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HEPA3PYLLUAIOLWUN BECKOHTAKTHbIA METO,
UCCNEQOBAHUA CTPOEHUA MOPCKOIo fiHA

B.A. YynuHu, I'.U. Qonrux, A.H. CamuyeHko

TUXOOKEeaHCKMM OKeaHONOrMYeCcKmnim MHCTUTYT um. B.N. Mnbnuesa [JanbHeBOCTOUHOrO otaeneHmns PAH,

r. Bnagneocrtok, Poccunckas Pegepaumns

ITpuBonuTCcs onvcaHue GECKOHTAKTHOTO HEPa3pyllIalolIero METoJaa MCCenoBa-
HUSI CTPYKTYPbl MOPCKOTO JHA, UCTIOJIB3YIOIIErO I'MIPOaKyCTUUECKOe U JIa3epHOe U3-
JIyYEHMST, a TAKKE MPaKTUIecKas peasin3annst Metona. MccienoBareabCKuii KOMILIEKC
BKJIIOYAET TIPUMEHEHUE HOBEWIIEH HU3KOYACTOTHOM TMAPOAKYCTUYECKOM U3ITyYyalo-
LIell CUCTEMBI U CUCTEMBI OEpETOBBIX Ja3epHbIX AehopMorpadoB, pacrmoOKeHHBIX
Ha CleuMraabHO BEIOpAHHOW MOPCKOU akBaTopuu U OeperoBoit Tepputopuu. I'mapo-
aKyCTUYECKUE M3ydaTeau MCITOJIb3YIOTCS IS TeHepaluy CeCMUYECKOro CUrHasia.
Perucrpanus ceficMUUeCKUX MOBEPXHOCTHBIX BOJH OCYIIECTBIISIETCSI OEpEeroBbIMU
JnaszepHbIMU Jedopmorpadamu. Onrudyeckue yactu aedopmMorpadoB MOCTPOEHbI 10
cxeMe HepaBHoOTUIeuero nHrepdepomeTpa MaiikenbcoHa, e B KaYeCTBE UICTOYHUKOB
W3JTY4YEHUST UCTTONIB3YIOTCS YaCTOTHO-CTAOMIM3UPOBAHHBIE TEIUIi-HEOHOBBIE J1a3€epPhl.
C moMoIIpio Te0sIoro-reon3nyeckKux MEeTOAOB Obla MOCTPOeHA TMpeaBapUTeIbHAs
MOJIEJIb THA 9KCMEPUMEHTAIBHOTO MojuroHa. Ha ee 0OCHOBe MpPOBEIEHO MCCIIEA0Ba-
HUE BPEMEHHBIX XapaKTEPUCTUK PETUCTPUPYEMBIX celicMUUYecKuX BOJH. JlokazaHa
MEPCIIEKTUBHOCTh UCTOJIb30BAHHOTO METOJA UCCIIEIOBAHMSI.

KiioueBbie ciioBa: cTpyKTypa MOPCKOTO JHA; Jia3epHbIil nedopmorpad; menbd; ruapoakycTudecKuii
U3JIydaTesib; CCUCMUYECKUIM CUTHAI

Ccpuika npu mutupoBanuu: YynuH B.A., Hoarux .M., Camuyenko A.H. Hepaspymaromuii 6ecCKoH-
TAaKTHBIN METOH MCCIeAOBaHUS CTPOCHUS MOpcKkoro nHa // Hayuno-texamueckme Begomoctu CITBITIY.
®usuko-marematuueckue Hayku. T. 10. Ne 2. C. 9—15. DOI: 10.18721/JPM.10201

A NONDESTRUCTIVE NONCONTACT METHOD OF THE SEA-BOTTOM
STRUCTURE INVESTIGATION

V.A. Chupin, G.l. Dolgikh, A.N. Samchenko

V.L.II'ichev Pacific Oceanological Institute, Vladivostok, Russian Federation

The paper describes a nondestructive noncontact method of the sea-bottom
structure investigation using hydroacoustic and laser radiation types. A practical
implementation of this method is also presented. The research complex incorporates a
state-of-the-art low-frequency hydroacoustic radiating system and a system of coastal
laser strainmeters arranged in the sea-waters and the coastal-grounds of the special
selection. The hydroacoustic radiators are put to generate a seismic signal. Seismic
superficial waves are recorded by the coastal laser strainmeters. Optical parts of the
strainmeters are constructed as the unequal-path Michelson interferometer where the
frequency-stable helium-neon lasers serve as the emission sources. A preliminary
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model of the sea-bottom testing ground has been developed by application of geologic-
geophysical procedures. The model-based analysis of the timing data of the recorded
seismic waves was carried out. The prospectivity of the used method was proved.

Key words: sea-bottom structure; laser strainmeter; shelf; hydroacoustic radiator; seismic signal

Citation: V.A. Chupin, G.I. Dolgikh, A.N. Samchenko. A nondestructive noncontact method of the
sea-bottom structure investigation, St. Petersburg Polytechnical State University Journal. Physics and
Mathematics. 10(2) (2017) 9—15. DOI: 10.18721/JPM.10201

BBenenune

B naGoparopum ¢usuku reoctep Tu-
XOOKEAHCKOIO OKEaHOJOIMYECKOro MHCTH-
TyTa JlanpHeBocTOouHOro otaenaeHusi PAH
(TON ABO PAH) B TeueHMe mocaeIHUX He-
CKOJIbKMX JIET U3y4aloTCsl BOBMOXHOCTH OIpe-
JIeJIEHUSI CTPYKTYpPhl OCaIOYHBIX CJI0€B 3€MHOM
KOpbl Ha MOPCKOM Iiejibde ¢ MpUuMeHEHUEeM
OeperoBbIX Ja3epHbIX JnedopMorpadoB U HUX
KOMILJIEKCOB.

Jlazepubie nmedopmorpadbl MOTYT peru-
CTpupoBaTh jAedopMaluu 3eMHOI KOpbl C
ToOYHOCTEIO g0 1071 — 1072 (B 3aBHMCHMOCTH
OT YPOBHSI YAaCTOTHOI CTaOMJIBHOCTU IIpU-
MEHSIEMOIo Jiadepa) B IIMPOKOM YaCTOTHOM
IUara3oHe M MpakTUYeCKU HEeOrpaHMYEHHOM
JTUHAMUYECKOM JAuamna3oHe Mpyu M3MEPEHUM
€CTeCTBEHHBIX IIpolieccoB. B KauecTBe MCTOU-
HUKOB CUTHaJIa JUISl TeHEPALIMK CECMOaKyCTH -
YEeCKUX BOJIH HCITOJB3YIOTCS THUIPOAKyCTHUYE-
CKHe€ M3JTyvyaTesIM pa3IudHbIX MOAUMUKALIUA.

JlaHHBIE MCCJEeIOBaHMUSI Pa3BMBAIOTCS B
CBSI3M C BO3POCILIMM B TOCJeIHEE BpeMsl MH-
TEPECOM K OCBOEHWIO MPUPOAHBIX PECYPCOB
MupoBoro okeaHa (B ToMm uwucie B Poccum)
U K M3YUYEHMIO apKTMYeCKOro Iliejbda. Mops
ApKTUKM OOJBIIYIO YaCTh BPEMEHU ITOKPBITHI
JIbJaMu, IO3TOMY OIMCAaHHbIN BhIlIE 0€CKOH-
TaKTHBIA METOJA MCCIEI0BaHMSI, KOTOPBIA He
pa3pyliaeT JeAOBbIi ITOKPOB, UMEET OOJIbIIIOE
9KOJIOTMYECKOE 3HAUYCHMUE.

Bo3moxHocT MeTona peructpaluu  Mo-
BEPXHOCTHBIX CEMCMHYECKMX BOJIH, KOTOpPhIE
pacnpoCTpaHsIIOTCSl MO TpaHULAM T€O0JIOTU-
YEeCKHUX CJIOEB 3€MHOW KOpPBI, pPa3IMYHBIX MO
aKyCTUYECKMM CBOWCTBaM, ObLIM TTOKa3aHbl
panee [1, 2]. Ha ocHOBe 3KCNEepUMEHTOB IO
perucTpanum 6eperoBbIMU Ja3epHbIMU Ae(op-
MorpacdaMu CJIOXHBIX (Pa3oMaHUITYJIMPOBaH-
HbIX CUTHAJIOB U IO MUX 00paboTKe, CAeIaHbl
MEepBbIC ATk MO OMPEACTICHUIO CTPYKTYPhl U
COCTaBa 3¢MHOW KOPBI.

10

MeTtoauka uccie10BaHus

H7s1 pa3BUTUSI METOOMKU UCCIACAOBAHUS, B
uroHe 2016 roma OblIa BBIMOJTHEHA KOMITIEKC-
Hasl SKCIIepUMEHTajlbHas paboTa II0 peru-
CTpallMM aKyCTUYECKOTO CHUTHAaja Ja3epHBbIMU
nedopmorpadamMy Mpy pas3HbIX YIJIaX pacIpo-
CTpaHEHUSI CEeMCMMYECKMX CUTHAJOB Ha UX
IyTU OT TOYKU TpaHC(HOPMALMU IO PETUCTPU-
pyIolllell CUCTEMBI, a TaKKe MPU Pa3IMIHOM
YOAJIEHUU OT 3TOM TOUYKHU.

DKCcHeprUMEeHTAIbHbIE MCCASAOBAHUS TIPO-
BOIWINCH C HCIIOJb30BAaHUEM HOBEUIIEH
HM3KOYACTOTHON THUIAPOAKYCTUUYECKON WU3IY-
YaOIIE CUCTeMBbl M CUCTEMbI OSPEroBBIX Ja-
3epHBIX aedopMorpados.

VYkazaHHas cucTeMa HaxOOUTCS Ha MOp-
CKOM BKCHepUMEHTaAbHON cTaHUMU «MBbIC
[ynema» TOU ABO PAH. Cucrema BKIIO-
YaeT OBa JiazepHbIX nedopmorpada, mMmero-
WX IJUHY M3MEPUTEJbHBIX ILed 52,5 M
(NS (cesep-tor)) u 17,5 m (WE (3anan-
BOCTOK)). OHM pacIojioXeHbl Ha IIOJYyOCTPO-
Be BOJIM3M MOOepexbsi, Ha BbIcOTe 76 M Han
ypoBHeM Mopd. OnTuueckue dyactu nedop-
MorpaoB IMOCTPOEHBI IO CXeM€ HEpaBHO-
mwieyero uHTepdepoMeTpa MaiikelbCoHa,
rie B Ka4eCTBE MCTOYHUKOB M3JIYYEHUS HC-
MOJB3YIOTCS  YaCTOTHO-CTaOMIM3UPOBAHHBIE
reJnii-HEOHOBBIE Jia3ephbl. YyBCTBUTEJbHBIE
BJIEMEHTBl MHCTPYMEHTOB U CBETOIIPOBOIS -
1Me Tpyobl HAXOAATCS B OTAEJIbHBIX ITOI3EM-
HBIX KaMepax, H30JMPOBAHHBIX OT BO3IEii-
CTBUSI OKpYyKarollei cpeabl. MI3amepuTeabHbIe
IUieYy JiazepHbIX AedopmorpadoB pacmoso-
JK€Hbl IIOYTM B3aMMHO II€PIEHIUKYISIPHO
(mon yriom 92°). IpuHIUI M3MEpeHUs Kax-
Joro mpubopa 3aKIOYaeTcs B CHUHXPOHHOM
perucTpanuy U3MeHeHull HaOera (a3 MHTEp-
(hepupyromux aydeit Jazepa, IMPOXOASIINAX Ye-
pe3 u3MepUTEIbHbIE IJICYU OT LIEHTPaJIbHOTO
MHTEP(PEPEHIIMOHHOIO y3JIa OO0 YIOJKOBOTO
oTpaxarejas U oopaTHo.
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Puc. 1. TeomeTpuueckast cxema 3KCIepUMEHTA:
1 — 4 — cTaHLMU U3TYyYEHUs, 5 — MECTOIOJIOXEHUE
MPUEMHOI CHUCTEMBbI CUTHAJIOB. MopcKast
SKCIIEPUMECHTAJIbHAA CTaHLUA PACIIOIOKEHA
B [Ipumopckom kpae, B 84 kM ot r. BraguBoctoka

I'iopoakycTrueckast n3aydaroliasi cucreMa
npenHa3HayeHa JUISI TeHepaluuyd pa3JIuyHbIX
TUIPOAKyCTUUYSCKMX CUTHAJIOB B IIOJIOCE Ya-
ctot ot 19 mo 26 I', ¢ aKyCTMYECKOil MOIII-
HocThlo 1 KBT. B xome mpoBeaeHMs1 TaHHOTO
SKCIIEpMMEHTa MCII0JIb30Bajach cxema pado-
TBl M3JIy4aTesisd Ha TJIyOMHE OOHOM 4eTBEepTH
JJIMHBI BOJIHBI MIPU YacToTe u3aydyeHus 22 I'u.
[Ipn Takom pexume pabOThl W3Ty4yaTelb W
NpoTUBO(A3HBIN €My MHMMBIM MCTOYHHUK 00-
pa3yioT aHTeHHY; MaKCUMYM XapaKTEPUCTUKH
€€ HampaBJICHHOCTU YCTPEMJIEH BEepPTUKAILHO
BHM3, 4 MUHUMYM JIEXXUT B TOPU3OHTAIHHON
IUIOCKOCTU. B 3TOM ciy4yae OCHOBHAasl 4acThb
TUIPOAKYyCTUYSCKON DSHEPTUM IIEPEeXOIUT B
00bEMHBIE BOJIHBI, a OCTajJbHasl 4acTb — B
TMOBEPXHOCTHBIC BOJHBI, MMEHHO OHU DPETU-
CTPUPYIOTCSL JIa3epHBIMU JecopMorpacdamu.
[TosumoHnpoBaHue, a TAaKXKe BpEeMEHHBIE Xa-
PaKTepPUCTUKN TMAPOAKYCTMYECKOIO HU3JTyde-
HUSI ¥ eT0 IpreMa YCTaHOBJIEHBI C ITOMOIIBIO
cuctemsl IJIOHACC.

Ha puc. 1 mokazaHa reomeTpuyecKasl cxe-
Ma 3kcrepumMeHTa. IlnaH nmpoBeaeHUS SKCIIe-
pUMEHTA 3aKJII0YaJICS B U3JTyUeHUU OOUHAKO-
BOIi CepUM I'MAPOAKYCTUUECKUX CUTHAJIOB OT
Kaxmont craHumu I — 4; Kaxnmasl pacIiooxe-
Ha Ha pacctosgHuM 10 KM OT mpUEMHOM cH-
CTEMBI .

B npenenax ucciaeayeMoro IojuroHa B 3a-
mmBe IlockeTa OypeHMsT MOPCKOTO THA HE TIPO-

BOJMJIOCH, a TIpeABapuTeIbHasd MHGOPMALIUS O
€ro CTpOCHUM ObLIa IMOJIyueHa M3 JAHHBIX I10
Te0JIOrMYeCKOMY OIPOOOBAaHUIO THA TPYyOKaMU
U JHOYEpIaTeIsIMU, IEOJOTMUYECKOMY CTpOe-
Hul ¢yHaameHTa octpoBa DypyreibMa u
mbica 'amoBa [3, 4] u o pe3yiabratam reocu-
3M4YeCKUX paborT [5, 6]. JIHO MOpPS Ha MOJIUTOHE
MpeacTaBaseT co00il HAKJIOHEHHYI0 Ha IOro-
JOTO-BOCTOK CJIAOOXOJIMUCTYIO TTOBEPXHOCTb,
OCJIOXXHEHHYIO HEINIyOOKMMHM IPOMOMHAMU U
OTIEeJbHBIMU XOJaMaMu. B penbede nHa uccie-
JyeMOI0 yJyacTKa ObLIM BBIACICHBI OCaIOYHBIE
BOJIHBI (pudenn) Ha npoUaIX HU3KOYaCTOT-
HOIO CercMONpO@UINPOBAaHUS MO AAaHHBIM
OaTUMeTpUUECKOi cheMKHU [7].

Pe3ynbTaTbl M MX 00CyXKIeHne

Ha ocHoBaHuM BceX MMEIOIIMXCS JaHHBIX
OblUla IIOCTpOEHA IIpeABapUTEIbHAS MOIE/b
CTPYKTYpPhI IHA Ha KaXIOH M3 Tpacc pacripo-
cTpaHeHus curHana (puc. 2). Ha mpuBeneHHbIX
rpacukax IO BEPTUKAIBHONH OCHU OTJOXEHa
BbICOTa Haj ypoBHeM Mops (Above Sea Level
Elevation (ASLE)), mo ropu3oHTaJbHON —
paccTosiHueE.

CornacHo  mpeABapUTEIbLHON  Moje-
JU, MO Tpacce pacIpoCTpPaHEHUSI CUTHaIa
B OCHOBAaHMM HAaXOAMUTCS IOJYyIPOCTpPaH-
CTBO, CJIOXXEHHOE TpaHUTOMIAMU IIO3IHE-
nepmckoro mnepuoaa IV, u ocagoyHble CIOU:
I — mo3gHemIelcTOIEeHO-TOIOIEHOBBIN Te-
puon, Il — HMWXHUI-CpeTHUN TUIEHCTOLCH,
II1 — naroueHOoBLIN Nepuo.

[TocpencTBoM cCreKTpajJibHOTO aHaiu3a B
3anucsx aedopMorpacoB ObLIA  BblAEJEHBI
YYacTKM 3alucH, Tepuoj KOTOPBHIX COBIaa-
€T C IMepUoJO0M BpeMEeHU pabOThl M3TydyaTest
B Mope. Ha puc. 3 mpuBeneHbl CUHXPOHHbIE
OMHAMMYECKUE  CIIEKTPOrpaMMbl  3aIucei
CJI0XHOTO (ha30MaHUMYJIMPOBAHHOIO CHUTHA-
Jla KOHTPOJbHBIM TMAPO(GOHOM U OeperoBbIMU
JlazepHBIMU AedopmorpadamMu Mpu padoTe u3-
Jlydatelisl Ha cTaHIuu 3 (cM. puc. 1).

ITo pesynbTaTaM 00pabOTKU (pailioB 3a-
MMCUA OIOPHOIO CUTHAJAa KOHTPOJILHOTO TIH-
npocdoHa, MOJYYEHHBIX Ha KaXAoil CTaHIUU
U3JTyYEHMSI, TIOCPEICTBOM MaTeMaTUYECKOMU
CBEPTKM C JNaHHBIMM Ja3epHBIX aechopMorpa-
¢oB, paboTaBIIMX HEMPEePLIBHO B TEUYCHUE
BCET0 9KCIEePUMEHTA, ObUIO MTpOaHATIU3UPOBA-
HO KaK KOJMYECTBO IPUXOAOB CJIOXKHOro a-

11
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ASLE, m

-80 v il

200 v

-80
-120
-160 1\

-200

-240

0 05 1

1.5 2 253 35 4 455 55 6 65 7 75 8 859 95 10

Distance, km

Puc. 2. BepTukajabHble pa3pe3bl BEPXHETO CI0S1 36MHOM KOPBI MO JUHUSM,
COOTBETCTBYIOIINM TpaccaM OT ctaHuuii I — 4 (rpaduku CBepxXy BHU3)
no aedopmorpadoB 5 (cM. puc. 1);

OTJIOXKEHBI 3aBUCMMOCTH BBICOTHI HaJ ypoBHeM Mopsi (ASLE) oT paccTosiHus;

I — IV — reonornyeckue nepuoanl (yKa3zaHbl B TEKCTE)

30MaHUITYJIMPOBAHHOIO CHUTHajla, TaK U MO-
MEHT BpeMeHM Kaxmoro mpmxoza. Ha pwuc. 4
npuBedeHbl TpadUKKU pe3yJbTaToB MaTeMa-
TUYECKOU CBEPTKM KOHTPOJIbBHOI'O CUIHala "
CUTHAJIOB, IIPUHUMAEMBIX O00OMMM JIa3epHbIMU
medpopMorpadaMut. DTU pe3yJIbTAaTHl ITOJTyde-

12

HbI HAMM JUIs1 BCEX CTAHLIMI U3Iy4YeHUsT B XOIe
MPOBEACHHOTO 3KCIIEPUMEHTA.

ITo pesyabraTam MaTeMaTHU4eCcKOW obpa-
0OTKM 3KCIEPUMEHTAJIbHBIX JaHHBIX ObLIU
NpoaHaJIM3MPOBAHbl MOMEHTHI BPEMEHU MpHU-
X0Ja KaXAoro MakcumyMma CUTHajia, pacopo-
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a) f-Hz

25
June, 26, 2016

py 1
21
23
25
C) 19
21
23

25 -
129 171 213 255

Time, s

3 45 87

Puc. 3. luHamuuyeckure CeKTporpaMMbl 3aIrucei
KOHTPOJIBLHOTO ruapodoHa (a), a TakKe Ja3epHbIX
nepopmorpadoB WE (b) u NS (c¢);
paboTaj ruapousydyaTesib Ha cTaHuuu 3 (cM. puc. 1)
26 vions 2016 roma, ¢ 74 59 M 10 8 4 03 M
10 MECTHOMY BPEMCHU

CTPaHSIOLIETOCS OT CTAHLUMMU M3IYyYCHMS, N0
CHCTEMBbI OeperoBbIX JIa3epHBIX AcdopMorpa-
¢oB. DTOT aHANMU3 TOKa3aj, YTO KOJUYECTBO
npuxoa0B (ha30MaHUITYIMPOBAHHOIO CUTHAaJIA

#

a) WE

C pa3HBIX CTAaHUMI OBUIO OT TpeX A0 BOCHMM,
B COOTBETCTBUM CO CTPOCHMEM AHA IO KaXKIOU
Tpacce manydeHus. JaHHBIE, TTOJyYEeHHBIE OT
Kaxmoro JasepHoro aedopmorpada, HAOIOJ-
HSIIOT OOIIUI pe3yJibTar.

MoOMEHTBI TEpBOro IIPUXOJA CUTHAJIA C
KaXIOW CTAaHLIMKU M3JTyJYEeHWUS, TOJydeHHBIE C
Hayajla perucrpaumu, — pa3iuyHbl. Hampu-
Mep, TEpUoJ BpPEeMEHM IIepBOTO IIPUXOIa CO
cranumu I 6611 3,3 ¢, co cranuum 2 — 3,0 c,
co craHuuu 3 — 3,3 ¢, co craHuuu 4 — 2,8 c.
Pa3nuiia 5THX nepruoaoB BpeMEeHHU IS IIEPBhIX
npuxonoB gocturana 0,5 c. B cooTBeTcTBUM
C TIpeIBApPUTCIbLHBIMM MOJICISIMU  CTPYKTY-
pBI IHaA, TITyOMHAa MOpPS Ha CTaHUWU [ ITOJK-
Ha ObITh 30 M, a TpaHUIIA MOJYIPOCTPAHCTBA,
cjioxxeHHoro rpaHutouaamu, — 100 m. Coort-
BETCTBYIOIME HaHHbIC HA CTAHUUU 4 JOJIKHBI
cocTaBATh 60 1 240 M.

