBAPHUAHTHO K BHIOOPY HE3aBHCHMOTO Kile-

TOYHOM MAaTPHIIBI, UTO TAK)KE HAKIAIBIBAET OIpPEIe-

Bripaxenus (30), ompeAensas MaTpUuHble pe-  JCHHBIC OrPAaHMYCHHUS HA IIPOU3BOIBHOCTH BBIOOpA.

LIEHUS YpaBHEHUS KaJ'II/I6pOBKI/I, 3aKJII0YAI0T HEKYIO B taxom cliy4daec, €CJIM B Ka4y€CTBE HE3aBUCHUMOM BBI-

CTereHb MPOM3BOJIBLHOCTH BHIOOpA MATPUYHOMN KieT- ~OpaHa, Kak B HAIIeM Cly4ae, KICTOYHas MaTpHIa
ku [7,,]. Beibop [7),] B KauecTBe HE3aBUCHMOH Ma- [7,,] n ona kommyTHpyeT co Beemn [S/], Torna:

(50 1= (5 008! T+l )((z )Lt ]+ ) =

k 1 -1 k 17! (32)
:([S/ ]"'[T;m][Tbb] )([Tab][Tbb] I:Sl :|+[T:za ][Tab] ) e
H, TaKUM 00pa3oM, TpeOyHOTCs TOJILKO TPH Marpuubl 1€ [R ], ..., [R,] — KI€TOUHbIE MATPHIbI HHBEPCHOM
(r,117,1"[T,][T,1"w [T ][T,]" nna onpenene-  marpuusl [R].
HUS MaTPUYHOTO Hpeo6pa3OBaHHsI COTJIACHO BBIpa- Pemass marpuuHoe ypaBHenue (33) mopsaka
skeruto (10). (2n*2n) OTHOCHUTEIHHO BOJH a, b AMEEM:

Jlnst BEIBOZIa ypaBHEHUST BOCCTaHOBIICHUS JICH- r r.] [T
CTBUTEJILHBIX 3HAYEHUH TTapaMeTpoB [S | mpeasapu- [ J } _[1]’ [ai} _ o
TEJILHO BBE/IEM MaTpully [R], HHBEPCHYIO K BOJIHO- a. } [bl. }
BOM Mar : J 7.1 ¢+ [ ]
puue nepenauu [77]: (34)

A7 | | )
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C yueToM CBs3M NAJAIOIIMX W PACCESHHBIX
BOJIH Ha BXOJI MHOTOIOIIOCHHKA [OTPEIIHOCTEH 4,
u b/_, ompenesnsieMol COOTHOIIeHHEM (8), a UMEHHO
b, =[S ] [a], moxHO 3amucaTh:

J

He ol

[a
[[ j
IloncranoBkoii BeIpaxkeHus (35) momydaem cie-
Jyroliee MaTpUIHOe ypaBHEHHE opsaka (2nx2n):

] 8] ¢ IO ¢ 0
(o] ] ¢ i) ¢ o)
M] IO [RI][

Lol |ys] ¢ &)

KOTOpPOC MOXKET OBITH PacIICTJICHO MO0 TOPU30HTAIN
Ha IBa MaTPpUYHBIX YPABHCHUA n-TIOPAAKA:

(35)

(36)

[a] = (R[S JHR,Dla], (37)

[6,]= (RIS 1H[R,Dla,].

Ypaeuenue (38) MoxkeT ObITh 3aT€M PEIICHO OT-
HOCHUTEIIBHO MaJaloIKX BOJIH @

(3%)

[a]=(RIS HR D" b,. (39)

[oncraBnsas BeipakeHue (39) B BBIpaKEHHE
(37), momy4uM BBIpaKEeHHUE:

[a]= (RIS HRDUAR,IS, HR,1)'b, (40)

KOTOpPOE€ C YYETOM BbIpakeHus (2) MO3BOJISET MOJy-
YUTh ypaBHEHHE BOCCTAHOBIIEHUS 3TON MaTpUIIbI
B CJICIyOLLIEM BUJIE:

[S]= (RIS HRDRIS HR,])". (41)