3akinoueHue

[TonyyeHHBIC TIpY U3MEPEHUSIX pe3yJIbTa-
THl MPUBEIU K 3aKJIIOUEHMIO, YTO IIpeIBapu-
TeJIbHAsI CTPYKTYpPHasl MOMAEIb HYXIAeTCs BO
BHeceHMU mnompaBoK. Eciu B momojHeHue K
MPOBEICHHBIM M3MEPEHUSIM PETrUCTPUPOBATH

1 b) | WE

11:17:22 Time

11:17:52 09:42:43
0) WE

Time 09:43:13

5 WE

N

w )

Time

08:03:26

08:03:56 04:41:45

Time 04:42:15

Puc. 4. Pe3ynbTathl MaTeMaTnueckoil CBEPTKM CUTHAIA OT KOHTPOJIBHOTO TUAPOdOoHA
M JaHHBIX Jla3epHoro aedopmorpada; ucnoiab3oBaHbl aedopmorpadsl WE (a,b,e.f)
u NS (c,d,g,h); KOHTpOJbHBIE TUAPOMOHBI U TUAPOAKYCTUUECKIE U3ITydaTed PacTioarajiich
Ha craHuusx I (a, ¢), 2 (b, d), 3 (e, g, 4 (f, h) (cM. puc. 1);

WE, NS — 17,5-meTpoBblii u 52,5-MeTpoBbIii nedopMorpadbl, COOTBETCTBEHHO
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TEMIIepaTypy TOJIIMA BOIBI, TO MOTYT BO3-
HUKHYTh pa3Hble BapUaHTbl CKOPOCTU pac-
MPOCTPAaHEHUsS] aKyCTMYECKOTO CHTHajlia B
BEPXHUX CJIOSAX OHA. DTO M MCXOMHAsl CKO-
pPOCTb pacIpoCTpaHEHUsI CHTHajlla B BOIHOM
Cl0€, U CKOPOCTH IIepeceYeHUs] 0Caa0YHbIX
CJI0€B M pacHpoCTpaHEHMSI CUTHaja 1o Tpa-
HULIAM OCAJOYHBIX CJIOEB, a TakKXe IO I0-
JympocTpaHcTBy. [lpm Togbope M3BECTHBIX
CKOPOCTEil pacrpoCcTpaHeHUs! 3ByKa IO PhIX-
JBIM OCagKaM M CKaJbHBIM TIOpOJaM, Ceic-
MMYECKUX BOJH MPOAOJBHBIX, 3aTyXalOIINX U
He3aTyxalolux BoJH Panes, BoxH CToyHIn
MOKHO CleJIaTh BBIBOAbI O CTPOEHUM OHA B
uccienyeMoii oomactu. Takue vccaenoBaHUS
MO3BOJISIT BHECTU IOIOJHEHUS B yXe€ Cylle-
CTBYIOIIIE MOJIEIN CTPOCHUSI 36MHOM KOpHI.

[Ipu Mcroab30BaHUM K€ MOOWMJIBLHBIX Jia3ep-
HBIX AedopMorpadoB MOXHO IIOJy4yaTh Oe3
CO3/IaHMSI CTAllMOHAPHBIX OEPErOBbIX CTAHLIMI
HOBBIE JAaHHBIE O CTPOSCHUU BEPXHEIO CJIOs
3eMHOI KOpPHI B HEMCCEAOBAHHBIX 00JIACTSIX
pOCCUIICKOTO Leabda.

BaaromapHocTu

B 3akirouyeHure aBTOpHI BhIpaxaloT OJaro-
JApHOCTh Hay4HOMY COTpynHUKY A.A. IluBo-
BapoBy M CTapllleMy HayYHOMY COTPYIHUKY
A.H. IlIBbipeBy 3a obecrneyeHue pabOTHI TU-
JIPOaKyCTUYECKOrO U3JIydaTesis.

Pabota BBIMOSHEHA TIPU YACTUYHOW (DPUHAHCO-
Boit momnepxxke PH® (cormamenune Ne 14-17-00041,
o0paboTrka maHHbIX) U mporpammbl [IBO PAH
«JlanpHuit BocTok».

CNMUUCOK JIUTEPATYPbI

1. Domrux I'.A., Joarux C.I'., IlmBoBapoB A.A.,
Camuenko A.H., Yynun B.A., IIIseipé A.H., SIpo-
myk N.0. O nepcriekTnBax MPUMEHEHUS JTa3€PHBIX
nedopmMorpadoB 1T TMarHOCTMKM MOPCKOTO JTHA
// JAH. 2013. T. 452. Ne 3. C. 321—325.

2. Yymun B.A., loarux I'.W. Pa3zButue TexHo-
JIOTUM JIUATHOCTMKM MOPCKOIO JHA C ITOMOLIbIO
HU3KOYACTOTHBIX THAPOAKYCTUICCKUX M3TyJaTesieit
u OeperoBbiX JasepHbIXx aedopmorpacdos// Bect-
nuk JJBO PAH. 2015. T. 6. Ne 184. C. 90—95.

3. Bacwies Bb.U., Mapkos 10./., Ilapsko
E.N., Nemuaosa T.M. O reosornyeckoMm cTpoe-
HUM KOHTHMHEHTAJIBHOIO CKJIOHa 3anuBa Iletpa
Benukoro (SImoHckoe Mope) // Bompocsl reoso-
run aHa AnoHckoro mops. BrnaaguBoctok: M3na-
Hue JalbHEeBOCTOYHOTO HAyYHOTO LIeHTpa. Tuxo-
okeaHckoe otn. MHcTUTyTa OKeaHomoruu, 1973.
C. 49-57.

4. CpununnnkoB A.U., Apomyk N.O. Teoaky-
cTMyeckass Mojelb Ireiabda SMmoHcKoro Mops
(na mpumepe 3anuBa [locweta) // Bectnuk JIBO
PAH. 2006. Ne 3. C. 85—93.

5. Mapkos IO.JI. FOxxHONpuUMOpcKuii 1eabod
SAnoHcKOro Mopsi B TTO3IHEM IJIEHCTOLIEHE U TOJIO-
neHe. BrammBoctok: M3manue JlanbHEBOCTOYHOTO
HayyHoro neHtpa AH CCCP, 1983. 128 c.

6. Camuenko A.H., Kapnayx B.H., Akcenros K.I.
T'eonoro-reousnyeckrie UCciaea0BaHNs BepXHEN ya-
CTH OCamOYHOTO YeXJIa M Te0aKyCTUJYecKas MOIesb
menbda 3amuBa Ilockera (SmoHckoe mope) // Tu-
xookeaHckast reojiorus. 2013. T. 32. Ne 1. C. 65—75.

7. Koporyenko P.A., Camuenko A.H., fApomyk
N.0. TlpocTpaHCTBEHHO-BPEMEHHOI aHAJIN3 Teo-
Mopdojioru oKeaHMYeCcKoro aHa 3anuBa Ilerpa
Benukoro fnonckoro mops // Okeanonorus. 2014.
T. 54. Ne 4. C. 538—545.

Cmamows nocmynuna 6 pedakyuro 01.12.2016, npunama k nyéauxayuu 02.02.2017.

CBEAEHUA Ob ABTOPAX

YYIINH Baamumup AneKcanapoBud — KaHouoam Qu3uUKO-MamemMamuuecKux HAyK, cmapuiuil Hay4Holi
compyonux DedepanrvHoeo eocydapcmeennoeo 6r00xcemHo2o yupexcoenus Hayku «Tuxookeanckull oKkeanonoeu-
yeckuil uncmumym um. B.U. Havuueea» /larvnesocmounoeo omodenenus Poccuiickoil akademuu Hayk, e. Baa-

dusocmok, Poccutickas Pedepayus.

690041, Poccuiickas ®enepanus, r. Bnagusoctok, bantuiickas yi., 43

chupin@poi.dvo.ru

JOJITUX T'puropuit UsanoBuu — dokmop huzuxo-mamemamuueckux nayk, akademux PAH, 3a6. omoenom
DedepanvHoeo eocydapcmeenno2o 0r0xcemHo20 yupexcoenus Hayku « TuxooKkeanckull 0Keanoa02uecKuil UHCmu-
mym um. B.H. Unvuuesa» Janvnesocmounoeo omoenenuss PAH, 2. Bradusocmok, Poccutickas Dedepayusi.

690041, Poccuiickaa Denepanus, r. Bnagusoctok, bantuiickas yi., 43

dolgikh@poi.dvo.ru
14



4 Mpu6opbl M TEXHUKA PU3NYECKOTO IKCMEePUMEHTA

CAMYEHKO Anekcanap HukomnaeBmd — xaunoudam eeoepaghuueckux HaAyK, CMapuiull Hay4Hulil compyo-
Huxk Dedepanvhoeo eocyoapcmeenno2o 0100xcemno2o yupedcoenus Hayku «Tuxookeanckull 0KeaHoao2u4eckuil
uncmumym um. B.H. Hnvuuesa» asvnesocmounoeo omoenenus Poccutickoti akademuu nayk, e. Bradusocmok,

Poccuiickas Dedepayus.

690041, Poccuiickaa Denepanus, r. Bnagusoctok, bantuiickas yi., 43

samchenco@poi.dvo.ru

REFERENCES

[1] G.I. Dolgikh, S.G Dolgikh, A.A. Pivovarov,
et al., The feasibility of laser strainmeters for sea
floor diagnostics, Doklady Earth Sciences. 452 (1)
(2013) 971-975.

[2] V.A. Chupin, G.I. Dolgikh, Technology
development of sea-bottom diagnostics by means of
low-frequency hydroacoustic radiators and coastal
laser strainmeters, Bullentin of the East Branch of
the Russian Academy of Sciences. 2015. 6 (184)
(2015) 90—95.

[3] B.I. Vasilyev, Yu.D. Markov, E.I. Tsarko,
T.I. Demidova, O geologicheskom stroyenii
kontinentalnogo sklona zaliva Petra Velikogo
(Yaponskoye more) [On geological structure of the
continental slope of Peter the Great Bay (the Sea
of Japan)], In: On the bed geology of The Sea of
Japan, Vladivostok. (1973) 49—57.

[4] A.L  Svininnikov, 1.0. Yaroshchuk,
Geoacoustic modeling of the Sea of Japan shelf

Received 01.12.2016, accepted 05.02.2017.

(for Possyet Bay taken as an example), Bullentin
of the East Branch of the Russian Academy of
Sciences. (3) (2006) 85—93.

[5] Yu.D. Markov, Yuzhnoprimorskiy shelf
Yaponskogo morya v pozdnem Pleystotsene i
Golotsene [South-seaboard shelf of the Sea of Japan
in the Later Pleistocene and Holocene], Vladivostok:
DVNTs AN SSSR (1983).

[6] A.N. Samchenko, V.N. Karnaukh, K.I.
Aksentov, Geological geophysical studies of the
upper sedimentary cover and geo-acoustic model
for the Posiet Bay shelf (the Sea of Japan),
Russian Journal of Pacific Geology. 32 (1) (2013)
65—75.

[7] R.A. Korotchenko, A.N. Samchenko, 1.0.
Yaroshchuk, The spatiotemporal analysis of the
bottom geomorphology in Peter the Great Bay
of the Sea of Japan, Oceanology. 54 (4) (2014)
497—504.

THE AUTHORS

CHUPIN Vladimir A.
V.1. Il’ichev Pacific Oceanological Institute

43 Baltiyskaya St., Vladivostok, 69004, Russian Federation

chupin@poi.dvo.ru

DOLGIKH Grigoriy 1.
V.I. Il'ichev Pacific Oceanological Institute

43 Baltiyskaya St., Vladivostok, 69004, Russian Federation

dolgikh@poi.dvo.ru

SAMCHENKO Aleksander N.
V.I. Il'ichev Pacific Oceanological Institute

43 Baltiyskaya St., Vladivostok, 69004, Russian Federation

samchenco@poi.dvo.ru

© CaHkT-letepbyprckui nonmMtexHnueckmnim yHmuepcutert Metpa Bennkoro, 2017

15



4 HayuHo-TexHunueckmne segomoctu CI6ITY. dPusmko-marematnueckme Haykm 10(2) 2017 >

DOI: 10.18721/JPM.10202
UDC 543.084.852; 351.814.375.3

SPECIAL FEATURES OF RADIO CONTROL LINK
FOR ENERGY EFFICIENT LED LIGHT SOURCES

A.V. Aladov', V.P. Valyukhov?, V.D. Kuptsov?,
S.V. Demin', A.V. Valyukhova?

'Submicron Heterostructures for Microelectronics Research
and Engineering Center of the RAS, St. Petersburg, Russian Federation
2Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation

The aim of the study is to reveal the special features of radio control link model in
LR-WPAN under operating conditions of interference of the reflected and the line-of-
sight component and to evaluate the radio link’s range of positive light source control.
The results of development and practical implementation of controlled spectrally
tunable light emitting diode (LED) light sources with ISM- and ZigBee(IEEE
802.15.04)-based radio frequency transceivers are presented. A software application
developed in LabVIEW simulation of a radio control link for light sources and used
for evaluating the radio control link’s range of various combinations of polarization
of transmitting and receiving antennas has been discussed. It was established and
experimentally verified that the received energy was able to be computed using the
two-ray model: a line-of-sight ray and the reflected one. This approach is simpler as
compared to cellular networks in which multiple reflections from various objects result
in multi-path propagation without line-of-sight component.

Key words: controlled light source; interference; technology; led; link control range; antenna

Citation: A.V. Aladov, V.P. Valyukhov, V.D. Kuptsov, S.V. Demin, A.V. Valyukhova, Special features
of radio control link for energy efficient LED light sources, St. Petersburg Polytechnical State University
Journal. Physics And Mathematics. 10(2) (2017) 16—27. DOI: 10.18721/JPM.10202

OCOBEHHOCTU PAAUOKAHAJIA YNPABJIEHUA
SHEPTOPD®EKTUBHbIMU CBETOAUOAHBIMU UCTOYHUKAMU
OCBELLLEHUA

A.B. Anapos', B.Il. Banwoxos?, B.[]. Kynuos?,
C.B. lemuH', A.B. BanroxoBa?

"Hay4yHO-TEXHOIOTMUYECKMUI LeHTP MUKPOINEKTPOHUKU U CYBMUKPOHHbIX
rerepoctpyktyp PAH, Cankr-letep6ypr, Poccunckas Pegepaums
2CaHkT-lNeTepbyprckmin nonntexHnuecknin yumeepcutet letpa Benukoro,

CaHkr-letepbypr, Poccunckas Pegepaumns

WccnenoBaHa Moaesib paJroKaHaia yrnpasieHus: 6ecripoBoaHoi cetu LR-WPAN
B YCJIOBMSIX MHTepGhEPEeHLIMHU MPSIMOI M OTpaXkKeHHON BOJIH, a TaKXkKe M3ydyeHa JOCTHU-
JKMMasl TaJbHOCTb 0€30TKA3HOTO yIpaBJeHUs] CBETOAUOAHBIMU MCTOUHUKAMU OCBE-
LLIeHUs Mo pagurokaHaiy. [IpyuBeneHbl pe3yabTaThl pa3padOTKU U MPaKTUYECKON pea-
JIM3ALIMU YIIPABISIEMbIX, CIIEKTPaAJbHO MepecTpauBaeMbIX CBETOAMOAHBIX UCTOUHUKOB
OCBEIIICHMSI, PaaAOYaCTOTHBIC TPAHCUBEPHI KOTOPHIX BBIMIOJHEHBI IO TEXHOJOTUSIM
ISM (868 MI'u) u ZigBee (IEEE 802.15.04, 2445 MTI1). Paccmorpena LabVIEW-
BepCuUs MOICIMPOBAHUS PAAVOIMHUU YIIPABICHUS UCTOYHUKAMU OCBEILICHUS C yue-
TOM OCOOEHHOCTE MX IMPaKTUYECKOro MPUMEHEHUs ISl OMNpeaesieHus auarna3zoHa
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Introduction

According to the research results on the ef-
fects of indoor lighting environments on human
organism, poor illumination or color tempera-
ture of lighting sources can affect users’ vision
and divide their attention, and hence, cause
users to feel tired or fretful [1, 2]. Light emit-
ting diodes (LEDs) satisfy the requirements
to modern light sources, first of all, because
their high energy efficiency, luminous efficacy
of 150 Im/W in mass-produced LEDs, allows
sufficient savings in energy consumption. Also
the ability to improve the quality of generated
light by dynamic control of spectral-color pa-
rameters (smart light based on RGB-mixing).
The quality of generated light depends, first of
all, on the ability to produce light with a wide
range of color temperatures (2700 — 6500 K)
with high color rendering indexes [3].

This paper presents the results of theoretical
studies of achievable radio control link’s range
in Low Rate-Wireless Personal Area Network
(LR-WPAN) and practical implementation of
wireless networks of energy-efficient dynami-
cally controlled LED light sources using ISM
(868 MHz) and ZigBee (IEEE 802.15.04, 2445
MHz) technologies.

The LED sources are used for illumination
of living, communal and industrial quarters
with the ability to regulate color, spectral and
brightness lighting characteristics with time and
the creation of an optimal lighting environ-
ment. The LED light sources described below
produce white light with the required spectral,
color and brightness characteristics using the
principle of RGBW color-mixing: controlled
polychromatic LED light source (CPLLS) and
energy-efficient dynamically controlled LED
light sources (EDCLLS).

Most European wireless equipment oper-
ates at 2.4 GHz, however, 868 MHz is used for
some narrow band and wide band applications,
such as street light control, social alarm, gener-

ic alarm and non-specific small range distances
(SRDs) systems.

ZigBee is a standard based on the IEEE
802.15.4 standard for wireless personal net-
works. This standard allows for the creation of
very lost cost and low power networks. These
networks are created from sensors and actua-
tors and can wireless control many electrical
products such as remote controls, medical, in-
dustrial, and security sensors [4].

Practical implementation of CPLLS
and EDCLLS networks

The wireless CPLLS and EDCLLS networks
contain the following components: terminal
devices (lamps) with LED light sources play-
ing their role; a remote control station (RCS),
which coordinates the network and controls its
operation in all modes; a PC that also serves as
a network coordinator when setting up the net-
work and for some modes of its operation. The
CPLLS and EDCLLS devices themselves in-
clude the following components: a power sup-
ply for standby mode; a main power supply; a
microcontroller with a control board including
a wireless link; LED drivers for power manage-
ment; LED bars with series-connected LEDs.

The SPLLS and EDCLLS which form a
LR-WPAN are intended for use in good-sized
rooms in all three dimensions (length, width,
height). This influences the radio control link
analysis. The orientation of the transmitting
and receiving antennas with respect to the
ground may result in a complex configuration
that must be taken into account when designing
light sources. Light sources are controlled us-
ing a remote control station. Hand-held equip-
ment is generally operated close to the ground
and this implies that the ground influence has
to be considered to do valid range calculations
for the link.

It is assumed that the path has a line-of-
sight (LoS) component that is limited by free-
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space loss (large open room, large retail stores,
sports arenas, open-plan offices, exhibition
halls), but not by additional loss due to ob-
stacles and transmission through building ma-
terials, and there is no mitigation of free-space
loss by channeling.

The CPLLS’s color temperature lies in
the range between 2700 and 6500 K, the light
intensity does in the range between 1700 and
2400 Im, and this network exhibits high val-
ues of color rendering indexes (no less than
80 — 90). The power used by the source is less
than 20 W (18.4 W), luminous efficacy is 85 —
120 Im/W. Six drivers transform the constant
current from a power supply to the LED's feed
current with pulse width modulation (PWM).
Total supply current is no more than 1 A. The
PWM frequency was set by a microcontroller
within a range of 1.25 — 10 kHz and the duty
cycle of PWM varied from 100 (1% PWM)
to 1 (100% PWM). The brightness was var-
ied by increasing the PWM period relative to
the brightness at the optimal PWM frequency
(F,, = 2.5 kHz), corresponding to 100% light
intensity of the LED unit. At 10% light inten-
sity the PWM period corresponds to 250 kHz
frequency. This improves the speed of CPLLS
and is higher than the 100 Hz threshold sensitiv-
ity of a human eye to the modulation of bright-
ness. RCS operating in the 868.7 — 869.2 MHz
band can be used with narrow or wide band
(NB and WB, respectively) modulations, has
the transmitter effective radiated power (ERP)
25 mW (+14 dBm) and duty cycle less than
0.1 %. The receiver category is defined by ETSI
EN 300-220-1. A microcontroller receives
commands from an RF transceiver using the
SPI interface, controls the current drivers for
LEDs, and turns the light source on and off.
The same transceiver chip CCI1110FX is used
in the microcontroller board and in the RCS.
The chip is a low-power SoC (System-on-
Chip) ISM/SRD with MCU, Memory, USB
controller and high sensitivity (—110 dBm at
1.2 kBaud and —87 dBm at 250 kBaud). Re-
ceiver has high selectivity and good blocking
performance, programmable data rate up to
500 kBaud and output power up to 10 dBm,
low current consumption (RX: 16.2 mA @
1.2 kBaud, TX: 15.2 mA @ — 6.0 dBm). There
are two power-saving modes: Power Mode
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1 (0.8 pA) and Power Mode 2 (0.6 pA). The
CCI1110FX uses the GFSK (Gaussian Fre-
quency — Shift Keying) modulation.

The CC1110 chip is compatible with many
PCB mounted antennas including a DN024
antenna that is used in a RCS and microcon-
troller unit as a transmitting and a receiving
antenna respectively. An RCS controls CPLLS
according to the program entered by the op-
erator manually after pressing the ‘ON’ but-
ton and setting the color temperature using the
light intensity control button. In the standby
mode the CPLLS power consumption is less
than 0.5 W.

The CPLLS network has a star topology.
The RCS serves as the network coordinator,
and the light sources do terminal devices.

Circuit design and technical specification
of the RF channels of a RCS and the control
microcontroller of EDCLLS are identical be-
cause the same module — ZigBit 2.4 GHz Sin-
gle chip Wireless Module ATZB-S1-256-3-0-C
[5] supporting IEEE 802.15.4 standard is used.
The module has high sensitivity (—97 dB at er-
ror rate BER 1%) and optimal transmitter out-
put power of +3 dBm result in unique power
budget (up to 100.6 dB) of the link. The range
of the radio control link in free space if the
transceivers are positioned at the height of 0.5 m
above ground is 170 — 570 m. This is achieved
for various combinations of the transceivers’
orientations (polarizations) and in the absence
of interference from other transmitters. In real
life situations the multi-path propagation, the
interference and other factors can significantly
reduce the range of the radio control link.

Model of radio control link

The idealized model of a radio control link
is often described by the Friis transmission
equation [6]:

o GGV
R0T (Apyrd”

where P, is a power available at the receiving
antenna; P, is a power supplied to the
transmitting antenna; G,, G, are the gains of
the receiving and the transmitting antennas,
respectively; A is the wavelength (A =c / f, cis
the light speed in vacuum, f is the frequency),
d is the distance between two antennas (the

(1
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Fig. 1. Two-ray interference scheme
of radio control link.
The horizontal plane is an infinite, perfectly flat ground
one; points A and B show the positions
of the transmitting and the receiving antennas; the rays’
directions are shown by arrows

projection on the Earth’s surface), » is the path
loss exponent.