Knerounbie marpuipt [R, ..., R,] WHBepCHON
MaTpuIibl [R] MOTYT OBITH MTPECTABICHBI Yepe3 KBa-
IpaHTbl MaTpuibl [7] B ClIeAyIOIEM BUE:

[R]1={T T T, 1 (T, (42)
[R1=(T, HT T, IT, I (43)
[R,]=(T, T[T, I [T,]I"; (44)
(R =T, HT T I T, (45)

C yuerom BelpaxkeHuil (43)—(45) ypaBHeHue
BOCCTAHOBJIEHUSI MOXKHO 3allUcaTb B CIIEIYHOLIEM
BUJIE:

1= {0 - 0 0 5. ([ 0 T )
-y ) s )

Eciu xnerounsie marpuuwt (7 ], [T,], [T, ],
[7,,] B3aMMHO KOMMYTHUPYIOT, BoIpaxeHue (46) 3na-
YUTEIIBHO YIPOIIACTCS:

[S¢ 1=(7 108, 1- (% D (-7 1S, 1+ (5 ) -

YpaBHEHHE BOCCTAHOBJICHUS JEHCTBUTEIHHBIX
3HAYEHUH [S | MOXKHO PEIIUTh, UCTIONIB3Ys KIIETOY-

(46)

upre marpunst [ 1, ], [1,), [T, [T,,] MaTpuusl mepe-
nmauu [7] (Beipaxkenue (46)) wnm yepes KIETOYHBIE
marpuupl [R ], [R,], [R,], [R,] MaTpuIbl R, AHBEPCHO#M
K Marpuile nepenauu [,

Kunerounsie matpuusi [R ], [R,], [R,], [R,] MOXK-
HO HEMOCPEICTBEHHO pPACCUUTHIBATh, HCIIONb3YS
BbIpakeHus, aHaiorudnbie (15)—(31). Onu nmeror
BU/I:

o v 2
S([R,]) — mpOM3BOILHBIN HEHYJIEBOM BEKTOP-CTONOEI IOPsi/IKA 1°;

S([Rz ]):_([Ds ]_1 [Dls ]_[Dlo ]_1 [Dlz ])71 ([Dx ]_1 [D13 ]_[Dlo ]_l [D14 ])S([Rl ])’

S([Rs ]):([D“ ]_1 [D7 ]_[Dlz ]_1 [D9 ])71 ([Du ]_1 [Ds ]—[D12 ]_1 [Dlo ])S([Rl ])’

(43)

S(RD)=([: 1" (2112, [2:1) (12,7 (2 1[0 T [2 ) (R )
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U B HUX BCIIOMOTATe bHbIe MaTpuIlbl [D_]—[D, ] BbI-
pakaroTcs B BUJE:

[2)=(st T o[t J)-([s: . e[st )
[D]=([st, ] on)-{[s:. ] el):
T

Sk

[2u1=([st, T e)-([s, T e0):
[2u]=( s J)-(mels: J) w
[D,]= ([1]@[5," ])—([1]®[S§ ])
(D 1=([st, T st T )-([st. T @51 ):
[Du1=([st T e T )-([s5. T efsi ] ):
(D ]=(11e[st T )-(1es: ')
D =(mefst T )-(mels: ')
3akJ/aoueHnue