Eq. (1) is often used to determine the power
budget of a radio control link. In real control
links the waves are reflected and obstructed by all
objects illuminated by the transmitting antenna.
In this paper, a two-ray interference model is
used where the ground reflecting incident wave
toward the transmitting antenna influences the
radiation pattern. The interference of the two
rays at a receiving antenna produces a particular
multi-lobe field structure.

Fig. 1 represents schematically the position
where there is an infinite, perfectly flat ground
plane and there are no other objects obstructing
the signal path.

The refracted wave, describing the penetra-
tion of the energy into the soil through the re-
flecting interface, is usually not taken into ac-
count due to high absorption of high-frequency
radio waves.

Points A and B show the positions of the
transmitting and the receiving antennas. The
field at the receiving antenna is a sum of the
direct ray and the ray reflected from the ground
(secondary wave). The paths of the rays are R,
and R,, respectively, the length of the control
link R = d, the heights of the transmitting and
receiving antennas are a2, and A, it is assumed

that 4, >\ and h, > L. The effect of the re-
flected ray can be imitated by a fictional source
located under the Earth’s surface symmetrically
to the real source.

In sufficiently long control links R >> A, h,
and the rays AB and A'B can be assumed to be
parallel, the difference in distance travelled by
the rays R,— R, is

AR=R— R =2hsind

that is much smaller than R, and it is possible
to assume

1/R ~1/R ~ 1/R

and in the calculations of the amplitudes of the
direct and the reflected rays.

With these assumptions the interference
formula describing the power at the receiving
antenna is given by

G, G’ V[ )
(4R)’

where |V| is the ground influence factor
depending on the heights of the antennas above
the ground, the reflectivity of the ground and
the antennas’ radiation pattern.

Other factors are the same as in the Friis
transmission equation. The reflected ray is
formed by an area of the ground’s surface that
is determined by the first Fresnel’s zone. The
Fresnel’s zone is shaped like an ellipse with the
long axis oriented in the direction of the wave
propagation. The lengths of the short and the
long axes (see Fig. 1) are, respectively

_ hh, _ b
b\ hysine Y “sines O

The assumption of the direct and reflected
rays being parallel needs additional clarification
in the case of RSD radio control links. In
actuality,

R,>— R?= 4h Rsin® — 4h 2.
Assuming (R, + R)) = 2R, the difference in
distances travelled is
AR= R,— R, = 2hsin6 — 2h /R.
The discrepancy in AR between the

approximate and real cases is 24,/R and can
be neglected if it is much smaller than .

P, =P,
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The concept of parallel rays is applicable if
2kh?/R << mor R>>4h?/\.

Both SPLLS and EDCLLS are used in
combination with a remote control station
(RCS). In the former case the RCS is
controlled by a human operator. This limits the
transmission antenna height to 1.5 — 1.8 m. In
the latter case the RCS automatically changes
parameters with time without the attention of
a human operator. The height of the receiving
antenna may reach 2.4 m (standard ceiling
height in a modern building). It follows from
Fig. 1 that the tangent of the incidence angle
0 is

(g6 = % (4)

The amplitudes of the reflected wave E,
and the direct wave E depend on the distance
difference (R, — R,) where

R =Jd’ +(h —h)*, R, =d* +(h + h)*.(5)
In the maximum points the function
Cosk(R,— R) = —1,
(R,— R) = (2n,— 1)/2,

the distances to the maximums of the radiation
pattern are equal to

| emw o,
Iemax _{(2’1}0 _1)27\’2 (hl +h2)+

In the minimum points the function
cosk(R, — R) = +1,
(R, = R) = n,
the distances to the minima of the radiation
pattern are equal to

Ry =| 0 ey )
nfk 4

In the case of i, ~ h,, the following equations
for the coordinates of the maxima and minima
are used:

R - 4hh, _(2nf—1)x
" @2n, - 4 ’ ®)
R _2hh _n
" on 2
where n, = 1, 2, ... is the Fresnel’s zone

number.

The calculation data obtained for radiation
patterns of SPLLS and EDCLLS light sources
are presented in Table 1. In addition to this
data we obtained the value 2kh /R, = 2.06,
R >> 26 m for SPLLS light source and for
h,=1.5m. Then, 2kh,/R =0.96, R >>73.34m
for EDCLLS light source, for 4, =1.5 m and
h, = 6.5 m. In this case the concept of
parallel rays is inapplicable in many practical
applications.

(6) The relative amplitude of the reflected wave
Qn, — 132 : is described by reflection coefficients known in
+f—} . optics as Fresnel’s coefficients. In the cases of
16 horizontal, vertical and circular polarizations
Table 1
Calculation data for radiation patterns of two light sources
h Rminl’ m Rmaxl’ m eminl’ D emaxl’ D
, m
l SPLLS | EDCLLS | SPLLS | EDCLLS | SPLLS | EDCLLS | SPLLS | EDCLLS
1.5 56.42 158.92 112.84 317.84 7.58 2.52 4.00 1.08
2.4 90.27 254.27 180.55 553.68 5.09 1.43 4.18 0.34

Notes. 1. The performance data of the light sources are the following: f = 868.7 MHz, A = 0.3456 m
(SPLLS) and f = 2445 MHz, » =0.1227 m (EDCLLS).
2. h, is the transmitting antenna height, the receiving antenna heights are the same for the both light

sources (h,= 6.5 m).
Symbols: R .,

pattern, 0 are the incident angles.
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they are given by

_ sin®—n—cos’ 0

" Sin@+n-cos’6
r - nsin 6 —/n - cos’ 0
" nsin®+n-coslo’ ©)

r :Fh+1"v
c 2 >
n=g, — j60ch

where I',, ', T’ are the horizontal, vertical and
circular polarization reflection coefficients,
respectively; ¢, ¢ and n are the permittivity,
the conductivity and the complex permittivity
of the reflecting medium.

The reflection coefficients are complex
numbers meaning that during reflection not only
the amplitude of the reflected wave changes but
also its phase does. Assuming that both media
have equal permeability n. = 1 and that one
medium is a free space, the reflection coefficient
depends only on the complex permittivity of the
material. The complex permittivity of typical
building materials, obtained experimentally
[7], demonstrates significant variations from
one material to another, while showing a little
frequency dependence (see Table 2).

The presence of the imaginary part of the
complex electric permittivity is an evidence
of the presence of the electrical conductance.
However, numerical estimation show that the
influence of the imaginary part of n can be
neglected during calculations of the coefficients
I,and T,

At a frequency of 2445 MHz, the minimum
of the first Fresnel’s zone R, = 58.68 m,
the incidence angle 0 = 3.8°, the reflection
coefficients I', =—0.834 +,0.024, T =—0.762 —
—j0.005for A, =1.5m, h,=2.4m,n=2.0—,0.5.
Assuming n = 2, the reflection coefficients are
r,=—0.876, ' = —0.767, thus the assumption
of 6 = 0 does not produce significant errors.

To calculate the range of a radio control
link let us use the model [6] that accounts for
the ground reflection. The same paper presents
the experimental results validating the ground
reflection model. The necessary formulae are
the following:

0 = arctan

R =d’>+(h —h), R =.d*+(h+h),

cosk(R, — R)) = cos(R, - RI)% -sign(T’),

h+h
B

G, G\
" @4rR)*’
p _ GG\ |
ref trans T (4TER2 )2

dir trans

9

P

fot

=P

dir trans

+ P

ref trans

cos(R, - R) % sign|r,

Bot dBm — 10 loglo(Ea, . 10_3)

where 0 is the incidence angle; R,, R, are
the direct and the reflected ray path lengths,
respectively, P, . . P of wans Q1€ the power

quantities of the direct and the reflected waves,

respectively, P _, P .. are the total received

Table 2

The complex permittivity values of typical building materials [7]

. n
Material 1.0 GHz 57.5 GHz
Concrete 7.00 — j0.85 6.50 — j0.43
Lightweight concrete 2.0 — 0.5 -
Floorboard (synthetic resin) — 3.91 —;0.33
Plaster board - 2.25 —;0.03
Ceiling board (rock wool) 1.20 — j0.01 1.59 —0.01
Glass 7.0 —jO.1 6.81 —0.17
Fibreglass 1.2 — ;0.1 —
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power quantities in watts and in decibels above
one milliwatt.

It follows from Egs. (6) and (7) given for
R and R ., that the smaller is the angle 0 the
farther from the geometrical point of reflection
is the center of the Fresnel’s zone, and the
ellipse itself is longer and narrower. At a long
distance the lowest, i.e., the first (# = 1) lobe of
the radiation pattern is the most important. If
the angle 0 is equal to the angle of the ‘axis’ of
this lobe then the lobe is closer to the ground.
For the field at the receiving antenna to be
consistent with the interference approach it is
necessary for the reflecting ground surface to
be smooth (with small disturbances) at least
within the first Fresnel’s zone. The disturbances
outside the first Fresnel’s zone have little

_.,-:-:'4 7
7
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influence. In optics [8] the disturbances (the
deviations from a perfectly flat surface) of the
surface of a reflecting mirror must not exceed
2/10 or even A/16. These values correspond to
the normal incidence and can be considered as
limiting values. If the incidence is not normal
then the influence of disturbances is decreased
by a factor of sin6, allowing for disturbance
height
Ah < 2/(10sin0).

For a long radio link the Rayleigh criterion
is often used that states that the maximum
disturbance height for mirror like reflection is
limited by [9]

Ah < )/(8sinb).
In any practical situation the allowed

b)
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Fig. 2. Plots of the total received radiowave power versus the distance between the 2 antennas
of various heights for 2 light sources and various media.

The data was obtained for an ideal link (the Friis equation) (curves /) and for a dipole with the vertical (2),
horizontal (3) and circular (4) polarizations. The data for EDCLLS (a, b, d) and SPLLS (c) light sources is presented;
h, = 1.15m (a), 1.50 m (b), 2.40 m (c, d); h,= 1.15 m (a), 6,00 m (), 2.40 m (c, d); n = 18 — j18 (a),

12.0 — 0.1 (b), 7.00 — j0.85 (¢, d); P, = 0 dBm
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disturbance height will depend on R_ and
sinf__ .

For the EDLLS light source discussed
above, L = 0.1227 m, 6 = 2.18° and Ah <
0.32 m. This is in good agreement with another
estimate of Ah, according to which the first
lobe is properly formed near the maximum at
large values of R~ d: Ah < h/4. If h = 1.5 m

then A4 < 0.38 m.

x1

The results of the radio control link simulation

The received power values in decibels
above one milliwatt calculated using the Friis
transmission equation and also the radio control
link simulation for the vertical, horizontal and
circular polarizations are shown in Fig. 2. The
plots are created using a software application
developed in LabVIEW for simulation of a light
source command radio control link taking its
specific requirements into account. The program
allows calculating the total received power, the
reflection coefficients and other parameters
of radio wave’s propagation as functions of
the operating frequency, the heights of a
transmitting and a receiving antennas, real and
imaginary parts of the dielectric permittivity,
the radiation patterns and the transmitter
power. A convenient graphical user interface
allows studying the results over the wide range
of the input parameters. The simulation results
help in determining the radio control link range
for different mutual orientations (polarizations)
of the transmitting and the receiving antennas.

For a horizontal dipole with no directivity
in the vertical plane the effect of the ground,
reflecting the incident wave towards the

receiving antenna, is very strong. It results in
the interference of the waves at the receiving
antenna which produces a multi-lobed field
structure in the equatorial plane of the dipole.
The minima and maxima appear at certain
values of angle 6 in accordance with the above
equations. The number of minima is

N=2h /% +0.5,

where N is the integer number.

Each change in the dipole height by A/2
changes the lobe number by one. An increase
in & also increases the paths length difference
(R,— R)) and places the lobes of the radiation
pattern closer to the ground. At the same time
sinf__ decreases and low objects (6 < 6_ )
receive stronger field. An increase in A, first
improves the reception (6 <60__ ), then worsens
it, then again improves it, etc.

The positions of the maxima and minima
of the electric field are determined by the radio
control link’s geometry and are practically
independent of ¢ . However, the more is ¢, value
the sharper are the minima and maxima. With
a decrease in ¢ the maxima become lower and
minima higher, and the multi-lobe structure
becomes less prominent. This smoothing
tendency grows with decreasing 4, as long as
the multi-lobe structure of the radiation pattern
exists, i.e., as long as h,, h, > A.

Table 3 shows the total received power
P, s, for an ideal link (according to the Friis
transmission equation) and for a dipole with
the vertical (V), circular (C) and horizontal (H)
polarizations.

If the ratio A/A is changed then the lines

Table 3
Calculation results for the total received power (developed in LabVIEW)
P B
Ideal or orann > 4B
real link n = 7.00 — ;0.85 n = 2.00 — j0.85 n =1.20 — j0.10
SPLLS | EDCLLS | SPLLS | EDCLLS | SPLLS | EDCLLS

Friis equation —61.9 —76.0 —61.9 —76.0 —61.9 —76.0

V-dipole —64.2 —81.0 —65.5 —82.0 —64.9 —81.0

C-dipole —66.5 —82.6 —66.5 —82.6 —66.0 —81.5

H-dipole —71.9 —87.8 —67.6 —84.9 —65.1 —82.2

Notes. The input parameters for the SPLLS
R .= 33.33 m; for the EDCLLS light source: f=

'minl

light source: f = 868.7 MHz, h = h,= 2.4 m,
24450 MHz, h,=1.5m, h,= 24 m, R . = 58.68 m.

minl
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limiting the field’s variation would remain as
before while the P, and P . values lying
on these curves, would move down (in the case
of increasing //)) towards the smaller 6 (and
vice versa). The general shape of the curves
remains the same. The interference factor A,
that is equal to the difference

A=P

1ot for V.C.H-dipol

between the real (i.e., P, for V.G di[m,) and the
ideal (P ) cases, is the largest for a dipole with
the horizontal polarization. For the vertical and
circular polarizations A is practically the same.

The plots of the total received power
distribution versus the distance ¢ show that
the paths’ length difference cannot be small
as compared to the wavelength A for closely
spaced antennas. For the horizontal polarization
(H-dipole) in the region of oscillations the
envelope of the maxima behaves like ~1/R?
and the amplitudes of maxima and minima are
proportional to the factors (1+ T, |)?and (1—|T, )
respectively [6]. The last field maximum
corresponds to the values of 4, and A, at which
0 = 6__ . Starting with the distance where the
powers of an ideal and real links become equal
the cosine decreases monotonously and the area
in which P changes with distance like ~1/R*
begins. For a long link when 6 — 0 we get the
Vvedenskiy transmission equation [8]. For a
vertical polarization (V-dipole), the amplitudes
of maxima and minima are proportional to the
factors

P

tot F

[(1+]r )yeos?0]?
and
[(1—]r,)cos™]?
limiting the field variations, in the region of
oscillations.
If the angle 0 is equal to the Brewster’s angle
0,, (ctgb, = Je), the two curves coincide. When
vertically polarized waves fall on the surface of
an ideal dielectric (c = 0, ', is real) at this
angle, the reflection coefficient |I',| —0, and its
phase is equal to = and 6 < 6, and is equal to
zero at © > 0. The difference between H- and
V-dipoles described above explains significantly
less amplitudes of oscillations in the case of
V-dipole.
For very long radio control links, the ratio
of the received and the transmitted power is

24

given by the Vvedenskiy transmission equation

9]

and is independent of polarization and the
dielectric permittivity [8].
If R ~ d is small compared to R, then
v wrans > Prep wane @0 the limits of a change
in the interference factor are significantly
reduced. With further decrease of R, the field
of the reflected wave can be neglected. In this
case the interference factor is close to unity and
the Friis transmission equation can be used. It
is important to note that all equations derived
for an electrically small dipole are applicable to
a half-wavelength dipole [8].

The radio control link’s range is determined
by an equality of the total received power and
the receiver sensitivity. In Fig. 2, the radio
link’s range complies with the first (from the
origin) intersection of the receiver sensitivity
corresponding to horizontal lines (in decibels
above one milliwatt) and the received power
depending on the distance. Fig. 2 shows a
case when the respective receiver sensitivity
is of —80 dBm. For a long unobstructed path
(line-of-sight link), the first Fresnel zone
breakpoint may occur. The Fig. 2 shows that
communication would be lost (in the case of
the receiver’s sensitivity being of —80 dBm),
as a rule, at about the distance R ., = 21 m
for the H-dipole in the minimum of the first
Fresnel’s zone, while it is obvious that the
potential range is longer. For the C- and
V-dipoles, a decrease in the signal strength
due to diffraction is significantly smaller. If the
value of the dielectric permittivity is about 1 to
2 then a decrease in the signal strength is again
significantly smaller and is practically the same
for any polarization.

According to the recommendations given
in Ref. [7], in the line-of-sight channels,
directional C-polarization antennas offer an
effective means of reducing the delay spread.
When the C-polarization signal is incident on
a reflecting surface at an incidence angle larger
than the Brewster’s one, the handedness of the
reflected C-polarization signal is reversed. The
reversal of the C-polarization signal at each
reflection means that multipath components
arriving after one reflection are orthogonally

(10)
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polarized to the line-of-sight component and
this eliminates a significant proportion of
the multipath interference. Since all existing
building materials exhibit Brewster angle less
than 45° (¢, = 7.0, 2.0, 1.2 & 6, = 8.13°, 26.15°,
39.80°) multipath propagation due to a single
reflection (that is the main source of multipath
components) is effectively suppressed in most
environments irrespective of the interior
structure and materials in the room.

Summary

Light emitting diode lighting technologies
drastically change the possibilities of control
of the light quality. Smart light can be created
by changing spectral content, color and
intensity of lighting in time. Energy efficient
dynamically controlled light sources find
application in lighting systems of medical
institutions, in museums and art exhibitions
providing the best color reproduction of
paintings, in industrial lighting for improving
working conditions and increasing attentiveness
of personnel. This paper discusses two variants
of design and construction of wireless networks
of dynamically controlled polychromatic
light sources: using ISM/SRD and ZigBee
(IEEE  802.15.4) technologies.  Optical
lighting modules are built using AllnGaN and
AlGalnP structures, have a luminous efficiency

of 85 — 120 Im/W and varying light temperatures
from relaxing (7, = 1700 K) to activating
(7T, = 10000 K). Such controlled LED
light sources can be used to correct the
psychophysiological state of people.

The maximally continuous spectrum
approaching the natural light is achieved
providing the high values of color rendering
indexes as well as their leveling. A hardware-
software complex supporting testing, tuning
and control of a network in various modes of
operation is developed.

The most convenient dynamic control
method for LED light sources is the use of
a radio control link. The received power
may be computed using the two-ray model:
a line-of-sight ray and a reflected one. This
approach is significantly different (it is much
simpler) as compared to cellular networks
in which multiple reflections from various
objects results in the multi-path propagation.
A software application was developed in
LabVIEW for link simulation that has a
convenient user interface for setting the
parameters of a radio control link with
horizontal, vertical and circular polarizations.
The circular polarization is most effective in
the case of the multi-path propagation in the
operating area of energy efficient dynamically
controlled LED light sources.

REFERENCES

[1] P.R. Boyce, The impact of light in buildings
on human health, Indoor and Built Environment.
19 (1) (2010) 8—20.

[2] D.Y. Su, C.C. Liu, C.M. Chiang, W. Wang,
Analysis of the long-term effect of office lighting
environment on human reponses, International Journal
of Social, Behavioral, Educational, Economic, Business
and Industrial Engineering. 6 (7) (2012) P. 2.

[3] A.V. Aladov, V.N. Aladov, V.P. Valyukhov,
et. al., Type LED dynamically controlled light
sources for novel lighting technology, St. Petersburg
Polytechnical University Journal. Physics and
Mathematics. (4) (2014) 38—47.

[4] D. Gislason, Zigbee wireless networking, San
Juan Software, Friday Harbor, WA, United States
(2008).

[5] A.V. Aladov, V.P. Valyukhov, S.V. Demin,
et al., Wireless network of controlled energy-efficient

Received 21.12.16, accepted 09.02.2017.

LED lighting source, St. Petersburg Polytechnical
University Journal. Physics and Mathematics. (1)
(2015) 29-36.

[6] T.I. Kvaksrud, Range measurements in an
open field environment, Design Note DNO018. Texas
Instruments, SWRA 169A, 1—14.

[7] Recommendation ITU-RP. P.1238-2.
Propagation data and prediction methods for the
planning of indoor radio communication systems
and radio local area networks in the frequency range
900 MHz to 100 GHz// www. itu.int/rec/R-REC.
P.1238/en

[8] B.A. Vvedenskiy, A.G. Arenberg, On
propagation of ultrashort radiowaves, Moscow,
Soviet Radio (1948).

[91 G.T. Markov, B.M. Petrov, G.P.
Grudinskaya, Electrodynamics and radiowave
propagation, Moscow, Soviet Radio (1979).

25



4 HayuHo-TexHunueckmne segomoctu CI6ITY. dPusmko-marematnueckme Haykm 10(2) 2017

THE AUTHORS

ALADOV Andrey V.

Submicron Heterostructures for Microelectronics Research and Engineering Center of the RAS
26 Politekhnicheskaya St., St. Petersburg, 194021, Russian Federation

aaladov@mail.ioffe.ru

VALYUKHOY Vladimir P.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation

Valyukhov@yandex.ru

KUPTSOYV Vladimir D.

Peter the Great St. Petersburg Polytechnic University

29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation

vdkuptsov@yandex.ru

DEMIN Sergey V.

Submicron Heterostructures for Microelectronics Research and Engineering Center of the RAS
26 Politekhnicheskaya St., St. Petersburg, 194021, Russian Federation

demin@mail.ioffe.ru

VALYUKHOVA Anna V.

Peter the Great St. Petersburg Polytechnic University
29 Politechnicheskaya St., St. Petersburg, 195251, Russian Federation

avalyukhova@imop.ru

CNMUCOK JIUTEPATYPbI

1. Boyce P.R. The impact of light in buildings
on human health // Indoor and Built Environment.
2010. Vol. 19. No. 1. Pp. 8—20.

2. Su D.Y., Liu C.C., Chiang C.M., Wang W.
Analysis of the long-term effect of office lighting
environment on human responses // International
Journal of Social, Behavioral, Educational,
Economic, Business and Industrial Engineering.
2012. Vol. 6. No. 7. P. 2.

3. AnanoB A.B., Ananos B.H., Bamoxos B.II., 3ak-
reiim AJL., Ianyisaukos A.@. JInHAMWUYECKN YIIpaB-
JIsieMbl€ CBETOAMOAHbIE MCTOYHUKM CBETA IS HOBBIX
TEXHOJIOrUii ocBelleHus // HayuHo-TexHuYeckue Be-
pomocti CIIGITTY. ®dusmko-maTteMaTnyecKue Hay-
ku. 2014. No 4(206). C. 38 — 47.