PaspaGorana 00OOIIEHHAS MaTeMaTHUYECKast

MOJIENb HM3MEpPEHUsl MapaMeTpoB MAaTPHIIBI pacce-
suus [S] 118 OPOU3BONIBHOIO  MHOTOIOJIOCHUKA
(2n-nonrocHUKa), B KOTOPOU MaTeMaTniecKast MOJIEITh
4n-TIOJTFIOCHKKA TTOTPEITHOCTEH OMUCHIBACTCS 21 ma-
pameTpamMu Marpuilsl paccesuus [E]. Ilpu ucnomnb-
30BaHUM MATPUYHBIX METOMOB aHAIM3a MOTYYCHBI
YpaBHEHUS KQJIMOPOBKH U BOCCTAHOBJICHUS JICHCTBU-
TeNbHBIX 3HAYeHUH napameTpos Marpuust 7 1, [7,],
[T, 1, [T,,]. Ipu 5TOM BMECTO MaTpHIIbI paccesHus [£]
HCIIONB3yeTCsl MaTpulia nepenayu [ 7] B BUaE 4eThIpex
kinerounsix marpuu [T 1, [T,], [T, ], [7,,]. Ananu3
MOKa3aj, YTO U3-3a MOSBICHUS KJICTOYHON MaTpHIlbI
Bujia [7,] B MATPUYHOM MPOU3BEICHUHU «COH/IBUYHO-
ro» tuna [S [T,][S/] pemenue ypaBHeHuit BO3MOK-
HO IPH UCIOJB30BAHUU KPOHEKEPOBCKOTO IMPOU3BE-
neHust 1Byx Marpull [A]®[B], onepatopa nepemerie-
uust [S ] marpun [4] u RS-oneparopa marpuiisl [4],
a Take Metona uckmodenus ["aycca. Kpome Toro,
P PELICHUH YPaBHEHUS BOCCTAHOBICHUS JICHCTBU-
TENBHBIX 3HA4YeHuH Mmarpuipl [S ] uenecoobpasHo
HCIONB30BaTh MaTpUlly [R], HHBEPCHYIO K MaTpuUle
nepenauu [77.

Pa3spaborannas 00001IeHHAasT MaTeMaTHYECKas
MOJIEJIb MOKET OBITh HCIIOJIb30BaHa, HATIPUMED, MTPH
HEOOXOAMMOCTH HM3MEPEHUS MMapaMeTPOB CIIOXKHBIX
CBY ycTpoiicTB, BBHINOJHEHHBIX Ha Iarax (mon-
JIO’KKAX), C IePEX0IaMU-30HIaMH K U3MEPUTEIHHBIM

MOPTaM, IZI¢ BXXHO YYWUTHIBaTh HAJIWYME JONOIHU-
TeapHbIX yTeuek CBY MOLIHOCTH MEX 1y TOpTaMHu.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HampaBlCHHbIE B PENAKIHMIO KypHaja, JIOJDKHBI YIOBJIETBOPSITH TpeOOBaHMSAM «MHCTPYKIMHM O MOpsIKe
oopmieHus kKBaau(pUKaIMOHHON HAayuyHO!H paboThI (AuccepTanun)...», yreepxkaeHHol [locranosnennem BAK Pb
or 28.02.2014 . Ne 3

1. Marepunan cTaTbu JOIKEH COOTBETCTBOBATH IPOQH-
JIIO )KypHAJIa M M3J1araThCst IPEebHO SCHO.

2.Crarpsl IpENCTaBISICTCSl HA PYCCKOM WJIM AHIVIMK-
CKOM $I3bIKE 1 ITyOJIMKYETCs Ha SI3bIKE TIPEICTABIICHHSI.

3.TlocTynuBiire B pelaklUUIO CTaThbU MPOXOASAT IBOM-
HOe Toiyclnernoe perensupoBanne. OCHOBHbBIE KPHTEPHH
11e71eco00pa3HOCTH OMyOJIMKOBAaHUSI — aKTyaJIbHOCTh TeMa-
THKH, NTH()OPMATHBHOCTD, HayYHast HOBU3HA.

4.Cratbst IPEACTABISIETCS] B pacIiedaTaHHOM U B JIEK-
TPOHHOM BHJE B (hopmare TekcToBoro permaxkropa Word for
Windows. O0BEM cTaThl HE JOIDKEH MpeBHImaTh 14 cTpa-
Hutl, Btodas TekeT (mpudT Times New Roman, pazmep 12
1., uHTEepBaN 1,5), TabmHIEl, TpadUIecKuii MaTepral, BCO
HEeoOX0MMYI0 HH(OPMAIIHIO Ha aHIVINIICKOM SI3BIKE.