4. Gislason D. Zigbee wireless networking. WA.
United States: San Juan Software, Friday Harbor,
2008. 425 p.

5. Anagos A.B., Bamoxos B.II., Jlemun C.B.,
3akreiim A.JI., IlanyabhukoB A.®D. becnpo-

BOIHAsl CETh YIMPaBISIEMBIX 2HEPTrod(pdeKTUB-
HBIX CBETOAUMOAHBIX MCTOYHMKOB  OCBELICHMS
// Hayuno-texuuueckue Bemomoctu CIIGITIY.
dusuko-mareMatnyeckue Hayku. 2015. Ne 1(213).
C. 50 — 60.

6. Kvaksrud T.I. Range measurements in an
open field environment// Design Note DNOIS.
Texas Instruments. SWRA 169A. Pp. 1—14.

7. Recommendation ITU-RP. P.1238-2.
Propagation data and prediction methods for the
planning of indoor radio communication systems
and radio local area networks in the frequency range
900 MHz to 100 GHz // www. itu.int/rec/R-REC.
P.1238/en

8. Beenmenckmii B.A., Apenoepr A.I'. Borpocsr
pacripocTpaHeHMsT yAbTpaKopoTKux BojH. M.: Co-
BeTCKoe pammo, 1948. 144 c.

9. Mapkos I'.T., B.M. Ilerpos, I'.Il. I'pynun-
cKasA. DJeKTpoaMHAMUKa M PacTpoOCTpaHEeHHWE pa-
nuoBosiH. M.: CoBetckoe panuo, 1979. 374 c.

Cmamows nocmynuna 6 pedakyuro 21.12.2016, npunama k nyéauxayuu 09.02.2017.

CBEAEHUA Ob ABTOPAX

AJIAIOB Annapeii BamsMeHOBUY — Kandudam @u3uko-mamemamu4ecKux HAyK, CMapuiuii Hay4uvli co-
mpyonux Hayuno-mexnonoeuueckoeo ueHmpa MUuKposNeKmpoHUKU U cyOMUuKporuvix eemepocmpykmyp PAH,

Canxkm-Ilemepbype, Poccutickas Pedepayus.

194021, Poccuiickas @enepanus, Cankr-Ilerepoypr, ITonutexHuyeckas yi., 26

aaladov@mail.ioffe.ru

26



4 [Mpu6opbl M TeEXHUKA PU3NYECKOTo IKCMEePUMEHTA

BAJIIOXOB Baamuvup IlerpoBuu — doxkmop mexuuueckux Hayk, npogeccop Kaghedpvi paduopusurxu
Cankm-Ilemepbypeckoeo noaumexruueckoeo yHusepcumema Ilempa Beaukoeo, Cankm-Ilemepbype, Poccuii-
ckas Dedepayus.

195251, Poccuiickas @enepauust, Cankr-Iletepoypr, [loaurexuuueckas yi., 29

valyukhov@yandex.ru

KYIIIIOB Baagumup JImMutpueBnmy — kanoudam mexHu4eckux HAayk, doueHm Kaghedpsvl paduodu3uxu
Cankm-Ilemepbypeckoeo noaumexnuueckoeo yHusepcumema Ilempa Beaukoeo, Cankm-Ilemepbype, Poccuii-
ckasn Dedepayus.

195251, Poccuiickas @enepanust, Cankr-Iletepoypr, [Monurexuuueckas yi., 29

vdkuptsov@yandex.ru

JTEMWUH Cepreii BacunbeBuu — 3asedyrouuti aabopamopueii Hayuno-mexnosoeuueckoeo yenmpa Mukpo-
2NeKMpOHUKU U cyomukpontsix eemepocmpykmyp PAH, Canxm-Ilemepoype, Poccuiickas Dedepayus.

194021, Poccuiickas Deaepanust, Cankr-Ilerepoypr, [Monmurexuuueckas yi., 26

demin@mail.ioffe.ru

BAJIFOXOBA Anna BaaguMupoBHA — accucmenm 6bicuiell WIKOAbl MeNCOYHAPOOHbIX 00pa308amenbHbiX
npoepamm Cankm-Ilemepypeckoeo nosumexnuveckoeo ynueepcumema Ilempa Beauxoeo, Cankm-Ilemep6ype,
Poccuiickas Dedepayus.

195251, Poccutiickas @enepanusi, Cankrt-Iletepoypr, [Tonurexuuueckas yi., 29

avalyukhova@imop.ru

© CaHkT-letepbyprckui nonmMtexHnueckmnim yHmuepcutert Metpa Bennkoro, 2017

27



4 HayuHo-TexHunueckmne segomoctu CI6ITY. dPusmko-marematnueckme Haykm 10(2) 2017

DOI: 10.18721/JPM.10203
UDC 543.084.852; 351.814.375.3

WIRELESS NETWORKS OF ENERGY EFFICIENT
DYNAMICALLY CONTROLLED LED SOURCES

A.V. Aladov', V.P. Valyukhov?, V.D. Kuptsov?, A.L. Zakgeim',
M.N. Mizerov', S.V. Demin’, A.V. Valyukhova?

'Submicron Heterostructures for Microelectronics Research and Engineering Center of the RAS,
St. Petersburg, Russian Federation
2Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation
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ITpuBeneHBI pe3ysbTaThl Pa3pabOTKA M MPAKTHUYECKON peaau3aliii 0eCIpOBOI-
HBIX CEeTeil ympaBJisseMbIX, CIIEKTPAJIbHO MepecTpauBaeMbIX CBETOIMOIHBIX NCTOUYHM -
KOB OCBEILIEHNSI, IPUEMOIIEPEIATYMKNA KOTOPHBIX IEMCTBYIOT B HEJTULIEH3UPYMBIX M-
ama3oHax 868 u 2400 MI'n. I[TogmoOHbIe UCTOYHMKM, IMO3BOJISIOLINE CUHTE3UPOBATh
MO0 OEJIBIN CBET B IIMPOKOM AMAIa30HE CBETOBEIX TeMIIepaTyp, JM0O0 OKpallleHHOe
M3TyYCHUE Pa3IMIHBIX IIBETOBBIX OTTCHKOB, IPEACTABIISIOT OOJBIION MHTEPEC KakK
IUIST OOILIETO OCBEIICHMS, TaK WM JJIS psiia CIeUabHBIX MpuMeHeHuid. Paccmarpn-
BAlOTCSI BOMPOCHI MPAKTUYECKOW peann3allii UCTOYHMKOB CBETA M MX ONTUMMU3A-
LIMU T10 CBETOBOM OTHa4ye U JMHAMUYECKOMY IMAITa30Hy I10 JaJbHOCTU pagydoKaHaIa
yIIpaBJICHUS.

KmoueBbie cjioBa: CBeTOAMOM; AMHAMUUYECKOe yrpabiieHUe; TexHojorus ISM; texHosorust ZigBee;
PaIMOYACTOTHBIN MMPpUEMOIepeaaTInK; aHTEHHA
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Introduction

Light emitting diodes (LEDs) due to their
technical and economic advantages (low
power consumption, a long service life and
low service costs, a small size, the absence
of hazardous IR and UV radiation, ease of
disposal) are the leading contenders for future
light sources. Currently, when the world-
leading manufacturers such as Nichia, Cree,
Philips, Lumileds and Osram have all achieved
a very high level of luminous efficiency of
150 — 200 Im/W in their mass-produced
LEDs, the quality of generated light becomes
increasingly important [1, 2]. Lighting
systems have to be capable of generating
light with a wide range of color temperatures
(2700 — 6500 K) and with a high color-rendering
index. To satisfy the modern requirements
to high-quality lighting, the average color-
rendering index R must be more than 95, and
special color-rendering indexes R, — R,, must
be no less than 85 [3, 4].

Another important property of lighting is
its controllability, i.e., the possibility to change
its spectral and color parameters. The ability
to control the spectrum and color expands
functionalities of light sources. It also changes
the approaches to solving many lighting
problems, from general lighting, including street
lighting, comfortably mixed and room lighting,
to special tasks like medicine, especially surgery,
agricultural technology, exterior architectural
and museum lighting [5 — 7]. The control
range may be variable, from small variation of
color temperature with time to production of a
large gamut of natural colors including millions
of colors.

This paper presents the results of practical
implementation of wireless networks of energy
efficient, dynamically controlled LED light
sources for illumination of living, communal
and industrial quarters with the capability to
regulate color, spectral and brightness lighting
characteristics with time and creation of an
optimal lighting environment, including;:

Imitation of natural light (inside windowless
rooms) with a gradual change in the color
temperature during the day thus matching the
biological cycles, especially in winter when
there is a lack of natural light;

Creation of special lighting conditions
to increase the efficiency, attention and
concentration of personnel working under
pressure and to provide relaxation and relief of
the nervous pressure;

Museum lighting to provide art exhibitions
with better conditions of color perception of
paintings and to create comfortable lighting
conditions for appreciation of works of art;

Lighting systems for child care and medical
establishments.

The LED light sources described above
produce white light with the required spectral,
color and brightness characteristics using the
principle of RGBW color-mixing: controlled
polychromatic LED light source (CPLLS) and
energy-efficient dynamically controlled LED
light sources (EDCLLS) [8]. Most European
wireless equipment operates at 2.4 GHz, how-
ever, 868 MHz is used for some narrow-band
and wide-band application, such as street light
control, social alarm, generic alarm and non-
specific SRDs.

Practical implementation of CPLLS
and EDCLLS networks

The wireless CPLLS and EDCLLS networks
contain the following components: terminal
devices (lamps) with LED light sources play-
ing their role; a remote control station (RCS)
which coordinates the network and controls its
operation in all modes; a PC that also serves
as a network coordinator when setting up the
network and for some modes of its operation.

The CPLLS and EDCLLS devices them-
selves incorporate the following components:
a main power supply; a power supply for the
standby mode; a microcontroller with a control
board including a wireless link; LED drivers
for power management; LED bars with series-
connected LEDs.
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Main characteristics of CPLLS

The problem of optimal color mixing in or-
der to provide white light with the required color
temperature and concurrently to achieve a good
compromise between the luminous efficiency
and color-rendering index was investigated in
Ref. [9, 10]. One of the main results of this
work can be briefly formulated as follows: given
the typical half-width of the color spectra of
semiconductor light sources Ak, ~ 15 — 40 nm
creation of white light with the high color
rendering index R~ > 95 require extra radia-
tion of 4 — 5 semiconductor light sources with
various peak light wavelengths Meat relatively
uniformly spread over the whole visible region.
Even denser filling of the black-body radiation
spectrum by adding auxiliary LEDs does not
improve the CRI but leads to a decrease in
luminous efficacy and an increase in complex-
ity. At the same time, even a small deviation of
the peak light wavelength of any of the LEDs
from the optimal value can result in a sharp de-
crease in some of the color rendering indexes,
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especially R, — R,,, related to highly saturated
colors. The problem can be solved by using lu-
minophore-based LEDs which exhibit a wider
spectrum of AL, ;= 70 — 100 nm.

The key element of a light source is a poly-
chromatic LED module [11] consisting of six
light-emitting diodes with the wavelengths of
460%5, 490+5, 51010, 530%+10, 56010 and
630£10 nm. Four such modules are connected
in series. The spectra of the selected LEDs are
shown in Fig. 1.

It is important to note that each color tem-
perature 7, requires adding only four bands.
Six-band LED module was selected to achieve
universality by covering a wider band of 7, and
accentuating some colors for special lighting
conditions (for microscopy, surgery, muse-
ums).

CPLLS provides the color temperature
range 2700 — 6500 K, the light intensity from
1700 to 2400 Im and high values of the color-
rendering indexes not less than 80 — 90. The
power used by the source is less than 20 W
(18.4 W), the luminous efficacy from 85 to

630 «— Black body:

Tc-=4000 K

400 500

600 700

Wavelength, nm

Fig. 1. Spectral distributions of 6 LEDs used in color mixing; the envelope is the black-body
spectrum at 7, = 4000 K (shown by a dotted line)
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120 Im/W. Six drivers transform the constant
current from a power supply to the LED’s feed
current with pulse width modulation (PWM).
The total supply current is no more than 1 A.
The PWM frequency was set by a microcon-
troller within a range of 1.25 — 10 kHz and the
duty cycle of PWM varied from 100 to 1 (from
1 to 100 % PWM). The brightness was var-
ied by increasing the PWM period relative to
the brightness at the optimal PWM frequency
(F o 2.5 kHz) corresponding to 100 % light
intensity of the LED unit. At 10 % light inten-
sity the PWM period corresponds to 250 kHz
frequency. This improves the speed of CPLLS
and is higher than the 100 Hz threshold sen-
sitivity of the human eye to the modulation of
brightness.

RCS operating in the 868.7 — 869.2 MHz
band that can be used with narrow- or wide-
band (NB or WB) frequency modulation, has
the transmitter effective radiated power (ERP)
of 25 mW (+14 dBm) and the duty cycle less
than 0.1 %. The receiver category is defined by
ETSI EN 300-220-1.

A microcontroller receives commands from
an RF transceiver using the SPI interface, con-
trols the current drivers for LEDs and turns
the light source on and off. The same trans-
ceiver chip CC1110FX is used in the micro-
controller board and in the RCS. The chip is a
low-power SoC (System-on-Chip) ISM/SRD
with MCU, Memory, USB controller and
high sensitivity (—110 dBm at 1.2 kBaud and
—87 dBm at 250 kBaud). The receiver has high
selectivity and a good blocking performance, the
programmable data rate up to 500 kBaud and
the output power up to 10 dBm, the low cur-
rent consumption (RX: 16.2 mA @ 1.2 kBaud,
TX: 15.2 mA @ —6 dBm). There are two power
saving modes: Power Mode 1 (0.8 pA) and
Power Mode 2 (0.6 pA). The CC1110FX uses
the GFSK (Gaussian Frequency-Shift Keying)
modulation.

The CCI1110 chip is compatible with many
PCB mounted antennas including a DN024 an-
tenna used in the RCS and a microcontroller
unit as a transmitting and receiving antenna,
respectively. An RCS controls the CPLLS ac-
cording to the program entered by the opera-
tor manually after pressing the ‘on’ button and
setting the color temperature using the light

intensity control button. In standby mode the
CPLLS power consumption is less than 0.5 W.

The CPLLS network has a star topology.
The RCS serves as the network coordinator
and the light sources are terminal devices.

Each RCS has a unique address that is set
during manufacturing. If any button on the
RCS is pressed, then a light control command
is sent. This command contains the RCS ad-
dress. Each light source is programmed to work
with only one RCS. The number of light sourc-
es can be quite large.

Main characteristics of EDCLLS

For the EDCLLS network realized the most
promising technology using the LR-WPAN
(Low-Rate Wireless Personal Area Network)
devices is based on the IEEE 802.15.4 standard
and on the accompanying higher layer ZigBee
standard [12, 13]. The IEEE 802.15.4 standard
describes only two lowest networking layers: a
physical one (PHY) and a medium access sub-
layer (MAC), while ZigBee has all seven lay-
ers supporting the creation of monitoring and
control networks. IEEE 802.15.4 standard has
proved to be successful and now many manu-
facturers produce devices supporting it.

The standard architecture of IEEE 802.15.4
has several layers; each of them is responsible
for the realization of one part of the standard
and provides its services to the higher layer.
LR-WPAN device provides PHY including ra-
diofrequency (RF) transceiver with a low-level
control mechanism and MAC provides access
to PHY for all types of transmission.

PHY provides information for PHY and the
control services, maintaining control functions
and supporting a database of controlled objects
connected with the defined physical layer. The
PHY information service performs transmis-
sion and reception of the protocol data units
(PDU) via the radio channel.

ZigBee and IEEE 802.15.4 standards require
wireless device to implement a duty cycle of no
more than 1% of the total operating time that
helps to increase the autonomy of devices up to
several months or years. The devices supporting
IEEE 802.15.4 standard use a low transmitted
power because increasing the power up to more
than 10 dBm in a low-cost system-on-chip is
economically ineffective. According to the Eu-
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ropean regulation (ETS EN 800328), transmis-
sion with the power higher than 10 dBm may
be problematic without additional frequency
filtering of out-of-band emissions. Most IEEE
802.15.4 compliant devices exhibit the trans-
mitted power level in the range of —3 — 0 dBm
to reduce interference. The transceivers use a
frequency band of 2400.0 — 2483.5 MHz that
is allowed in the Russian Federation. The Off-
set Quadrature Phase-Shift Keying (O-QP-
SK) modulation and Direct Sequence Spread
Spectrum (DSSS — a method of transforming
a binary sequence into a pseudo-random se-
quence modulating the carrier frequency) are
used. This allows tolerating low values of the
signal-to-noise ratio (SNR) and the signal-to-
interference one. A typical low-cost receiver
achieves a packet error rate (PER) of 1 % and
so it requires SNR values from 5 to 6 dB.

The ZigBee devices have one of the low-
est power transmitters in combination with the
most sensitive receivers of all the competing
devices. This combination makes a positive im-
pact of low microwave radiation exposure on
people from the ZigBee networks. This is es-
pecially important for EDCLLS. In this case
manufacturers take into account that devices
must provide optimal lighting in the areas of
constant human presence. In this regard, the
ZigBee technology is particularly attractive for
providing ecological safety as compared to all
other wireless standards.

The MAC layer maintains the continu-
ity of the MAC information service and the
MAC control service. They provide the net-
work control interface and support a database
of objects controlled at MAC layer. The MAC
information service provides the transmission
and the reception of MAC layer protocol units
(MPDU) using the PHY information service.

A data transfer model is defined by the net-
work topology. The EDCLLS network uses a
star topology with two data transfer modes: a
transfer to a network coordinator (a personal
computer (PC) or a remote control station
(RCS)) and that from a coordinator to a net-
work device.

The EDCLLS is a PAN network without
any support for beacons, where the information
unit is sent to a coordinator using a domainless
scheme CSMA-CA.
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An analysis of all color-rendering indexes
shows that quite satisfactory results are produced
by the four-color color-mixing schemes RGBA
and RGBW. A combination of five spectral
bands of LED sources is optimal for producing
high-quality white light with a wide range of
color temperatures: 7, = 2500 — 10,000 K.

A five-color LED module was selected to
increase and equalize the color-rendering in-
dexes for each color temperature 7, and to em-
phasize some colors for special cases of light-
ing.

The electronic design and the technical
specification of the RF channels of the RCS
and the control microcontroller of the ED-
CLLS are identical because the same module,
ZigBit 2.4 GHz Single chip Wireless Mod-
ule ATZB-S1-256-3-0-C [14] supporting the
IEEE 802.15.4 standard, is used. The module
has high sensitivity (—97 dB at packet error rate
1 %) and the optimal transmitter output power
of +3 dBm result in the unique power budget
(up to 100.6 dB) of the link. The range of the
radio link is 170 — 570 m in the free space if
the transceivers are located at a height of 0.5 m
above ground. This result is achieved at various
combinations of the transceiver's orientations
(polarizations) and in the absence of interfer-
ence from other transmitters. In actual prac-
tice, multi-path propagation, interference and
other factors can significantly reduce the range
of the radio link.

The power consumption of the RCS in the
programming mode is less than 5 W and 0.5 W
in the control mode.

Since the control of the EDCLLS network
by the RCS is continuous, the problem of re-
ducing the standby power is important. The
problem was solved by developing a power sup-
ply unit for both RCS and EDCLLS transceiv-
ers, the latter having a power consumption of
60 — 80 mW during reception and 1 — 5 W
in standby mode. Low power levels are due
to the low supply current of the ATZB-SI-
256-3-0-C microcontroller: they are 9.6 mA,
16.4 mA and 0.6 pA during reception, trans-
mission and standby modes, respectively. The
AC/DC converter of the RCS is the same as
in an EDCLLS. It uses a UPLNK574 chip and
provides ultra-low power consumption during
continuous operation.
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The power supply of the EDCLLS consists
of two modules of 20 W each (40 W total). The
modular design is determined by the shape of
the EDCLLS's case and allows reducing the
power supply's volume and increasing its reli-
ability and electromagnetic compatibility.

The EDCLLS network has three shortened
addresses: individual, broadcast and group.

Let us describe the messages sent in the
EDCLLS network.

Search for network devices. The network
coordinator (PC) sends a request with a broad-
cast address (with an identification number
PAN = 0xFFFF and a device address OxFFFF).
The source (PC) address can be of any number.
All EDCLLS devices in return send a packet
of data to the network coordinator address.
The packet contains the network identification
number and the individual EDCLLS device
number. The transmission is performed using
the domainless CSMA-CA method. The result
of the search is a table of all devices within
radio link reach.

Control data transmission to an individually
selected device. The network coordinator (PC)
sends control data to any address within the
table. No acknowledgement is required.

Connect a device to a group. Any device af-
ter receiving a command to connect to a group
containing its address memorizes a network
identification number (PC PAN).

Control data transmission to a group address.
This message is sent to the OxFFFE address
with no acknowledgement required. The num-
ber of individually controlled EDCLLS groups
is 65534 (the addresses 0x0000 and OxFFFF
are excluded).

The EDCLLS network software has the fol-
lowing operating modes:

The control of the EDCLLS network (pos-
sibly, from the RCS) via a radio link in contin-
uous-operation energy-saving mode;

Programming of individual addresses for
each RCS and EDCLLS device during manu-
facture;

Testing of the EDCLLS devices and setting
up a network using a PC with a USB-adapter
Atmel ATZB-X -233-USB instead of an RCS;

Programming the RCS from a PC using a
USB adapter Atmel ATZB-X 233-USB.

Conclusion

Creating spectrally tunable semiconductor
light sources and their application is a complex
multidisciplinary task linking several areas
of science and technology. New lighting
technologies radically improve the ability to
control the quality of light, including a time
variation of the spectral content, the color, the
intensity, the modulation frequency (individual
tuning and smart lighting). This work presents
two variants of building wireless networks of
dynamically controlled polychromatic light
sources using the technologies of ISM/SRD
and ZigBee (IEEE 802.15.4 standard).

The CPLLS light source has a luminous
efficacy in the range of 85 — 120 Im/W,
T, = 2700 — 6500 K, the color rendering index
R, >90. For the RGBW version of this source,
a powerful 6-chip module has been developed
using AllInGaN and AlGalnP heterostructures.
In the EDCLLS the spectral and the color
parameters of a 4-color RGBW optical
module vary from 2700 K with the color-
rendering index CR, = 97.17 to 10,000 K with
CR, = 85.83.

In both Ilight sources the RGB-source
parametersare stabilized with respecttointensity,
temperature and time using the PWM of the
supply current and negative feedback systems
based on color sensors. There is a possibility
to select two types of color influence: relaxing
(T, = 1700 K) and activating (7, = 10,000 K).
Using these sources, it is possible to create
controlled light sources capable of purposefully
correcting the psycho-physiological state of the
human organism.