5.Ha miepBoii cTpaHUIle CTaThbH yKA3bIBAIOTCS: WHIIEKC
VK, HazBaHWe cTaThd, (aMIUTHH aBTOPOB ((haMIUTHS aB-
TOpa, C KOTOPBIM CIIEyeT BECTH TEPEHHCKy, OTMEUaeTCs
3BE3/JOYKON ¥ YKa3bIBAETCSl €r0 aapec 3JIEKTPOHHOW Mo-
YTHI), HA3BAaHUS M TTOYTOBBIEC aJpeca OpraHn3anuii (ymumna,
HOMeEp JI0Ma, HHJIEKC, TOPOJI, CTPaHa), B KOTOPBIX padoTaioT
aBTOPBI, HA PYCCKOM M aHIIMHACKOM si3bIKaxX. CTaThsi BKITIO-
gaeT: aHHOTaIuio (B mpenenax 200—250 cioB); KITFOYEBEIC
cioBa (He Ooree 5); BBEICHHE, B KOTOPOM JIeJIaeTcsl Kpar-
KWt 0030p CIIETaHHOTO B MUPE ¥ KOHKPETHO (hopMympyer-
csl 11eTTh pabOThI; OCHOBHYIO YaCTh; 3aKIIFOYEHHUE, B KOTOPOM
B CXXATOM BHJE CHOPMYTHPOBAHBI OCHOBHBIC TIOJTyYSHHBIC
pe3ynbTaThl ¢ yKa3aHHEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEH TIPUMEHEHUsSI; CIHMCOK HCIIOIb30BAHHBIX
WCTOYHNKOB. AHHOTAIMs, KITIOYEBBIC CIIOBA, CITHCOK HC-
TIOJTb30BAHHBIX MCTOYHHUKOB MPEICTABISIIOTCS HA PYCCKOM
1 aHDJINICKOM SI3BIKax.

6. AHHOTaIWsI TOIDKHA OBITH MH(pOpMaTHBHOU (comep-
KaTh «BBDKMMKY» M3 BCEX PA3/IENOB CTATbU — BBEICHUS C
yKa3aHHEeM LIeNTH padoThl, METOMKN, OCHOBHOM YacTH U 3a-
KITIOUCHUS ).

7. I'padrraeckuii MaTepral TODKESH OBITh KOHTPACTHBIM
n uérkuM. DoTorpaduu MPEeICTABISIOTCS B JIEKTPOHHOM
Buae (popmar tif, paspemenne ne menee 300 dpi). Bee
PHUCYHKH HYMEPYIOTCSI H COIPOBOXKAAIOTCS TIOJJPHCYHOUHbI-
MU ToHcsIMU. DparMeHTsl prucyHKa 0003HAYal0TCs CTPOY-
HBIMH KYyPCHUBHBIMH JIATHHCKUMHU OYKBaMH — «a», «b» U T.1.
[Noxnwcy K puCyHKaM JaloTcs Ha OTIEIBLHOM JICTE Ha pyc-
CKOM M aHIJIMHMCKOM si3bIKax. Bee cokpamenns u o06o3Haqe-
HUSI HA PUCYHKAX JIOJDKHBI OBITH PacIIi(poBaHbI B TIOJPHCY-
HOYHOH nonmcy. Haamien Ha pucyHKe JaloTcest Ha PyCCKOM
1 aHIIIMHCKOM SI3bIKaX.

8. Tabnuiel He MOMKHBI AyOnmupoBarh rpaduku. Kax-
Jast TabIMIa UMEeT 3aroyioBoK. Ha Bce TabnuIpl 1 puCyHKH
CIIeTyeT JaBaTh CCHUIKM B TekcTe. Ha3Banue u conmeprkanue
TaOJIHII TPE/ICTABIISETCS HA PYCCKOM M AHIVINIICKOM SI3BIKAX.

9.0003Ha4YeHNsT W COKpAIICHUs, TIPUHSTBIC B CTaThE,
pacmmQpoBBIBAIOTCS HETIOCPEIACTBEHHO B TEKCTE.

10. Pa3zMepHOCTb BCEX BEJIMYMH, NPUHATBHIX B CTarThe,
JIOJDKHA COOTBETCTBOBAaTh MEKIYHAPOIHOU CHCTEME €ITH-
Hut u3meperuii (CH).