A nearly continuous spectrum very close to
the natural spectrum of light, exhibiting high
values of color-rendering indexes, has been
achieved. A combination of hardware and
software tools was developed to provide testing,
tuning and control of the network in various
operating modes.
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B crarpe onucaHbl NyTU CHUXKEHUS paldallMOHHOro poHa B 3aj1e 00IyyeHusl Npu
MPOBEJACHUU TIPOLIEAYP MPOTOHHOM JIydeBO Tepanuu ria3a. HeoOXoanuMocTh TaKoro
CHIDKEHMS BbI3BaHA OIMACHOCTBIO 3(pdeKTa «MaibIX H03» ISl 300POBbS MEPCOHAA U
MalMeHTOB. 3aTparuBalOTCs acIeKThl CHIDKEHUs (hoHAa KaK 3a CYeT BTOPUYHBIX Ya-
CTULI, POXAAIOIINUXCS B cUCTeMax (pOpMUPOBAHUS My4yKa, TaK U CHUKEHUS NO3bl 00-
JIy4EHUS 300POBBIX TKAHEH MalMeHTa MpU MPOBEACHUU JIy4eBOM Tepanuu, oiarogapst
KOPPEKTHOI OLIEHKe OM0JI0rMuecKoro 3(pdekra oT IPOTOHOB ¢ 3HeprusiMu 10 60 MaB.
Pe3ynbTaThl MPOBENEHHBIX PACYETOB AOKA3bIBAIOT, UTO YBEJIMYECHUE NUAMETpa MydykKa
MPOTOHOB JIA€T BO3MOXHOCTh CHU3UTh PauallMOHHbIN (DOH B 3ajie 0baydyeHust bosee
YeM BTPO€ U COOTBETCTBEHHO YMEHBIIUTh JYYEBYIO HArpy3Ky Ha Tejlo mauueHTa. s
CHMKEHMS JIy4eBOM HArpy3Ku Ha MPUJIEXKALLKE OPTaHbl TPeOyeTCsl KOPPEKTHO YUUTHI-
BaTh MTOKa3aTeIb OTHOCUTEIBHON OMOJOTUYECKON 3(D(HEKTUBHOCTH.

KmoueBblie ciioBa: mpoToHHAs O(PTaIbMOJIOTHSI; BTOPUUYHOE U3JIydeHUE, paauallMOHHbIN (POH; OTHOCU-

TeJbHast ouonornyeckas 3(pPeKTUBHOCT

Ccpuika npu nutupoBannu: bakaes B.A., MBanoB H.A., Jle6enesa XK.C. CrtocoObI CHIUKEHUS JTyYEBOM
Harpy3Ky Ha MMallMeHTOB IIPU IIPOTOHHON Tepanuu 3a0ojeBaHuii ria3a // HayaHo-TexHnuecKue BeAOMOCTH
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METHODS FOR REDUCING THE PATIENT RADIATION EXPOSURE
DURING THE PROTON EYE-DESEASE THERAPY

V.A. Bakaev', N.A. Ivanov?, Zh.S. Lebedeva?

! Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation;
2National Research Centre “Kurchatov Institute” B.P. Konstantinov Petersburg
Nuclear Physics Institute, St. Petersburg, Russian Federation

The paper is devoted to techniques for reduction of background radiation in the
room for conducting the proton eye radiotherapy. The necessity of this reduction
stems from the health risk of low-dose effect on the personal and patients. We have
touched the aspects of the background reduction both at the cost of secondary
particles, produced in the beam-forming systems, and the dose reduction for patient’s
healthy tissue (when carrying out beam-therapy) owing to the correct assessment of
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the biological effects of protons with energies up to 60 MeV. The obtained calculation
results prove that an increase in the proton beam diameter provides the possibility of
reducing the background radiation by more than a factor of three in the room and
of correspondingly decreasing the body’s radiation exposure. It is necessary to take
correct account of RBE to reduce the radiation exposure of contiguous organs.
Key words: proton therapy; secondary radiation; radiation exposure; relative biological effectiveness

(RBE)

Citation: V.A. Bakaev, N.A. Ivanov, Zh.S. Lebedeva. Methods for reducing the patient radiation expo-
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BBenenune

B IletepOyprckoM WHCTUTYTE SIAEpHOM
¢dusuku nmenn b.I1. KoHcTrantuHoBa ruraHm-
pyeTcsl co3gaHue LIEHTpa IPOTOHHOM Tepanuu
3aboJieBaHMIi I1a3a Ha O6a3e uukiaoTpoHa II-80
Ha sHepruto npotoHoB A0 80 M»B. BaxHoii
3afadyeil TIpU OpTraHU3alUM LIEHTPOB JIYYEBOM
Tepamnuu SIBJISIETCSI CHIDKEHME paagualliOHHOTO
¢oHa B 3aje 00JydeHUs; HEOOXOAMMOCTh Ta-
KOTO CHMXKEHHS BbI3BaHA OITACHOCThIO 3 deK-
Ta «MaJbIX JI03» Yy TIepcoHala W ITalleHTOB.
JanHbit 3(pPeKT COCTOUT B JOJITOBPEMEHHBIX
MOOOYHBIX TTOCJIEACTBUIX JIEYEOHOro 00JyUe-

HU4 [1], B YaCTHOCTU B pa3BUTUXA BTOPUYHOTO
paka B pe3yJbTare BO3ACHCTBUS Ha OPraHU3M
(0coOEHHO OeTCKUII) BTOPUYHBIX HEHTPOHOB.
OT1oT 3P(DEKT TIOX0 M3ydyeH, HO HE3aBHUCHUMO
OT 3TOr0 HauboJjiee MPUEMIEMbIM CUMTACTCS
MaKCHMaJIbHO BO3MOXHO€ CHIKE€HHE (oHa
(B TOM umcJie HEUTPOHHOro) 0e3 IoTepu Ka-
YyecTBa Mydka.

Mertoa ucciaenoBaHus

Jns1 GopMUPOBAaHUST MEAULIMHCKOTO TTyYKa
MpU TIPOTOHHOMW Tepanuu 3abojeBaHUWii T1a3a
TPAJAULIMOHHO MTPUMEHSIETCSI METOJ1 MTaCCUBHO-
ro paccesiHusl, NMpU KOTOPOM BXOAHON MY4YOK

Puc. 1. Cxema BUPTyaJIbHOM 3KCIIEPUMEHTAbHON YCTAHOBKU:
1 — BBIXOH yCcKOpUTENs, 2 — paccenBalollas cucreMa, 3 — cucTemMa KoJTMMaluu, 4 — rpeGeHuYaThiil (UIbTp,
5 — crcTeMa MOHUTOPUPOBAHUS ITydKa, 6 — CUCTeMa KOHEYHOU KOJUTMMALIUY, 7 — YyBCTBUTEIbHBIN 00beM, & — daHTOM.
Tosncrast cTpenka yKa3plBaeT HarpaBieHUe OOTyIeHMsT
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MPOXOAUT YCTPOMCTBA KOJIMMALIAM, pacces-
HUS 1 MOAYJISILIAY 3HEPIUU IMPOTOHOB C 1IEJIbI0
co3naHus TpedyeMoro Buaa Moau(pUIIMPOBaH-
HOM KpuBOii bparra B obimygaeMoii 001acTu.
CoryacHO TUIIMYHOU cCXeMe yKa3aHHOro op-
mupoBaHus (puc. 1 [2, 3]), IIy4oK IPOTOHOB
pacimpseTcs 1 IeaeTcsl OMHOPOIHBIM IO ce-
YEHUIO TIPY ITOMOIIM CUCTEMbI paccerBaTesieit
M KOJIZTMMATOpPOB.

IIpoGaema cHIKeHUS PATUALMOHHON HATPY3KH
HA MalnueHTa

OcHOBHasl MpUYMHA BO3HUKHOBEHMS pa-
IUaluMoHHOro ¢oHa B 3aje OOJydyeHUs TIpu
MPOTOHHON Tepanmuu TIJa3a COCTOUT B TOM,
4yTo 0OJbIIAs 4YacTh IPOTOHOB IIOIJIOIIAET-
cs B cucteMe (OPMHUPOBAHUS MEIUIIMHCKO-
ro myyka, oOOpyJIOBaHMM M B CTeHax 3aja
obonyuyeHussi. Kak mnpaBujo, B 3ai1 o0Jyde-
HUS BBOAMUTCS IIyYOK MPOTOHOB JUAMETPOM
2 — 5 MM («y3Kuil»), KOTOPBIA TIPOXOIUT Psi
YCTPOMCTB C Lejbio (OPMUPOBAHUS MEIU-
nuHCKoro myuka [2, 3]. IlocinengHuit moymkeH
COOTBETCTBOBATh AMAMETPY OIYXOJWM U MO-
xeT gocturath 4 cMm. Ilpu stom cseiie 90 %
MPOTOHOB TOTJIOIIAETCS B BJEMEHTAX CHCTE-
Mbl (POPMUPOBAHMSI, 000OPYIOBAaHUS M CTEHAX
3aa oosydeHus. o 10 % oT uucia Takux
MPOTOHOB BBI3BIBAIOT SACPHBIC pPeaKLUUU C
sSApaMM aTOMOB KOHCTPYKLIMOHHBIX MaTepHa-
JIoB [4]; B pe3yabTaTe peakluii o0pa3yloTcs
BTOPUYHBIC YACTULILI U paguoHYKIMUIbl. He-
00XOIMMO OTMETHUTb, YTO CpPeAy BTOPUUYHBIX
YacTUIl HauWOOJIbIIIYIO OIMACHOCTb TMpPeACTaB-
JISIIOT HEUTPOHBI, KOTOPBIE MMEIOT BBICOKYIO
ouosornyeckyo 3¢hpGeKTMBHOCTh U CITOCOD-
HBI BBI3BIBATh JOIIOJHUTEIBLHYIO aKTWBALIMIO
MaTepuaJioB B 3ajie 00Iy4YeHUs.

Hamu nipemioxkeH M cMOIEIMPOBAaH Bapy-
AHT <«IIIMPOKOr0» BXOZHOTO ITydKa, IHAMETP
KOTOPOI0 JOJIKEH COOTBETCTBOBATH AUAMETPY
o0aydaeMoit obsactu [5]. PacueTsl mpoBeAeHBI
Ha OCHOBE IporpaMMHOro kKomiuiekca Geant
4.9.6, KOTOpBII C MKCIIONbL30BAaHMEM METOIA
MomnTe-Kapno mo3BosisieT MoaeapoBaTh Mpo-
XOXIeHWEe Pa3IMIHBIX BUIOB U3IyUSHUS Yepe3
pa3nble cpeanl. [IporpamMa Obl1a TeCTUpOBaHA
OTHOCUTEJBHO MPOCTPAHCTBEHHOTO pacipe/ie-
JIeHUsI TIOIJIOLIEHHOM 103bl M 00pa3oBaHUS
HEUTPOHOB B TKAHEIKBMBAJICHTHBIX MaTepHa-
JIax.

ITpoBeneHbl pacyeThl TIPOBOAKM Iy4yKa
MIPOTOHOB IIPU PA3IUYHBIX AUAMETpPax BXOI-
HOTO MyYKa IPOTOHOB ¢ 3Heprueit 60 M»>B:

«y3KOIo» My4yKa paguycoM 2 MM U YIJIO-
BoO#t pacxoguMmocTtbio 4,2:1073 pan;

«IIMPOKOTO» ITy4Ka, AUaMeTp KOTOPOro Ha
BXOJ€ B 3a] OOJIyUYeHMsI paBEH AUAMETPY 00-
JIaCTU OO0JydYeHHusl 25 MM; yIJoBasl pacXodu-
MocTb cocTtapsiia 7,0-107* pag.

B oboux ciyuasix co3maBajach OAMHAKOBasI
MonMduIMpoBaHHas KpuBasg bparra co cie-
OYIOIIMMM TTapaMeTpaMu:

mMpuHa 12 mMm,

JraMeTp KOHEYHOro KOJIMMaropa 25 MM.

CrnenyeT OTMETHUTb, YTO BJEMEHTBI CHCTE-
MBI (popMUPOBaHUS IIs1 Y3KOTO U IIUPOKOTO
MYYKOB ObUIM HECKOJBKO pa3iuyHbl. B yact-
HOCTH, JJISI IIMPOKOTO IMy4YKa He IIPUMEHSUINCh
paccenBaolne (QoJIbIHU.

B pesynbrate pacyeToB yCTaHOBJICHO, YTO
NpyU OJVHAKOBBIX XapaKTEPUCTUKAX TMOTIJIO0-
IIIEHHOM OO03bl B OO0JyyaeMmMoii 00JIaCTU [IJist
Y3KOro ITydyka BeIWYMHa 3(PPEKTUBHOCTU CO-
crapuna ¢, = 0,06, a I WKMPOKOro Iyyka
g, = 0,17. OcraibHag 4yacTb Iy4yKa MPOTOHOB
(1 -¢) nornoiaeTcss B Matepuaniax 3aja o0-
JIy4€HHUSI, CO3aBasi B pe3yjabTaTe SAepHbIX pe-
aKII1i1l BTOPUYHBIC YaCTULIBI U PAAUOHYKIVIBI.
KonnyecTBeHHOE OTHOIIEHNE TaKMX IIPOTOHOB
N s ciydyaeB Y3KOro M IIMPOKOTO MYYKOB
OIPENEIIETCS CICIYIOIIUM BhIPAXKEHUEM

n=_(, /¢,)-[0—g)/A=g)l. (1)

N3 dopmynsr (1) ciaegyer, 4To MpUMeEHe-
HUE IIAPOKOTO IydyKa IO3BOJISIET IPUMEPHO
BTpO€ CHM3WUTh paJuallMOHHBLI ()OH B 3aie
00JTydeHus1, TI0 CPaBHEHMWIO C MCIIOJIb30BaHU-
€M TPaIUILIMOHHOM CXEMbI C Y3KUM ITYyYKOM.

CnemyeT OTMETHTbH, YTO pas3inuue B 3¢-
(peKTUBHOCTM y3KOTO U IIMPOKOrO ITy4YKOB
Oyner HapacTaTb IO Mepe YBEJIUYEeHUS II0-
MepevyHoro pasMepa o00OJyuaemMoil 0O0JIacTu.
KpoMe Toro, misg IIMpOKOro Iydyka cucTeMa
(popMupoBaHUS MEAULIMHCKOTO MyykKa B 3ajie
00JTydeHUsI CTAHOBUTCS 0oJiee TPOCTOl 1, CO-
OTBETCTBEHHO, HAlIEXKHOIA.

PaccMoTpeHHEBIN BBIIIE CIIOCOO YMEHBIIIE-
HUs paavallMOHHOTO (poHA B 3ajie 00JyYCHUS
JlaeT BO3MOXHOCTh CHHM3UTh PHUCK DPa3BUTHSI
OCJIOXKHEHMI, CBSI3aHHBIX C 00Jy4YEHUEM BCETO
Tejaa B MajbIX J03aX.
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Puc. 2 [8]. 3nauenus RBE mpoToHOB B 3aBUCHMOCTH OT J03BI OOJIydeHMs BO (DpaKIMHU TSI MHAKTH -
BallUM KJIETKW, U3BMEPEHHbIE METOIOM in Vitro B LIEHTpE IJIaTO0 MOAMMUIIMPOBaHHON KprBoil bparra.
IIpencraBiaeHbl JaHHBIC IS KYJIbTyphl KUTAlCKOTO XOMSIKA (3aTyllleBaHHbBIE CMMBOJIBI) W JUISI IPYTUX
Ky/IbTyp (He3artyiieBaHHbIe); ipuBeneHbl RBE miis mpoToHOB ¢ 2Hepruii MeHblle (Kpy>KKHU) U OOJIbIe
(TpeyroapHuku) 100 M>B

2.5

2.0 -

RBE

1.5

0.5 ——r

Puc. 3 [8]. Te xe 3aBUCMMOCTH, YTO Ha PUC. 2, HO 3HAYEHMS TIOJIyYEHBI METOIOM N Vivo.
HpCZ[CTaBJ'[eHI:I JIaHHbIE MCCIIEIOBAaHUI Ha KPpUIITEC TOHKOTIO KMIICYHUKA MJICKOIIUTAIOLINX (3aTy1.L[CBaHHbI€
CHMBOJIbI) M Ha OPYTUX KyJbTypax (He3aTyllleBaHHbIC)
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Bropoii acrexkr, MO3BOJSIONIMI CHU3UTDH
JIy4EBYIO HArpy3Ky Ha 3J0pOBbIe OpraHbl IIpU
MIPOTOHHOM OOJYYEeHUH, CBS3aH C Ka4eCTBOM
MPOBOAMMOM JTy4eBOIi Teparuu, B YaCTHOCTH C
MMHUMM3ALMEH H03bl Ha OpraHbl, MpUIeraio-
mue K omyxonu. [Ipu mpoToHHO# Tepanuu B
OHKOO(DTAIbMOJIOTUY TIPUMEHSIIOTCS 03Bl 10
60 — 70 I'p, mogBoaMMBIE 3a MSITh CEAHCOB 00-
ayyenuss [6]. [Ipu >TOM 3pUTENBHBLIA HEPB,
pacmnoyIoKeHHbIN HEMOCPEICTBEHHO 3a IJ1a30M,
SABJSETCS KpUTUUYECKON cTpykTypoit. ITo maH-
HBIM KOJIMYECTBEHHOTO aHanm3a 3(PEPEeKTOB B
HopMaJbHbIX TKaHsAX B KIIMHUKE (QUANTEC —
Quantative Analyses of Normal Tissue Effects
in the Clinic), oeHKa pucKa pa3BUTHUS OIITH-
YecKol HeHpomaTuu B 3pUTEJbHOM HEpBe
CUJIBHO MEHSIETCS IIPU BapbUPOBAaHUU OO3BI.
Tak, npu MakcuMaabHOU 103e B 55 — 60 I'p
PUCK OCJIOXHEeHUI coctaBisieTr 3 — 7 %, a npu
no3e csoiie 60 I'p — mo 20 % [7]. Takum 06-
pa3oM, IS OOCTVDKCHUST KIMHMYECKOro (-
(bexTa ¢ MUHMMAJIBHBIM PUCKOM OCJIOXHEHMI
HEOOXOOMMO MAaKCHUMAaJbHO TOYHOE OIIpeic-
JICHWE TOTJIOIIEHHOM J03bl B 00JaCTIX Kak
OYeHb BBICOKOrO T'pagueHTa J03bl, TaK U pa3-
Jea IByX aHATOMUYECKMX CTPYKTYP.

WM3BectHO, 4yTO OMoONOrMYecKuii adpdext
00JIlydeHUsI TKaHEel 3aBUCUT HE TOJILKO OT Be-
JIMYMHBI TIOIJIOLIEHHOM 103bl, HO U OT Xapak-
Tepa ee BBbIIEJICHMS, a UMEHHO, OT KOJIMYECTBa
AKTOB WMOHM3ALIMUA TIOA JSUCTBHEM 4YaCTULIBI
B KPUTHUYECKOM OOBEMe KJIETKM WM, COOT-
BETCTBEHHO, OT BEJIMYMHEI JIMHEHHOI ITOTepH
sHeprun (JII1D, anrn. LET) yactunel. B cBa-
31 C 3TUM OBUIO BBEIEHO IMOHSITHE 00 OTHO-
CUTEJIbHOI Ounojormyeckoin 3¢p@GeKTUBHOCTU
(OBD, anrn. RBE — Relative Biological Ef-
fectiveness):

RBE =D / D, 2)
roe D — nosa, MOIJIOLIEHHAss B TKaHU IIpU
00JIydeHUM JAaHHBIM BUIOM HU3JIy4YEHUS; DY -
0332, HeoOXoaumasl I JOCTMXKEHUSI TaKoro
Ke a¢deKxTa npu o0JyYeHUU ITAaJOHHBIM U3-
JIY4EHUEM.

B kauecTBe 3TaJIOHHOIO BBLIOMPAIOTCS W3-
JlydeHUsI, ACHCTBUE KOTOPBIX XOPOIIO U3yye-
HO: XecTKoe peHTreHoBckoe (200 — 250 xB)
WJIM raMMa-usiaydenue pagronykauaa ©Co.

Ha puc. 2 u 3 npuBeaeHbI 9KCIIEPUMEHTAJIb-
Hble JdaHHBIE MO BeandynHaM RBE mpoToHOB,

MOJy4YeHHbIe METoJaMMU in vitro u in vivo [8].
M3 3Tux maHHBIX ClIEOyeT, YTO IIPOBEICHHEIE
SKCMEPUMEHTHl HE MO3BOJISIOT OJAHO3HAYHO
omnpenensaste RBE mporoHoB. B kinmuHuueckoi
MpakTUKE MPOTOHHOU Tepanmuu MPUHSITO IS
nepexona OT IOIJIOLIEHHON M03bl K OMOJIOIU-
yeckoi (He3aBUCUMO OT BHEPTUM IMPOTOHOB)
ucroib3oBaTh BeamuuHy RBE, ycpegHeHHy0
MO pe3yJibTaTaM MCCIEeI0BaHUM in Vivo U paB-
Hymw 1,1.

OpHako MHOTOYMCJIEHHBIE 3KCIIepUMEH-
THI yKa3bIBaloT Ha pocT RBE ¢ yMeHbleHUEM
SHEPIUM MPOTOHOB [9], U, COOTBETCTBEHHO, C
poctoM LETmipoToHoB. KHacTosiieMyBpeMeHI
pa3paboTaHO  HECKOJbKO  TEOPETUYECKUX
MoeJieil, yuuThiBalolIuX 3aBUCUMOCTh RBE
MOHOB OT BeJn4yrHbI ux LET.

Pe3ynbTaTbl M MX 00CyXKIeHHe

Ha puc. 4 npencraBieHbl pe3yJabTaThl Ha-
IIMX pPacUeTOB AO3HBIX paclpelecHUl IIpU
MPOXOXACHUU MPOTOHOB € MaKCHUMAaJIbHOU
sHeprueit 60 MaB B Boxe (BogHOM haHTOME):

(i) 6e3 yueta RBE 1mpoToHOB (T. €. IIOIJIO-
LIeHHAasl 103a);

(ii) ¢ mocrossHHO# BeamumHoit RBE, paB-
Hoit 1,1;

(iii) ¢ BennunHoit RBE, yunTeiBalomei 3a-
BucuMocTb 0T LET IIpOTOHOB COIJTaCHO MO-
nenu YwunkeHca [9]; camu ke BenumuuHbl LET
MOJydeHbl HAMM HEIOCPEACTBEHHO IIPU pac-
yeTe.

Hamwu pacueTsl ObLIM TTPOBEAEHBI METOJOM
Mounte-Kapio o nporpamme Geant4.

W3 maHHBIX puc. 4 BUOHO, YTO YYET 3a-
pucuMoct RBE ot LET nmpuBoauT K 3Hauu-
TEJIbBHOMY M3MEHEHUIO (OpMBI MOAU(DUILIN-
poBaHHOU KpuBoW bparra B obysactu miaTo
norioieHHo A03bl. OCcOO0eHHO 3HAYMTENb-
HOE MOBBILIEHUE OMonormyeckoro 3dgdexkra
HaOJI01aeTcs B AMCTAIbHOM YacTH 3TOM KpU-
BOI1, YTO MOXET MPUBOAUTH K TIEPEOOTydEHUIO
PpacmoyIoKeHHBIX 32 00beMOM O0JIyUYEeHUSI KPU-
TUYECKUX CTPYKTYp. M3 puc. 4 Takxke ciemay-
eT, 4yTto yrouHeHne RBE MoxeT ymMeHBIIUTH
HE00X0AMMYIO ITOIVIOLIEHHYIO 403y (1 (hJII0eHC
MPOTOHOB) npuMepHo Ha 20 %.

3akinouenue

PCBYJILTB.TI)I IIPOBEACHHbLIX pPaCcy€ToOB 10-
Ka3bIBalOT, UYTO YBCIMYCHMHC OHAMCTpaA ITy4yKa
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Dose, a. u.

b)

Dose, a. u.

Range in water, mm

Puc. 4. PacueTHble n03HbIE pacnpeneaeHus: nuK bparra mis npodera NMpoTOHOB
¢ sHeprueit 60 MaB B Bozae (a) u MmomucbulmpoBaHHas Kpusasi bparra (b). [IpeacraBieHbl 1aHHbBIE
6e3 yuera (/) u c yuetoM (2, 3) RBE; 2— RBE = 1,1 (koHcTaHTa), 3 — yuTreHa 3aBUCUMOCTb
RBE ot LET [9]

IIPOTOHOB JaeT BO3MOXHOCTh CHU3UTh pajaua-
LIMOHHBIN (POH B 3aye 0OJydyeHUsT Oojiee 4eM
BTPOE U COOTBETCTBEHHO YMEHBIIUTD JIYYEBYIO
HArpy3Ky Ha Tejio mamueHTa. i CHYDKeHUS
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JIy4eBOM HArpy3KM Ha Mpujexallue OpraHbl
TpedyeTcsl KOPPEKTHO YUYUTHIBATb KOADDULIM-
eHT RBE. DToT acnekT TpedyeT MOMOJIHUTEIIb-
HBIX HCCJIeIOBaHUA.
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HccnenoBaHbl KOHIEHTPAMOHHBIC 3aBUCUMOCTH IURJIEKTPUUYECKOI TIpOHUIIae-
MOCTH M (haKTopa AUBJIEKTPUUYECKUX TMOTEPh BOAHBIX CYCTIEH3UI HAHOTEIb-TUIEHOK
OakTepuaibHOU 1enono3bl Gluconacetobacter xylinus (B1l), ne3MHTErpupoOBaHHbBIX
npu ckopoctu BpatieHus Hoxeir 15000 u 20000 06/muH. [TokazaHo, uTo B obsacTn
MaJIbIX KOHIIEHTpalldii KOHIIEHTPAIlMOHHAsI 3aBUCUMOCTh IUAJEKTPUYECKOM IIPO-
HUIIAEMOCTU MMeEeT JIMHeHbIN xapakTep. [IpoBeneHa olleHKa BEJIMYUH ITUTIOJIBHBIX
MOMEHTOB KoytonsoB BIl ¢ moMoIlblo CTaTUCTUYECKOM TEOPUU TUIICKTPUICCKOM
noJsipu3anu bakuHreiimMa, MOTUGUITMPOBAHHOM UTSI CUCTEM, COCTOSIIIIUX M3 JBYX
MOJISIPHBIX KOMIIOHEHTOB.  PaccuMTaHO 4MCIO MOHOMEPHBIX €IVMHMUIL 1IeJUI00MO03bI
B kommouzae BII, kxoropoe okasamock paBHBIM 113. Paccumransl 00beM KoJuiowma
b1l u xapakTtepHoe BpeMsl BpallleHUsI TeOMeTPUUYECKOro TeJa, allpoOKCUMUPYIOIe-
ro Kojutona. PaccumTaHHOE BpeMsl COBITAfaeT C IKCIEPUMEHTATbHBIM 3HAYeHUEM
BPEMEHM JUBJICKTPUYECKON peslakcalMu. Paznuuus 3HaYeHW ITU3JIEKTPUYECKOM
MPOHUIIAEMOCTU U (haKTOpa MUIIEKTPUUECKUX TTOTePh IJIST BOMHBIX cycrieH3nil bII,
ne3uHTerpupoBaHHoit mpu 15000 u 20000 06/MuH, B BBIOpaHHON 00JaCTHM KOHIIEH-
Tpauuii HAXOJSATCS B TIpelesiax morpeirHoctu ndmepeHuii. [IpoBeneHHOe mccaeno-
BaHUE Je3MHTerpupoBaHHOM Bl ausiaexrpuyeckuM M peHTreHorpaguIecKuM Me-
TOIAaMU TIO3BOJISIET CYUTATh, YTO TTIOCTOSTHCTBO CTEXMOMETPUU KOJUIOUIOB YKa3bIBAET
Ha OPMEHTALlMOHHOE YIIOPSIIOYeHe MUKPODUOPUIUT B KOJUIOUIE, UICHTUYHOE Hal-
moJiekysapHoit ctpyktype HI'TI BLI.

KioueBbie cioBa: OakTepualibHas 1I€JIJII0J103a; HAHOIeIb-TUIEHKA; BOJIHAS CYCIIEH3UsI; KOJUIOM,; OpU-
€HTAllMOHHAsI TUARJIEKTPUIECKAasT TTOJISIPU3AIIHST
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nenko D.I1., Kanpanosa B.M. JlusnekTpuueckue CBOMCTBA U MUKPOCTPYKTYpa BOAHBIX CYCHEH3UI 13-
WHTETPUPOBAHHBIX HAHOTEIb-TUIEHOK OaKTepuaibHOW 1e/uoo3sl // HaydHo-TeXxHUYecKne BEeITOMOCTH
CIIBI'TIY. ®usuko-maremarnueckue Hayku. T. 10. Ne 2. C. 45—57. DOI: 10.18721/JPM.10205
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DIELECTRIC PROPERTIES AND MICROSTRUCTURE OF THE
DISINTEGRATED NANOGEL FILMS OF BACTERIAL CELLULOSE
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The concentration dependencies of dielectric permittivity and dielectric loss factor
have been studied for the water suspensions of nanogel films of bacterial cellulose
Gluconacetobacter xylinus (BC) disintegrated with the plug knives rotation speed of
15000 and 20000 rpm. The dipole moments of BC colloids have been evaluated
using Buckingham statistical theory of dielectric polarization modified for binary polar
systems. The number of monomer units of cellobiose in the BC colloid being equal
to 113, the volume and the characteristic rotation time of the colloid particles were
calculated. The difference between values of dielectric parameters for BC samples
disintegrated at 15000 and 20000 rpm were within experimental error. The constant
stoichiometry of BC colloids and the identity of orientation ordering of microfibrills
in colloids to that of the BC nanogel films have been shown by dielectric and X-ray

studies.
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polarization
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BBenenue

HNHTEepec K uMCCIemIOBAaHUIO CTPYKTYPHI U
CBOMCTB HaAHOTEJb-IUICHOK OaKTepuaJbHOMI
newnono3sl  Gluconacetobacter xylinus (HI'TI
BII) cBsI3aH ¢ BOBMOXHOCTBIO €€ IIPUMEHEHMUS
B MEAUIIMHE U B HOBEHIINX TEXHOJOTUSIX TIPO-
MbILIeHHOCTH [1 — 7].

W3BectHo [8 — 10], yTo Mopdosornyeckas
crpyktypa HatuBHoit HI'TI BII, oOpa3oBaH-
HOIi B YCJIOBUSIX CTaTUYECKOTO KYJIbTUBHUPOBA-
HUS, CJIOXHA M HEAOCTaTOYHO u3ydeHa. C mo-
Molbslo AMP-cnekTpockonuu yCTaHOBJIEHO,
yro ang HITI BII xapaktepHa TpexmepHas
yIIopsiIoOueHHass CTPYKTypa, BKIIIOUAIOIIast Ha-
HOpa3MepHbIe KPUCTAUINTHI W3 (parMeHTOB
menei uemonosbl [11]. Ha puc. 1, a npen-
cTaBjieH (pparMeHT CTPYKTYPhl LEJIIOI03bI
C yHnopsiAouYeHUEM lieTieid 3a CYeT BHYTpU- U
MEXMOJIEKYJIIPHBIX BOIOPOAHBIX CBS3€il, a Ha
puc. 1, b — NOJTUKPUCTAIIINYECKUE CTPYKTYPBI
B BBICYILIIEHHBIX Tejb-TiieHKax bLI.

46

HI'TI B ynepxuBaeT Boay B MPOIOPLUU
npumepHo 1:100, yTo sABIIETCS BasKHBIM CBOJ-
CTBOM IIPY MCIIOJIH30BAaHMM €€ B MaTepuajax
MEIUIIMHCKOIO Ha3HAYCHMSI.

s penreHUsT HEKOTOPBIX 3aJa4 B 001aCTH
MEIUIMHbI U TeXHUKU Haubosee 3¢hGheKTrB-
HBIM 0Ka3aJIOCh WCIIOJb30BaHUE AE3UHTEIPU-
posanHoii HI'TI BII, yto u onpenenuao HeoO-
XOJUMOCTh M3YYEHHUSI €€ MaKpOCKOIMYECKUX
cBoricTB [12 — 14]. JIuaaeKTpuyecKuii Me-
TOA SIBJISIETCSI IMOJIE3HBIM MHCTPYMEHTOM IIpU
YCTAaHOBJIEHUN KOPPEJSILIMA  MOJIEKYJISIPHOM
CTPYKTYPBI I MaKPOCKOITMYECKUX CBOMCTB MO-
JgpHoit cucteMbl [15]. Tak, ucciaegoBaHue
METOJOM CTAaTUYECKOW NUIJIECKTPUYECKOU IMO-
JIIpy3alM pa30aBIeHHBIX BOAHBIX PACTBOPOB
MOIM(UIIMPOBAHHON LIEJUII0N03bl  (IOJIMME-
TUJILIEJITIONO3bI), BBISIBUJIO TEHASHIIMIO €€ Ma-
KPOMOJIEKYJ K acCOLMAlIMU, IPUBOISIIENA TIpU
OIpeleJICHHBIX TEPMOAMHAMUYECKUX YCJIOBU-
X K TIepeXody pacTBopa B Tenb [16].



dusnka monekyn
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Puc. 1. CtpykTypa 6aKkTepUaIbHOMN LEUTIOI03bI
Gluconacetobacter xylinus:
a — (parMeHT CTPYKTYpPHI C yIOpsiAoOUeHUEeM Lierei
3a CYET MEXMOJICKYISIPHBIX BOIOPOIHBIX CBI3EH,
b — kpuctayuThel (1) 1 amopdHbie 001acTu (2)
13 MaKpoGhUOPUILIT LIEJUTION03bI

Ilenpto HacTOgIIE pabOThl  ABJISIIOCH
W3y4yeHUEe OCOOEHHOCTEN IUINEKTPUUECKOTO
noseneHus aedmHterpupoBanHoi HITI  BII,
W3HAYIBHO WMEIOIIENH TPOCTPAHCTBEHHYIO
CTPYKTYDY T€JIsI, CO30aHHYI0 OaKTepreil B Mpo-
1lecce CUHTe3a.

MeTtoauka 3KcnepuMeHTa

buocunte3 HI'TI BII onucan panee [17].
ITocne ymanenus OakTepuii OOILIEITPUHSTHIM
MeTOIOM KUTIsTueHUsT B pacTBope 1%-ro NaOH
U TLIATEJIbHOM NPOMBIBKY TUCTULIMPOBAHHOMN
BOJIOM TIOJy4YEHHYIO TeJb-TUIeHKY BII BbICY-
LIMBaJIX OO0 MOCTOsIHHOro Beca. Cyxylo ILIEH-
Ky BII pacTBOpsin B OYMILEHHOM KaJOKCEHE
(KagMUIASTUIEHAMAMUHOBBIN KOMILIEKC), YTO-
OBl TTOTYYUTH MOJIEKYISIPHO-AUCIIEPCHBIN pac-
TBOp, a 3aT€M BHCKO3UMETPUUYECKUM METOIOM
onpeaeanTb MoJekyasipHyto Maccy bII. TTony-
YEeHHOe TaKUM 00pa3oM 3HaueHUE yKa3aHHOM
BeJTMYMHBI cocTaBmio 3,89-103 J1.

He3uHTterpanuio reiab-mieHku bBII mpo-
BOOWIM C JO00ABI€HUEM IUCTUILIMPOBAHHOMN
Bonel B OneHmepe (JTC, Omniblend 1, mo-
nenb TM-767) mpu OBYX CKOPOCTSIX Bpallle-
Hug Hoxeit: 1,5-10* m 2,0-10* o6/MuH; TIpo-
Heaypa MpoBOAMJIACH B TPU 3Tala II0 5 MUH
(B mesom 15 MuH), ¢ niepepbiBamMu 1o 30 MUH
IJIS OXJIaXKACHUSI KOJUIOMOHON CYCIIEH3UM IO
KOMHATHOM TeMIIepaTyphl.

Hauvansnag xonnentpamust bBL[ B moiy-
yeHHoil KoyutouaHolt cycneHnsuu (KC BII),
oIpeneieHHas 10 BhIITAPUBAHUIO OO ITOCTOSIH-
Horo Beca, cocrasisuia w, = 0,305 r/r. IToce-
nytonre oopasinl BogHoi KC BII ¢ MeHbIIMM
cogepxanvem BII monyyanu pobGaBieHueM
JUCTUJUIMPOBAHHOM BOABI K MCXOJHOU KOJI-
nougHoi cycneH3uu. Mcxonnas KC BII u ee
BOJIHBIE PACTBOPHI MPEACTABIISLIN CO0OI1 reje-
BYIO CUCTEMY C HEOCEAAIOIIMMU KOJUIOUAAMM.

N3MepeHns1 OUARAEKTPUYECKON  IMPOHU-
naemocty ¢ KC BII B obiacTu KOHLIEHTpa-
umii BII 0,016 < w,< 0,305 r/r mposoauau B
JUBJIEKTPUUYECKOM HM3MEPUTEIBHOU SYEHKe-
OroKce (puc. 2), B KOTOPOH LUIMHAPUYECKUIA
pesepByap («3emisl») [ U MOTEHLUAIbHBIN
aJIeKTpoa 2 B (popMe AMCKa M3TOTOBJICHBI U3
tuTaHa. CTeKIISTHHBIE OYCUHKM 3, OTIPEACIISIIO-
II1e PacCTOSTHAE MEXIY DJIEKTPOJaMU, ObLIN
BMOHTHPOBaHbI B HIZKHIOIO ITOBEPXHOCTH I10-
TEHLIMAJBHOTO 3JIeKTpona. Kpwliika OroKkca 6,
npuTepTas K pe3epByapy, U3rOTOBJIEHA U3 TTH-
PEKCHOro crekja. B BepXHI0I0 4acTb KPBIIIKHA
Ha 1utM(e BBOOMTCS CTEKJISIHHAsI MpoOKa 7 ¢
3aMassHHOM CTEKJISTHHOUM TpyOoukoit 5 M mia-
TUHOBO# UTJION 4, BXOASIIEH B BEpXHUI 3J1EeK-
TPOJ, LIEHTPUPYS ero B gueike. Tepmomapa &
BBOAUTCS B JHO pe3epByapa Orokca.

MeXaIeKTPOIHYI0  €MKOCTh  stueiiku ()
OIpeesIsUIi CTAaHAAPTHBIM CIIOCOOOM, UCIIOb-
3ys HenoJisipHble pacTBopuTesn. EMkocTh C) 1
00beM 3aIOJIHEHUS SUCKU cocTaBisun 15 nmd
u 4 cM® coorBeTcTBeHHO. C 1IE/bI0 UCKITIOYE-
HUS BIUSHUS TIPUBJIEKTPOTHON IOJISIpU3aLUN
Ha IUBJIEKTPUYECKHE MapaMeTphbl M3ydaeMbIX
BOIHBIX CHUCTEM, M3MEPEHUS SJIEKTPUUISCKOI
€MKOCTH MpoBoAWIM Ha yactoTe 1 MI'L (u3-
meputenb LRC E7-12). IIpu maHHO# 4yacToTe
U3MEPSIEMYIO JTURJIEKTPUYECKYIO TPOHUIIAE-
MOCTb BOIHOI CYCHEH3UHU & MOXHO IPUHSTh
3a KBa3WCTaTUYECKYI0 BEJIMYMHY, TaK KakK
MakcuMyM akTopa IU3IEKTPUUECKUX ITOTEPh
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Puc. 2. U3MmeputenbHas siueiika-010Kc:
1 — IMIMHAPUYECKUl pe3epByap («3eMJs»),
2 — BexTpol, 3 — CTeKJISIHHbIe OYCUHKH,
4 — TulaTMHOBAsI UIJla, 5 — 3amasitHHAsl CTEKJISTHHAs
TpybouKa, 6 — KpbIlIKa 0l0Kca, 7 — CTeKJISTHHAs
npodka, § — TepMonapa

¢" BOAbl HAXOAMUTCS IPU YACTOTE MPUMEPHO
5-10° Tu. M3MepeHUsT 4acTOTHOM 3aBHUCHUMO-
cth ¢" TpoBoauaM Ha Tipuoope Novocontrol
“LCR Meter 4270” B obmactu yactoT 50 I'm —
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990 xI'u. TemmnepaTypa U3MepEeHNIT MaKPOCKO-
MNUYECKUX OUAJICKTPUUECKUX ITapaMeTpOB BO-
THBIX CUCTEM cocTaBisiia 295 K.

PeHTreHoBckue HcCCaemOBaHUS MCXOMHBIX
U I€3UHTETPUPOBAHHBIX BBICYIIIEHHBIX TIJIEHOK
npoBoauiau Ha yctaHoBke [JJPOH-2 u B peHT-
reHoBckoil kamepe PKB-86. Vcrnonb3oBanu
Cu, -usnyyeHue.

BKCHepl/IMeHTaJIbeIe JaHHbIC U UX oﬁcmeﬂne

JIMnoJibHbIA MOMEHT B 00beM KoJutouaa BII.
Ha puc. 3 mpencraBiieHa 3aBUCUMOCTH 3JIEK-
TPUUYECKOM E€MKOCTU SYECHKU, 3aIll0OJHEHHOM
KC BII, or MaccoBoii KOHUEHTpALUU W,. DTa
CyCIIeH3Usl OblJIa MpeABapUTENbHO JIe3UHTe-
rpUpoBaHa MNpU JOBYX CKOPOCTSIX BpallieHUS
Hoxeil 6aeHaepa: 1,5-10* u 2,0-10* 06/MuH.

M3 puc. 3 BUIHO, YTO KOHLIECHTPAIIMUOHHEIE
3aBUCHMOCTM €MKOCTM [ U 2 B LIEJIOM IpO-
SIBJISIIOT HEJIMHEMHBIN xapakTep. OmHAKO Ha
yyacTKax KpMBBIX, IJle KOHLEHTpalLMsT MeHee
0,15 r/r, 3TH 3aBUCUMOCTH CUMOATHBHI U JIM-
HEWMHBI, UTO CBUAECTEIBbCTBYET O HEU3MEHHOCTH
crexruoMeTpuu KojutouaoB BII B cycneH3uu B
9TOI 00sacTu KOHUEHTpauuii. [1pu 3HaueHU-

-005 0.00 0.05 0.10 0.15

0.;10
w,, g/g

020 025 030 035

Puc. 3. KoHlieHTpalMOHHBIE 3aBUCUMOCTH 3JIEKTPUYECKOU eMKOCTU stueiiku, 3anojHeHHoil KC BII,
M3MEJIbYeHHOM Ha GjieHAepe IMpU CKOPOCTsX BpalueHus: Hoxeit 1,5-10% (/) u 2,0-10* (2) 06/Mun
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Pusmka monekyn

B ones
x, %107 mol/mol

Puc. 4. 3aBUCUMOCTb AUANEKTPUUYECKON TMTPOHUIIAEMOCTH KOJJTIOMIHOM cycnieH3unu bILI
ot MossipHoi KoHueHtpaumu BLI (7 = 295 K)

Ax w,, npesbimaonmx 0,17 r/r, kpussie C (w,)
BBIXOISIT Ha IUIATO U 3aBUCUMOCTb CTAHOBUTCS
eIMHON 1Jis1 cycrneH3uil oboux obpaszuoB KC
bII. Takoii pe3yabTaT CBUAETEILCTBYET O €IU-
HoM xapakrtepe Mopdosorun B KC BII, He-
CMOTpSI Ha Pa3Hyl0 CKOPOCThb AC3WHTETpPALIUU,
W O €IVHOW TEHAEHIMU K HaJIbHEUIIEW Ma-
KPOKOATYJISIIIUMN.

Ha puc. 4 npencraBieHa 3aBUCHUMOCTb
IMBNIEKTpUYEeCcKoi nponnuaemoctu €, KC BII
OT MoJisIpHOM KoHueHTpauuu bBIl x, B 00-
JIaCTh ee JIMHeWHOoCTU. JIMHEeMHBIM XxapakTep
KOHLIEHTPALIMOHHOW 3aBUCUMOCTU €, IO3BO-
JIIET UCMOJIb30BaTh CTATUCTUYECKYIO TEOPHUIO
TUAJEKTPUUECKON Mojsapu3alnuu bakuHreiima
[18] mist ompenmeneHuss OpMEHTAITMOHHOMN HU-
QJIEKTPUYECKOM TMONApU3aLMU S|, KOJUIOMIOB
bIl B cycneH3un.

Heobxonumo NpuHATH BO BHHMaHUE, YTO
bII mpencraBisieT cOO0M YMCTBIA IO XUMM-
YEeCKON CTPYKType MPOAYKT, MaKPOMOJEKYJIbI
KOTOPOTO COCTOSIT TOJBKO M3 3BEHBEB LIEJIJIO-
O0uro3bl. biarogapss 3ToMy, C ILI€JbIO OLEHKU
JTUITOJBbHBIX MOMEHTOB Kojutouaa bII, mMbl uc-
MOJIb30BaJIY CTATUCTAYECKYIO TEOPHUIO MOJISIPU -
3aiuu bakuHreniMa IS NTBYXKOMITOHEHTHOM
CHCTEMbI, BKJIIOYAIOIIEH MOJIEKYJIbl LEJII0-
6uo3bl U Boabl. Huxke mpuBOAMM B KpaTKOM
M3JIOKEHUM CXEMYy pacueTa OpUMEeHTallMOHHOMN
nossipu3anuy KC BIl u numonsHOro MomMeH-
Ta €eIMHUYHOTO KOJIIoraa (MCIOJIb30BaH OIMBIT

HaIMX TPEXHUX MCCASAOBAHUI IMITOJbHBIX
MOMEHTOB 1IeJUIOOMO3bI U BOABI IU3JICKTpHUUC-
CKUM MeToaoM [22]).