11. MHoOTOCTpOYHBIE (POPMYITBI JOIKHBEI OBITH HaOpa-
HBI B penakTope MathType, HoMepa (opmyn — o mpaBomy
kparo. HymepytoTcs aurmb popMyIsl, Ha KOTOPBIE €CTh CChII-
ku B TekcTe. OTAeNbHBIe CTPOYHBIe OYKBHI M CTICIIHATILHEIC
CHMBOITBI HAaOMpArOTCsS B TEKCTe TapHUTYpoi Symbol 6e3
HCTO0JIb30BaHus pexakTopa ¢popmy:a. [1pu Habope Gpopmyrn
1 OyKBEHHBIX 0003HAYCHUH HEOOXOIMMO YUUTHIBATH CIICIY-
IOIIHE TIPaBIIa; PyccKuil aipaBUT He HCMOIB3YeTCs; Tpe-
geckre OYKBBI, MATEMATHIECKUAE CHMBOITBI, CHMBOJIBI XHMH-
YEeCKHX DJICMEHTOB (B T.U. B MHJCKCE) HAOUPAIOTCS MPSMO;
JIATUHCKHE OYKBBI — TIEPEMEHHBIC U CHMBOJBI (PH3NIECKUX
BEJNMYYH (B T.U. B MHACKCE) HAOMUPAIOTCs KYPCHBOM; BEKTO-
PBI — JKUPHBIM MIPUPTOM (CTPEITKH BBEPXY HE CTaBSTCH).

12. COmucoK HCIOIh30BaHHBIX HCTOYHHKOB COCTAaBIIS-
eTcs B TIOpPSAKE YIIOMHHAHHS CCBUIOK IO TEKCTY, TOIDKECH
cofiepyKaTh TOHBIE OHOMMorpaduieckne JaHHBIC W PHBO-
JIATCS B KOHIIE CTaTbU. He peKkoMeHmyeTcs TaBaTh CCHUIKH
Ha  MaTepuanbl KoH(epeHIHi, CTaTbu U3 AIEKTPOHHBIX
XKypHAIOB 0e3 maeHTH(uKaropa DOI, ydeOHBIE mMOCcoOus,
HHTepHET-pecypchl. CChUIKM Ha HEOMyOIMKOBaHHBIE pado-
THI HE JIOITyCKaloTCs. JKemarenbHo, 9TOObI KOJTHYECTBO CCHI-
7ok 06110 He MeHee 10; camormTupoBanue — He 6onee 20 %.

13. ABTOpBI Ha OTAEIBHON CTPAHUILIE MPEJICTABISIOT O
cebe cremyronme CBeACHuU: (paMIUTHS, UMsI, OTIECTBO, yUe-
Hasl CTETeHb M 3BaHUE, MECTO PadOTHI M 3aHUMaeMast TOJK-
HOCTB, aJIpecC JIEKTPOHHOU CBS3H.

14. Crarbu, M3Nararolye pe3yabrarbl UCCIEIOBaHUH,
BBITTOJTHEHHBIX B YUPESKACHUSX, JIOTDKHBI IMETh COOTBETCTBY-
IolIee pa3pereHre Ha OITyOTMKOBAHUE B OTKPBITOH TIEYaTH.

15. Tlpr HEOOXOAUMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBaIOTCSl HAaMEHOBaHME (DOHIA, OKa3aBIIero (hHHAHCO-
BYIO TIOAJICPIKKY, WIIH YPOBCHb U HANMCHOBAHHE MPOTPaM-
MBI, B paMKaX KOTOPOW BEIITOJHEHa paboTa, Ha PyCCKOM H
AHIJIMICKOM SI3BIKAX.

16. ABTOpPEI HECYT OTBETCTBEHHOCTD 32 HAIIPABIICHHE B
pemaxImio cTaTel, paHee y)Ke OImyOMKOBaHHBIX HITH TIPHHS-
THIX K TICYaTH APYTUMH U3TaHUSIMH.

17. Crarbu, HE COOTBETCTBYIOUIME MEPEUUCIICH-
HBIM TPeOOBaHMSM, K PACCMOTPEHHUIO HE MPUHUMAIOTCS H
BO3BpAIAIOTCS aBTOpaM. JlaToil TMOCTYIUICHHS CUUTACTCS
JICHb TIONyYCHHUS peNakIedl IepBOHAYANFHOTO BapHaHTa
TEKCTa.

18. Penmakuusi mpegocTaBisieT BO3MOXKHOCTb IIEpPBOOUE-
PEIHOTO OITyOIMKOBAHMS CTATEH JIUIIAM, OCYIIIECTBIISFOIIIM
MTOCTIEBY30BCKOE OOy4eHHe (acmmpaHTypa, TOKTOpaHTYypa,
COWCKATEITLCTBO), B TOII 3aBEPILICHNST OOyUCHMS; HE B3UMAeT
IUTaTy C aBTOPOB 32 OITyOTMKOBaHUE HayJIHBIX CTATEil; OCTaB-
JISIeT 3a cO0OH TPaBoO MPOM3BOANUTH PENAKTOPCKHE MPABKH,
HE UCKaKAOIIFie OCHOBHOE CONepyKaHMe CTAaThH.




AUTHOR GUIDELINES

1. Article materials should correspond to the journal
profile and be clearly written.

2. An article should be submitted in Russian or Eng-
lish and will be published in its original language.

3. Articles received by the Editorial Board will be re-
viewed by 2 specialists. The main criteria of acceptance are
theme actuality, information value, and scientific novelty.

4. All materials should be submitted in two hard copies
together with electronic file in the Word for Windows format
(97/2000/2003). The paper should not exceed 14 pages of the
typewritten text (Times New Roman, 12 points, 1.5-space).

5. The article should contain UDC number, Title
(printed in capitals), Authors’ names (the corresponding
author name should be marked with asterisk), full Address
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(200-250 words), Keywords (not more than 5 words), In-
troduction, the Text of the paper with tables, diagrams and
figures (if there are any), Conclusion with clearly stated
inferences, List of References, List of Symbols and Ab-
breviations (if it is necessary). Title, Authors’ names and
affiliation(s), Abstract, Keywords should be presented both
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6. The abstract should be informative (contain
«squeeze» from all sections of the article — the introduction
stating the purpose of the work, methods, main part and
conclusion).

7. Figures should be black-and-white, represented
in graphical formats tif, attached with Excel or MS Graph
and added with captions. All symbols in figures should be
deciphered.

8. Tables should be placed directly in the article
body. Diagrams and tables should not contain the same in-
formation. Each table should have the title. All tables, dia-
grams and figures should be referenced in the text.

9. Symbols and abbreviations which are used in ar-
ticles should be deciphered directly in the text and also (if
necessary) taken out on a separate page.

10. Dimensions of all quantities used in the article
should correspond to International System of Units.

11. Formulas should be taped in MathType.

12. List of References is to be placed at the end
of the article with full bibliographic information. Or-
der of references should correspond to the order of their
occurrence in the text. It is not recommended to refer
to conference proceedings, papers from electronic jour-
nals without DOI number, textbooks, internet resources.
References on unpublished works are prohibited. It is
recommended to refer to not less than 10 references,
self-citations — not more than 20 %/

13. The following information about every co-au-
thor should be presented: family name, first name, pat-
ronymic (or second) name (if there are any), scientific
degree and title, organization and position, full address
with the postal code for correspondence, office or mo-
bile phone numbers, fax, e-mail.

14. Articles containing investigation results ob-
tained in organizations should have a corresponding
permission for publication.

15. Names of Foundations or Programs financially
granted the research may be acknowledged in the end
of the text.

16. Authors are responsible for submitting articles
previously published or accepted by other publisher.

17. Articles not meeting the requirements of the
Editorial Board would not be accepted and may be re-
turned to the authors. The date of receipt is considered
to be the day when the Editorial Board receives the au-
thor’s original paper.

18. Authors conducting postgraduate (graduate
studies, doctoral studies) have a priority in publishing
their articles out of queue in the year of completion. Au-
thors do not pay for publishing scientific articles. The
Editorial Board can shorten and/or change the text if it
does not strain the meaning of the article.
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