Cxema pacuema. CornacHo teopun bakuH-
reiiMa JJisi CUCTEMBI M3 IBYX MOJISIPHBIX KOM-
MTOHEHTOB, CITPAaBE/UTMBBI CIIEIYIOIINEe COOTHO-
LLIEeHUS:

{(812 - D2, + 1)} V. _

3¢,

_[(nf —1)(28122 + 1)}4% ~
(2812 +n )

_{(nﬁ -1)(2¢,, +1)}Vx ~
2 27V T
(2e), +my)
4nN
= ﬁ[(ulgﬁ)le + (HQeff )2x2]a
IIe €& — OUIJCKTpUYEcKas IIPOHUIIAEMOCTD;
n — mokxasareb mpeloMiieHus; V — MoJsp-
HBI 00BEM, V' = MVS,, (vsp — YOEJbHBII 00BEM;
M — MmonexkynsgpHas Macca); X — MOJIsIpHas
nons, T — abcomorHas Temneparypa, N, —
yucao ABoraapo, kK — mocrossHHas bosblima-
Ha, W, — 9(OEKTUBHBIA TUTOIBHBIE MOMEHT
(uHpexkchl 1 1 2 OTHOCSATCS K pacTBOPUTENIO U
K PacTBOPEHHOMY BEIECTBY COOTBETCTBEHHO,
uHaeKc 12 — K ucciaeayeMoit cucteme).
JIUTIOIbHBIE MOMEHTBI W,z U L, OTIPENe-
I TpaUUECKUM  IMyTeM, SKCTPANoJaupys
KOHIIGHTPALIMOHHYIO 3aBUCHUMOCTh CyMMap-
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HOW OpMEHTALlMOHHOM mojgpusaumu S, K
OeCKOHEYHOMY pa30aBIeHUIO:

S, = (l"’leff)le + (Hzeff)zxz; (2)

S, = (H1eﬁ )’ + [(“’2eﬁ )’ - (Mleﬁ’ )2]x2 =a+ bx,. (3)

Wcnonb3yst mapaMeTpbl @ ¥ b, BBIMUCISIIN
2 2
JANOJILHBIE MOMEHTBI ()" |10 M (Hogy ) [iasg
U3 CIEAYIOLINX BbIPAXKCHUNA:

a=>5, o= (M]eﬁ’)Z o205
oS, |
0X,

b= 2-0= (Hagyr ) s — ((Th ) Lenses (4)

(“2eff)2 le2m0= (“wﬁf)z leazo +0-
JIUTIONBHBIA MOMEHT MOJIEKYJIBI BOILI B
KUJIKOM COCTOSIHUM PACCUYMTBIBAIA IO (HOp-
myse OH3arepa:

(e-n")Qe+n?) _ 4nN, p T
e(n’ +2)° 3 M3kT’

rae e,n, p — OURJIEKTpUYECKass TPOHMUIIAC-
MOCTb, TTOKa3aTeJb MPEJIOMIICHUS U TJIOTHOCTD
COOTBETCTBEHHO; W, M — IMUIIOJbHBII MOMEHT
U MOJIEKYJISIpHasl Macca BOJIbI.

3HaueHWsT TIOKas3aTesss TPEJIOMIICHUST 7
onpeJeisuii U3 MOJAPHON pedpakuuu R, mo

dopmye

)

2_
R, ="M (6)
n+2p

Mossipayio pedpakuuio R, s MOHOMEP-
Horo 3BeHa Bl (11e/15100103bl) paccunThIBAIN
KakK aIuTHBHYI0 CYMMY MOJISIDHBIX pedpak-
i ceszeit [19].

ITnoTHOCTL KOMITOHEHTa 2 (L1e1100103bI)
paccuuThiBaiu 1o gopmyne Cendepra [20]:

1 e -(pp—p) (7)
P2 P16
rne p,, — IUIOTHOCTb pacTBOpa, p, — IUIOT-

HOCTb PaCTBOPUTENH, ¢, — 00beMHAas KOHLIEH-
Tpauus 1eJ100M03bl B pacTBOPE.

B Tabn. 1 u 2 mpuBeneHbl HEOOXOIUMEIS
3HayeHus1 napametpoB KC BII ang pacuera
OPUEHTALIMOHHON AURJIEKTPUYECKOU MOISIPU-
sauuu S,

Ha puc. 5 npuBeneHa KOHILIEHTpaLlMOHHAs
3aBUCUMOCTbh OPUEHTALIMOHHON AUAJIEKTpUYE-
CKO#i mosgpu3anuu S, OJIy4eHHast 110 MpPeN-
CTaBJICHHOM pacuyeTHOM CXeMe.

CornacHo ypaBHeHMsIM (2) u (3), 9KcTpa-
NOJIALMA BeIMYUHbl S, K x, = 0 maer Beau-
YUHY (pleﬂ)z, T. €. 3HAYCHUE JJISI TUITOJIbHOTO
MoOMeHTa pacTtBoputessa (Boasl). [lomydeHHBII
JUTONBHBIA MOMEHT [, ~ 3,1J1 coBmama-
€T C IUIIOJbHBIM MOMEHTOM MOJIEKYJIbl BOJbBI
B CBOEM KOHTHHYYME IIpU €r0 OIIpelaeIeHUM
no teopur OH3arepa. 3HaYCHME AUTIOJILHOTO
MOMEHTa BTOPOro KOMIIOHeHTa pactBopa, KC
b1, paBHO

Taoauma 1

XapakTepucTHKN KOMIOHEHTOB BOJHO# cycneH3uu ae3unTterpupoanHoii HI'TI BII

x, x 10, . b i/ Vi = vo(Mx, + Myxy) x10°, | ¢ it
MOJIb/MOJTb 12 122 M /MOJTD 122
0 49,670 0,98261 - -
0,945 53,188 0,98253 0,94753 9,74
2,422 58,664 0,98251 2,42211 10,78
3,318 61,990 0,98248 3,31777 11,41
5,426 69,820 0,98249 5,42635 12,90
Tabnuua 2
XapakrepucTUKU Boabl U esioouo3sl (7= 20 °C)
Bona emno6uosza
g v,, CM*/T n? u, A [10] V,, CM?/T n,?
80,36 1,0018 1,7778 3,10 0,537 2,893178
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Puc. 5. KoHueHTpaiMoHHas 3aBUCUMOCTb opueHTalMoHHoW nojsgpudanuu KC BI
B BOIHBIX pactBopax; I = 295 K

(HZeff)z =b+ (“leﬁ”)2 -
= 70550 + 9,07 ~ 70560(1?);

My = 266 1.

Ecnu ucrnosnb3oBaTh 3HaAUEHUE JUMOJBHO-
ro MoMmeHTa mosekysabl LIb u3 paboter [21],
paBHOe mpuMepHoO 25 JI, TO MOXHO OLEHUTH
YHUCIO MOHOMEPHBIX EIWHUIL LEJT00MO3bI B
OTIIEJIbBHOM KOJUIOUIIE:

K = (1)’ /25" = 70559 / 625 ~ 113

Takum obOpa3zom, B KOJUIOMIE BOTHOM Cy-
CneH3uu nae3umHTerpupoBaHHoil BII[ comep-
xKutcsg 113 MOHO3BEHBEB LIEJI00MO3bI. 3Hasi
MOJIEKYJISIDHYIO Maccy LEeUI00MO03bl, paBHYIO
342, onpenensieM MOJIEKYJISIPHYIO Maccy KOJI-
Jouna:

M = M(uennobuosnbl)-K =
=342 - 113 = 38646 ~ 3,9 - 10*.

Hamee MbI MCIIOJIb30Bai IPUBEACHHBIC B
pabote [9] reomeTpuyeckue padMepbl MOHO-
MEpPHOM eOWHMIBI, a TaKxkKe MHKPODUOpUILI,
U OLIEHWJIM pa3Mephl Kojuiouaa. MoHoMepHast
eAVHUIIA 1eUI00M03a B TIJIIOKAHOBOM ILIeTH
uMeeT miMHy 1 HM, mwmpuny 0,4 — 0,5 HM;
[JIFOKAHOBBIC 1IEMM pas3leeHbl B CPeIHEM Ha
0,66 HM. YKa3zaHHbIEe LIEU 00Pa3yloT MUKPO-
(ubpwe! MpuHON 3,5 HM. B omHOIT MUKpO-

(pubpuisie B OTAEABHBIN PSIT YKIAAbIBACTCS
3,5/0,5 = 7 (MOHOMEPHBIX €IMHMUII).
TonmmuuHa MUKpOGUOPUUIEI COCTABISIET
6 — 7 uM. IIpu BbIOOpE TONIIMHBI MUKPO-
bubpusuel B 6,5 HM M JUIMHE MOHOMEDPHOIO
3BeHa 1,0 HM IoJjiyyaeM 00beM OTHOM MUKPO-
(ubpuibl ipy AynHe 1 HM:

V=3,5-6,5-1,0=22,75 (ua™m3).
JAVNOAbHBIA MOMEHT OJHOU MUKpPODU-

OpWJUIbl IJIMHOM B OJHO MOHOMEPHOE 3BEHO
MOJIy9aeTCs paBHBIM

252-7 = 4375 (0?).
Takum o6pa3oM, uuciio MUKpoUOpUII B
kosutouse aauHoi 1,0 HM OyAeT coCTaBisITh
N = 70559/4375 = 16,

a 00beM OITHOTO KOJUIOMIA, COCTOSIIIEro u3 16
MUKPODUOpUIT MIMHON B 1 HM, mojydaeTrcs
CJIEIYIOLINM:

Nxonnouna) = v- N =
= 22,75 um?- 16 = 364 um’.

HTak, ipuBeaeM 0CcHOGHble XapaKmepucmu-
Ku koanouda b1 6 eodnou cycnensuu:

IUATIOABHBIA MOMEHT, JI .........ooooeeein. 266
YUCJIO MOHOMEPHBIX €AWHMUILI ............ 113
MOJIEKYJISIDHAS. MACCA.....uunenn.......... 3,9-10*
00BEM, HM>......oooiiiiiiiiiiiiiirireeeeeeeeeee. 364
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Puc. 6. YacToTHast 3aBUCMMOCTb TaHTEHCA YIJIa TU2JICKTPUUECKUX MOTePb BOAHBIX CYCTICH3MI
kojutounos HITI BII npu maccoBbix KoHueHTpauuax w, = 0,120 r/r (/) n 0,169 r/r (2)
Penakcanusi JUNOIbHOI MOJSAPU3ALNA BOJ- x 1071 . 293 - 2,86] = 4,66 - 107 (c).
HBIX CYCIIEH3Mii JIe3MHTErPHPOBAHHOII OaKTepH- DKCTEPUMEHTATBHOE  BpeMsi  pelaKca-

ajIbHOM HeLmoa03bl. Ha puc. 6 mpencraBieHbI
YacTOTHBIC 3aBMCMMOCTM TaHTeHca yrjaa Au-
BJICKTPUYECKUX TOTeph (tg0) BOMHBIX CYCICH-
suit KC Bl mpu KoHueHtpaumsax w, (r/r),
paBHbIx 0,120 u 0,169.

Hcnonb3ysl mosiyueHHOE BbIllIe 3HAYeHUE
obbema Koyuiouga BogHo# cycrieH3uu bl
paBHOe 364 HM’, MBI paccuuTanu auameTp D’
HUJUHApa BeicoToil L = 1,0 HM:

V= L*(nD?/4);
nD?/4 =V /L = 364 am3/ 1,0 am = 364 HM?;
D= [(364 - 4)/=]'>= 21,5 (am).
Hanee, nmpuHumas koyutoua bII 3a 1mu-
JuHAp auametrpoM 21,5 HM u BeicoToii 1,0 HM,

Mbl paccuutaniu no dopmyiae bpépcma [22]
BpeMsI T° €ro BpallleHUs B BOJIE:

* L*3
T = m

6kT (m L_ YJ
b

rae paauyc b= D'/2 = 0,5 um, y = 0,9 u g
Bonbl = 0,001004 ITa-c.

Pacuer BpemeHu penakcanmu t gaeT cie-
Jylolee 3HaYeHue:

= [3,14 -0,001004 - (21,5 - 10%)%]/[6 - 1,38 x
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MM ONpPEAeICHO M3 YAaCTOTHOM 3aBUCHMOCTH
tgd(f):
©=1/Qnf (pu (tg0),,) =
=1/2-3,14-109 = 2 - 107 (c¢).

Takum oGpa3oM, BpeMs IepeopUeHTALIUU
KoJutouaa ae3uHTerpupoBaHHoi BII B BogHOi
CYCIIEH3UM MMEET OIMHAKOBBIN ITOPSIAOK Be-
JUYMHBI C PacUETHbIM BpEeMEHEM BpalleHUS
TeOMEeTPUYECKOro TeJjla; pa3Mephbl Tejla OlieHe-
Hbl M3 3HaUeHUsI o0beMa KOJUIoMJIa, KOTOPOe
HalIeHO METOJIOM CTaTUYECKOM TUIIEKTPUYE-
CKOU MOJISIpU3aLUK.

Ha puc. 7 npeacraBiaeHbl IJisI CpaBHEHUS
PeHTreHoBcKHe Au(ppPaKTOrpaMMbl BBICYILIECH-
HBIX MeHOK BIl B HaTMBHOM U NEe3UHTErpu-
POBaHHOM cOCTOSTHUSX. 7151 060MX 0OHapyXKe-
HO TPU OCHOBHBIX ITMKa IPU 3HAYEHUSIX YIJIOB
oTpaxkeHust 20, paBHBIX mpumepHo 15,0, 16,6
u22.4°.

[Tonymmmpunsl Tpex pedaeKCoB B OKPeCT-
HOCTSIX YKa3aHHBIX 3HAYE€HUI YIJIOB OTpaxe-
HUs TIO3BOJISIIOT OTCJIEXKMBATh CPEeAHMUI pas-
Mep yropsgoyeHHbIXx obOsacteir BLI. Tlpu
nepexoae K Ae3UHTErpUpoBaHHON MuieHKe BII
MHTEHCUBHOCTH IIepBOro pecdJekca Bo3pacTa-
€T, a ero MoJIyllIMprMHa YMEHbBIIAeTCs, YTO yKa-
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Puc. 7. PentreHoBckue nudpakrorpaMMbl HATUBHOH (@) U Ae3UMHTErpupoBaHHOM (b)
BBICYIIICHHBIX HaHOTEb-TIIICHOK BII

3bIBACT Ha OOJIBIIYI0 OPUEHTALMOHHYIO YIIO-
PSIIOYEHHOCTh  KPUCTAIIMYECKUX OOJacTeit
BTOpoii TuieHkH. KIMEHHO 3TOT pe3yabTaT U
CBUICTEIBCTBYET O COXPAHCHUU TOCTOSHHOM
crexuoMmeTpun KojutonnoB BII B BogHoli cy-
crieH3nu Ae3uHTerpupoBanHoit B1I (puc. 8).

ITocTOSHCTBO CTEXMOMETPUU KOJIJIOUIOB
YKa3bIBaeT Ha OPMEHTAIIMOHHOE YITOpsSiaove-
Hue mukpopuodbpun BIl B Komtoune, maeH-
TUYHOE HaIMOJICKYJISIDHOM CTPYKTYpe BBICY-
LIeHHO# renb-muieHKU BII, yTto Haxomurtcs B
COTJIaCMM C JAHHBIMM PEHTTEHOBCKMX IHU(-
paKTorpamMm.

3aKkioyenue
IIpoBeneHHOEe  MCCIeNOBaHHME  IUDJIEK-
TPUYECKMX CBOMCTB JIE€3MHTECTPUPOBAHHBIX

HaHOTeJ/Ib-IUIEHOK OaKTepUaJlbHON 1EJIII0JI0-
3bl Gluconacetobacter xylinus nokasajio, 4To B
KOHIIEHTPAlIMOHHON 00J1acT! pa30aBJIeHHbIX
BOIHBIX cycrneH3ul koutouaoB b1l crexuome-
TpUsI KOJUIOMIOB OCTAeTCsl MOCTOSIHHOM. DTO
CBUIETEJILCTBYET O TOM, YTO HaAMOJEKYJISIp-
Hasl CTPYKTypa KOJIJIOUAOB (MEXMOJEKYJISIp-
HOEe OpPUCHTALIMOHHOE yHopsaoueHue ¢par-
MEHTOB TJIIOKAHOBBIX 1IeTel B KOJUJIOUAE) He
U3MEHSICTCSI.

MeToaoM CTaTUYECKON AUINEKTPUUECKOM
NoJSIpU3alliy OLEHEH IUIIOJbHBIA MOMEHT
koutouna BII, ero o0beM U 4uMCIO LIEI00U-

Puc. 8. CxemaTuuHoe TNpeacTaBicHUE MOIEIU
resisi BOOHOW CYCIEH3UU KOJUUIOUI0B
ne3uHTerpupoBaHHoit BII:

1 — xomnoun, 2 — ¢parMeHThI HEYMOPSIOYeHHBIX
uerreir BLI, 3 — Monexybl BOmbI

O3HBIX CIUHUII B KOJUIOUIE.

MeTtogoM  AMHAMMYECKON  JAUMOJIbHOM
MOJISIpU3alliM  OLIEHEHO BpeMsl peJlakcaluu
koytouaa BII, koTtopoe cocraBiasieT NMpudIn-
3utesibHO 107 ¢ U coBmamaeT C 3KCIEPUMEH-
TaJbHBIM 3HAYCHUEM.

AHanM3 pPEeHTIreHOBCKMX OU(PaKTOTpaMM
MO3BOJISIET cAedaTh 3aKJIIYeHUe, 4YTO MeEX-
MOJICKYJISIpHAsI yIIaKOBKa (PparMeHTOB IJIIO-
KaHOBBIX LIeMel B KOJJIOWIE MMEET BBICOKYIO
CTENeHb OPUEHTALMOHHOTO YIIOPSIOYEHUS,
XapaKTepHOIo IS KPUCTALIMTOB B HaaMO-
JICKYJISIDHOM CTPYKTYpPE€ BBICYIIEHHBIX TeJlb-
niaeHok BII.
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NMPUMEHEHUE AJITOPUTMOB KJIACTEPUSALIUU
K ®OPMUPOBAHUIO NPEACTABUTE/IbCKOU BbIBOPKU
ONA OBYYEHUA MHOTOCJ/IOMHOIO NEPCENTPOHA

A.A. lNactyxoB, A.A. lNpokodgbeB

HauunoHanbHbIM UccneaoBaTenbCcknim yHneepcutetr «MU3T», MockBa, Poccumnckas Peaepaumnsa

Paccmotrpen Bompoc addekTuBHOro (opMHUpOBaHUS MPEACTABUTEILCKON BbI-
OOpKM 1T OOYYeHMST HEHPOHHON CEeTM MHOTOCJONHBIN TepcenTpoH. [IpemroxkeH
MOJX0MA, OCHOBAaHHBIN Ha MPUMEHEHUM KJIacTepu3alllu, MO3BOJISIONINN YBEIUUUTh
SHTPOIUIO O0YJAIOIIETO MHOXECTBA. PacCMOTpeHbI pa3MnyHbIe aJlTOPUTMBI KJlacTe-
puzauuu sl (GOpMUPOBAHUS TIeACTaBUTENbCKOM BbIOOpKU. Ha 06a3e amropurmosn
MpoBeIeHa KiacTepu3alunsl (DaKTOPHBIX ITPOCTPAHCTB Pa3IMUHON pa3MEpHOCTH U
copMUpPOBaHbI MPEACTaBUTENILCKIE BEIOOPKM. CUHTE3UpOBaHa U 00yYeHa HelpoH-
Hasl CeTh MHOTOCJIOMHBIN TTepCEeNTPOH Ha MHOXECTBaX, C(OOPMUPOBAHHEIX C MCITOJIb-
30BaHMEM U 0e3 UCIOb30BaHus KiacTepuszauuu. [IpoBeaeH cpaBHUTEIbHBINA aHAIU3
3(GEKTUBHOCTH aJITOPUTMOB KJIACTEPU3ALMU ITPUMEHHUTENIBHO K 3amade GopMUpO-
BaHMSI TIPEACTABUTEIHCKON BHIOOPKU.

KimoueBble cioBa: HelipOHHAS CETh; aJITOPUTM KJIACTEPU3ALMU; MIPEACTaBUTEIbcKasi BEIOOpKA; MHOTO-
CJIOMHBIN MEPCENTPOH

Ccpuika nmpu mutapoBanmm: IlactyxoB A.A., IIpokodreB A.A. [IpuMeHeHHe alIropuTMOB KiIacTepH-
3alM K (DOPMUPOBAHUIO TPEICTaBUTEIBLCKONM BBIOOPKHM IJISI OOyUYEHUS MHOTOCJIOMHOIO TepcernTpoHa //
Hayuno-rexunueckue Bemomoctu CIIBITIY. ®usuko-marematnueckue Hayku. T. 10. Ne 2. C. 58—68.
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CLUSTERING ALGORITHMS APPLICATION
TO THE REPRESENTATIVE SAMPLE FORMATION
IN THE TRAINING OF THE MULTILAYER PERCEPTRON

A.A. Pastukhov, A.A. Prokofiev

National Research University of Electronic Technology, Moscow, Russian Federation

In this paper, we have considered the problem of effective forming the representative
sample for training the neural network of the multilayer perceptron (MLP) type. An
approach based on the use of clustering that allowed to increase the entropy of the
training set was put forward. Various clustering algorithms were examined in order to
form the representative sample. The algorithm-based clustering of factor spaces of
various dimensions was carried out, and a representative sample was formed. To verify
our approach we synthesized the MLP neural network and trained it. The training
technique was performed with the sets formed both with and without clustering. A
comparative analysis of the effectiveness of clustering algorithms was carried out in
relation to the problem of representative sample formation.
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BBenenune

st oOydyeHuss HEHPOHHOM ceTH Tuna
«MHOTOCJIONHBIN nepcentpor» (MLP) Heo6-
XOAMM 3Tal MpesoopadOTKM AAHHBIX €lIe 10
MNpUMEHEHUS aJropuTMa OOpaTHOTO pacIpo-
CTpaHeHUs olunoKu. B GonbLIMHCTBE OMy0OIn-
KOBaHHBIX paboT 10 MPUMEHEHUIO HEMPOHHBIX
ceTeil MeToAuKa IpenodpaboTKU CBOAMTCS K
HOpMaIu3allii, MacliTaOMPOBAHMIO, a TaKXKe
HavaJlbHOM MHULIMAIU3aLlUU BECOB.

HaHHbIC OEUCTBUSI, HECOMHEHHO, HEO0XO-
JVMBbI, HO MX HEJIb3s CUMTaTh JTOCTaTOYHBIMM.
IIpn HeOoabIION pa3sMepHOCTU (PAKTOPHOIO
MPOCTPAHCTBA CJICAYET YIUTHIBATh CIIEIIU(UKY
pacmopeneieHusT UCXOAHBIX AAHHBIX ST 3(-
(peKTUBHOTO 00yUeHUsI HelpoHHOM ceTu. [1pu
0OJIBIIIOM K€ KOJIMUecTBe (hakKTOPOB 3Ta 3a/1a4a
CYILIECTBEHHO YCJIOXHsETCsA. B Takom citydyae
1eJIecoo0pa3sHO MPUMEHSTh KJIACTEpU3aLIUIO
1711 (hopMUpOBaHUsI OOyYaIOlIeT0 MHOXKECTBA
U3 TIPUMEPOB MPU3HAKOB, HaM0O0JIee YHUKATb-
HBIX IO COBOKYITHOCTH.

CyiectByeT OOJBIIOE KOJMYECTBO AaJIro-
PUTMOB KJIaCTEpPU3allMM, HO BCE HX MOXHO
YCJIOBHO PAa3lelvTh Ha JIBE IPYIIIbl: YETKUE U
HeueTkue. B cBo1o ouepenn cpeau YeTKMX METO-
JIOB MOXXHO BBIIEIUTH JBE MOArPYIINbI: Uepap-
XU4YeCcKue U Herepapxuueckue MeTonnl [1].

OTnenbHBIM KJIACCOM CJIEAYeT TakKXKe BbI-
JIEJUTh AJITOPUTMBI KJIacTepU3allMi Ha OCHOBE
HEWPOHHBIX CETEH, KOTOPhIE HAILIM IIUPOKOE
MMPUMEHEHNE B PA3IMIHBIX 00JIaCTIX.

Tak Hanpumep, B pabdote [2] ucciaemyer-
Csl BOIPOC KJacTepu3aliMy JaHHBIX HAa OCHOBE
MapKOBCKOTO aJITOPUTMa, a TaKXKe camMoopra-
HU3YIOLIUXCI PACTYILIUX HEHPOHHBIX CETEH.
B pabore [3] mpoBoguTCd CpaBHEHHE aJlro-
PUTMOB KjacTepu3alny k-cpenHux (k-means)
n no mwiotHoctu (DBSCAN — Density-Based
Clustering of Applications with Noise) Ha ciy-
YyaiiHOI BEIOOPKE, a TAKXKe MIPUBOASTCS OLICHKU
3G HEKTUBHOCTH 3TUX AJITOPUTMOB HA OCHOBA-
Huu nHAekca daBuc — boynnuna. Pabora [4]
MOCBAIICHA MCCAEAOBAaHUIO KJIaCTepU3aluU
TEKCTOBBIX HOKYMEHTOB [JIsI CO3IaHMSI aBTO-

MaTUYECKUX PYOPUKATOPOB C MCIIOJb30BAHM-
em MeTpuku EBkiaupma — MaxanaHoOuca, a B
paboTe [5] M3yyeHbl pa3aMUHbIC AJTOPUTMBbI
HEWPOCETEBOM ACCOIIMATUBHON TIAMATUA 14
CO3IaHMs MaMSITH aHTPOIIOMOP(HOTo podoTa.

B maHHOIi paboTe WcclemoBaHbI TPU Me-
TOAA YETKON M OOWH METOJ HEeUeTKOI KIacTe-
pu3aunu B 3agadye GOpMUPOBAHUS TIPEACTABY-
TeJIbCKOU BBIOOPKM [JIS1 00YyYeHUsT HEMPOHHOI
CeTM W MPOAHAIM3UPOBAHBI 3(PHEKTUBHOCTU
3TUX aJrOPUTMOB C TOYEK 3PEHMSI MpUPOCTa
SHTPOIMU OOYYalOIIero MHOXECTBAa U ITOBBI-
LIIEHUS KayecTBa OOyYeHUs] HEHMPOHHOM ceTu
tuna MLP. Kpome Toro, mpoBesieH aHaIU3 13-
MEHEHMI SHTPOIMU O0y4yarollero MHOXECTBa
M CpeaHEKBaApPaTUYHON OINMOKNM OOydeHUS
MPY UCTOIb30BAaHUM YKa3aHHBIX aJITOPUTMOB.

Kiacc aiaropuTMOB YeTKOU KjacTepu3a-
LIMM MPEACTaBJIEH B JaHHOW paboTe Haubosee
pacIpoCTpaHEHHBIM M IIPOCTHIM B peaju3a-
LMW aJITOPUTMOM k-means [3], caMOOpraHu-
syrommMucs kapramu KoxoHeHa [6] (KapTbl
paccMOTpeHBI paHee B pabote [7]), a Takxke
aJITOPUTMOM KJIaCTepU3allii, OCHOBAHHOM Ha
MMOCTPOCHUHN MEPapXUIECKOIo AepeBa KIacTe-
poB [8].

Cpenu kiacca HEYETKUMX METOMOB CJeIyeT
BBIIEJIUTb aJTOPUTM HEUETKMX c-CpemHuX (c-
means) [1] — 0a30BbIi A1 OOJIBIIOTrO KOJIM-
YyecTBa APYIUX aJrOpUTMOB JAHHOTO Kiacca,
KOTOPBIA MMEET MHOXKECTBO ITPOrPaMMHBIX
peanu3auuii  (Hanpumep, FCM-anroputm
(Fuzzy C-Means), pealu30BaHHbI B MakeTe
MatLab).

ITocTanoBka 3anaum

Kak n3BecTHO, 00ydyeHMEe HEMPOHHON CeTH
MPOU3BOIUTCS Ha TpeX MOAMHOXeCTBaX (hak-
TOPHOTO IIPOCTPAHCTBA: oOyyarollieM, IIpOBe-
POYHOM U TeCTOBOM. BMecTe oHM (hOpMUPYIOT
NPEeACTaBUTENbCKYIO BBIOOPKY IJ19 OOy4YeHUS
HelipoHHOI ceTu. OOydarollee MHOXECTBO
WCIIOJIB3YeTCST JUISI HACTPOMKM CBOOOIHBIX
napaMeTpoOB CE€TH, IPOBEPOYHOE — IS KOH-
TPpos1 3PHEKTUBHOCTU MepeoOyIeHUsI, TECTO-
BO€ — IIJII HE3aBHCHMMOIO TECTUPOBAHMS yXKe
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00yueHHOI HeillpoHHOI ceTnu. OTHUM U3 3Je-
MEHTOB KaYeCTBEHHOI'O OOYUYEHHUS SIBJISICTCS
(opMHrpoBaHKEe 0Oy4YalOIIEr0 MHOXECTBAa M3
3JIEMEHTOB (PaKTOPHOTO IIPOCTPAHCTBA, Hau-
0osiee YHUKAJIbHBIX ITO COBOKYITHOCTH IIpH-
3HakoB. Kak Obuto mokaszaHo B pabore [7],
3TO JOCTMXXKMMO IIPUMEHEHHEM KJjlacTepusa-
11K (aKTOPHOIO IIPOCTPAHCTBA U BhIOOpA IIJIst
00yJarolIero MHOXECTBA MpPEACTaBUTENEH M3
KaxI0ro Kjacrepa.

Hag TOCTHXKEHUS 3TON LIeJIM HEOOXOAMMO
BBIOpaTh HauboJiee IOAXOASILIUKA aJITOPUTM
KJlacTepu3allui, YAOBJIETBOPSIOIIMIA oOmpesae-
JICHHBIM KPUTEPUSIM.

ITocTranoBka 3anauun. Ilycmes

X={X"..,x", Y, .,r"}

— hakmopHoe npocmparcmeo,

e0e X' ={x,, x,, x;, x,}, Y ={y(X")}; M —
KOAUYECmeo 6eKmopos 6 paKmopHoOM npocmpan-
cmee.

Tpebyemcs evideaums cpedu paccmampusae-
MbIX MOM AN0pUMM KAACMEPU3AYUU, KOMOpblll
no3eonsem Haumu pasduenue GaxKmopHo2o npo-
cmpauncmea na mpu mHoxcecmea (T — obyuaro-
wee, V — npoeepounoe u E — mecmoeoe) u 011
KOMOpP020 GbINOAHAIOMCA YCAOBUSL:

Hy(T) < H(T) < H,,,(T), (1)
S, npunumaem munumanbHoe snayenue. (2)

Bnece H(T) — osHrponus o00ydYarollero
MHOXEeCTBa C HCMOJIb30BAaHWEM KJlacTepu3a-
unu; H (T) — sHTpOomnMA 00YyYaroLIEro MHO-
JKeCTBa IJIs CllydaliHOTO pa30meHus ¢hakTop-
HOTO TIPOCTPAHCTBA Ha MPEICTaBUTEILCKYIO
BeiOOpky; H . (T)=log, N, MaKCUMaJlb-
Hasl HTPOIHUS 3TOro MHoxecTBa ( N, — pas-
Mep 00yUaloIIero MHOXEeCTBa, COCTABISIOIIETO
80 % ot (akTOpHOro MpPOCTpPaHCTBA), S, —
Ccpe/liHeKBaapaTU4YHas olIMbka o0yJyaoliero
MHOXECTBa.

HccnenoBanue AJITOPUTMOB KJ1aCTEepU3alnuu

Kak Ob1J10 0OTMEUEeHO BBIIIE, UCCIIEI0BaHME
MPOBEIEHO Ha YeThIpeX aJrOpuTMax KiacTe-
puzaumu: k-means, c-means, CaMOOpPTaHU3Y-
omuecs: Kapthl KoxoHeHa M mMepapxuyecKuit
MmeTod. Bo Bcex skcnepuMMeHTax KOJMYECTBO
KJ1acTepoB ObLJIO BBIOpaHO paBHBIM 80 % oOT
o0beMa (pakKTOPHOTO MPOCTPAHCTBA.
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Ha mepBoM sTame uccieqoBaHUSI OLIEHU-
BaJICS IIPUPOCT SHTPOIMU OOYYArOIIEro MHO-
3KECTBa, KOTOPOE COCTOMT M3 MAHHBIX, ChOp-
MUPOBAaHHBIX C IIPUMEHEHUEM aJTOPUTMOB,
yKa3aHHBIX BhIIIe. PacueT sHTpONMM TMpom3-
Bonwicsa no ¢opmyie IllenHona [9]:

n
H(x)=-) p,log, p, (3)
i=l1
Ie p, — BEPOATHOCTb BHIOOpa 3J€MEHTa U3
KJjacrepa.

Ha BTOpoM »Tame HeWpoHHas CEeTh TUIA
MHOTOCJIOMHBIA MEPCENTPOH C apXUTEKTYypOi
4-4-1 Obuta oOyyeHa Ha AaHHBIX, cPOpMUPO-
BAHHBIX C TIPUMEHEHUEM AJITOPUTMOB KJIACTE-
pusanuu.

®akTOpHOE MPOCTPAHCTBO BKJIIOYAET ye-
ThIpe BXOIHBIX TapaMeTpa, c(pOpMUPOBAHHBIX
cJlydaiiHbIM 00pa3oM, M OJMH BBIXOJHON Ma-
paMeTp — OTKJIMK.

CBs13b MeXI1y BXOJHBIMU U BBIXOJHBIMU Ma-
paMeTpaMu 3a7aeTcsl HEIMHEWHOUN (hyHKIMen

y=e" +e" +2e" —3e™,

TIe X, X,, X;, X, — COOTBETCTBYIOLLUE BXO[I-
HbI€ TIapaMETPhl, ¥ — BBIXOAHOM mapaMmeTp.

B BekTOp BBIXOAHBIX CUTHAJOB BHECEH
IIIyM, KOTOPBIM OIIMCAH CJAy4alHOW BEJINYM-
HOI1, pacnpeaeacHHON 110 HOpMaJIbHOMY 3aK0-
Hy ¢ agucniepcueit 0,02. O0yuyeHne HEMPOHHOMI
ceTu TMpousBoauiaoch s ¢GyHkuuii Neural
Network Toolbox (manee NNtoolbox) makera
MatLab. ITapameTpbl 00ydyeHMsI IIpUBEACHBI
B TaoI. 1.

Ha puc. 1 npuBeaeHbl pe3yabTaThl 00y4e-
HUSI HEHPOHHOM CeTW Ha AAHHBIX, CHOpMM-
POBaHHBIX CJIydaiiHbIM oOpa3oM (06e3 mnpu-
MEHEHMSI KJIacTepu3alliu), C LEIbI0 OLEHKU
3 deKTUBHOCTU (pa3HULIA MEXIY CpeJHEKBa-
JIpaTUIHON OLIMOKOI 00y4YarlIero,/ImpoBepoy-
HOTO Y TeCTOBOIO MHOXECTB) aJITOPUTMOB.

31ech u majee IpuBeIeHBI Pe3yIbTaThl 00y-
YeHUSI HEHMPOHHOM ceT Ha (aKTOpHOM Mpo-
cTpaHcTBe, BKIoyaronieM 200 o0yJyaronimx BeK-
TOPOB, UTO HE HapyllaeT OOIIHOCTH, TaK KakK
Jajee OydeT IoKa3aHo, YTO IIPUPOCT SHTPOIIUM
00yyualollero MHOXeCTBa He 3aBUCUT OT KOJIU-
YEeCcTBa COCTABJISIIOLIMX €r0 3JIeMEHTOB.

[Ipouenypa oOyueHUsS MNPOU3BOAMIIACH
JIecsITh pa3 s Kaxaoro ciydas. HayanbHast
VHULMAIU3al1sg BECOB MPOU3BOAMIACH IS
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ITapameTpbl 00yd4eHHs1 HEPOHHOI CeTH

Taonuna 1

ABTOpBI MapaMeTpa HanMeHnoBaHue mapamerpa
Hassanue mapamerpa

WX €0 Ha3HaueHue B MatLab
AJNTOPUTM ONTUMU3ALNU JleBeHOepra — Mapksapara TRAINLM
DyHKLMA aganTanuu I'pamueHTHBIN CITycK LEARNGD
Kpurtepuii ontumuszanumn CpenHexkBaapaTudHas ommnoka MSE
HavanbpHasg vHUIMaIM3aUs Hryen — Buipoy INITNW
CBOOOJHBIX MapamMeTpoOB

¢ynkuuit NNtoolbox o aaroputmy Hryena —
Buapoy [10] mpu xaxmoil mpouenype oOy-
yeHus1. B kadecTBe pesysibTara IPUBOMAUTCS
HauOoJiee ymadyHasl IOMNbITKAa O0yYeHHUs C TOY-
KU 3peHus MMHUMYMa CpeIHEKBaapaTUYHOMU
OLLIMOKM OOY4YEHUSI.

CpenHekBagpaTUUHasl OILIMOKA OOyYeHMS
BBIYMCIISIETCS IO CJeaylolleit hopmyJie:

MSE =3 (x, - 7, (4)
i=l1

rae X, y, — (PaKTUYeCKUii ¥ OXMAAEMBbIiA pe-
3yJbTaThl OOYYEeHUST Ha 0OydJaroleM BEKTOpE i,
COOTBETCTBEHHO.

B 1a6a. 2 u 3 nmpuBeneHbl pe3yJbTaThl pac-
YETOB 3HTPONUM C IPUMEHEHUEM ajropuTMa
SOM (Bapuanrt 1, H(T) = 0), a Takke BpeMe-
HU 00yyeHMs HEUpoHHOM cetn T, uis ciydast
0o0yueHMsI Ha JaHHbIX, C(DOPMUPOBAHHLIX 0e3
UCIIOIb30BaHMs Kiactepusauuu (7, = 0).

CpenHekBagpaTuyHasl oluubKa oOy4YeHUsI
JUTSI TaHHOTO ciydasi coctaBisieT 0,31462.

Train
Validation
Test
53]
72}
P> :
............................... ray
A
1[]'2 i iiissisiieeisusis \ ..............................................................
Goal
1 1 | 1 1 1 1 |
0 20 40 60 80 100 120 140 160
Epoch number

Puc. 1. PesynbraThl 00yyeHus: HelipoHHOU cetu Tua MLP Ha maHHBIX,
c(OpMMPOBAaHHBIX 0€3 MCMOJb30BAHUS KJIaCTepU3ALIUM:
MSE — cpenHekBaapaTiyHas olmbka ooydyeHus; Epoch number — Tekyiiast amoxa; mpencTaBieHO
MoBeleHNe OMO0K a1 odyuatoiero (Train), mpoBepounoro (Validation) u TectoBoro (Test) MHOXeCTB;
Goal, Best — 1iesieBoe ¥ HawIyulliee 3HAUCHUST OLIMOKM, MOCIEAHEe TOCTUTHYTO /ISl TPOBEPOUYHOTO MHOXKECTBA
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Taonunpa 2

PesynbTaTbl pacuera sHTponuu s (hakTOPHBIX
MPOCTPAHCTB Pa3JINYHO PA3MEPHOCTH
MpU IBYX BapHaAHTaX nMpuMeHeHus aaroputMa SOM

DHTponus, OUT
N Bapuanter 1 u 2 Bapuant 2
H (D | H(T H(T)
100 6,32 6,05 6,19
200 7,32 7,02 7,15
300 7,91 7,67 7,79
400 8,32 8,07 8,17
500 8,64 8,38 8,50
600 8,91 8,66 8,77
700 9,13 8,86 8,97
800 9,32 9,05 9,17
900 9,49 9,16 9,31
1000 9,64 9,29 9,45
O6o3HaueHusi: N — KOJUYECTBO 3JIEMEHTOB
(bakTopHOro mpocrparcrsa, H_ - (7) — Makcu-

MaJibHasl BeJIMYMHA DHTPOINUU OOYYarolIero MHO-
xectBa; H(T), H(T) — BEIUYMHBI SHTPOIUU 3TO-
ro MHOXECTBA C UCIOJIb30BAHUEM KJacTepu3aluu
(BapuaHT 2) u ais ciaydyailHoro pasoueHus (ak-
TOPHOTO TMPOCTPAHCTBA HA TMPENCTABUTEIBCKYIO
BbIOOPKY (Bapuant 1, xkorna H(7T) = 0), cooTBeT-
CTBEHHO.

Camoopranusyomuecs Kaprtbl KoxoHeHa
(SOM). YkazaHHble Kaprthel [6, 11] mpeacras-
JISIOT KJIacC HEMPOHHBIX ceTeil ¢ oOyuyeHueM
0e3 yuurensa. JJaHHBIA KJIacC OTHOCUTCS K all-
TopUTMaM HeuepapxXuyecKoi KiacTepusallvi.

CaMoopraHusymolmecss KapTbl IPOCTHl B
peanu3aluyd M TO3BOJSIIOT TapaHTUPOBAHHO
pacnpenessiTb JaHHBbIE [0 3aJaHHOMY YMKC-
JIy KJIACTePOB IOC/e MPOXOXKIAEHUS MO CI0SIM
KapTtel. Kpome TOro, airoputMm criocobeH ca-
MOCTOSITEJIBHO OMPEeesATh LHEHTPhl KJIaCTePOB
OJjaromapsi caMOOpraHu3aluu.

Anroput™m obydyeHust SOM cBoauTcs K MU-
HUMM3ALUU PAa3HOCTU MEXIY BXOJAMU HEHpo-
HOB COOTBETCTBYIOILETO CJI0S1 U BECOBBIMU KO-
s PpuIMeHTaM1 BBIXOJOB 3TOr0 HelpoHa:

o (1) = o,(t =D+ oly"(#) —o,( - DI, (5)

rae y”' — BBIXOJ HEHpOHa Mpeablayllie-
ro CJ0s1, COOTBETCTBYIOLIMI BXOMy HelpoHa
TEKYILLEro CJIosl; ®, — BECOBOW Koa(hpuuu-
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€HT HeHpoHa i; { — HOMEpP 3MOXM OOy4YeHMUS;
o — KO03(p(PUIMEHT CKOPOCTU OOYYCHUS
(B mpocreiimmm caydyae o € [0; 1], o = const),
n=12..,N —cioukaptel, i =1,2,.... M —
HOMepa HEMPOHOB TEKYIIETO CJIOS.

Hanee mpuBeAeHBI Pe3yJbTaThl PACUETOB U
o0yueHus cetm MLP Ha maHHBIX, cpopMmpoO-
BaHHBIX C TIOMOIIbIO CAaMOOPTaHU3YIOIIUXCS
kapT KoxoHneHa (SOM). IToapoOGHEIl pacuer
npuBeneH B padore [7].

Pesynbratel  pacueroB s (aKTOPHBIX
MPOCTPAHCTB C KOJIMYECTBOM BeKTOpoB ot 100
no 1000 mpuBeaeHsl B TabJI. 2 1 3.

CpenHekBagpaTUyHasi OILIMOKa OOy4YeHUsS
coctaBisger 0,11601. AHamu3 pe3yabTaToB,
MpencTaBAeHHBIX B Tabd. 2 U 3, MO3BOJSIET
clenaTh BBIBOI, 4TO /g mo6oro N Bbmos-
HstoTcst yeaoBus (1) u (2). 3HayeHUe 3HTPO-
MUY 151 cllydasl C MCIOJIb30BaHUEM KJIacTepU-
3auuu (BapuaHT 2) jieXXuT Mexay 3HaYeHUsSIMU
H(T) n H_ (T) nna scex N. BpeMmeHnHble
3aTpaThl Ha OOY4YeHHE CaMOOPraHU3YIOLIEICs
kapTtel KoxoHeHa (cm. Tabj. 3, ganHeie SOM)
pacTyT MpakKTU4IeCKU JuHeiHo. OgHaKo BpeMs
o0y4YeHUs] MHOTOCJIOMHOro mnepcentpoHa 7,
pacTeT MemJIeHHee, 4yeM BpeMsi OOydeHMs ca-
MoopraHusyloleiica kaptel Koxonena 7.

PesynabraThl 00yueHUsI HEHPOHHOM CETU C
WCITOJIb30BAaHUEM CaMOOPTaHU3YIOIIUXCS KapT
KoxoHeHa nipuBeaeHbI Ha puc. 2.

Hauny4ymas npou3BOIMTENIbHOCTb HEM-
POHHOI ceTH (MUHMMAaJIbHas BEeJIMYMHA CpE-
HekBagapatTuuHoi owmmmbku (MSE)) B maHHOM
cayyae coctasisger 0,11601, yTo 3HAUUTETBLHO
MEHbIIIE aHAJIOTMYHOTO 3HAYeHUs [JIs1 CIy-
yasi, Korja KjacTepu3aliusi He MCIIOJb3YeTCs
(cMm. puc. 1). KpoMe Toro, pazHMLa MEXIY
MPOBEPOYHBIM M TECTOBBIM MHOXKECTBAMU B
clayyae HCIOJIb30BaHUS KJacTepu3aldu 3Ha-
YUTEILHO MEHBIIIE.

Anroputm k-means. /lanHbiil aroputm [12]
TAaKXKe OTHOCUTCS K KJIacCy HemepapXuuecKou
KJacTepu3alMu M Bceraa pachpenensieT JaH-
HbIE 0 YKAa3aHHOMY KOJIMYECTBY KJIACTEPOB.
Takum obpa3zom, B ciaydyae €ro MpUMEHEHUS B
oOyyaroniee MHOXECTBO BKIIIoUeHO 80 % Bek-
TopoB, B TectoBoe — 10 %, B mIpoBepodYHOE —
ocraBilumecsa 10 % BeKTOpPOB.

AHAJIOTUYHO JIaHHBIM MPEIbLIYIIEro pas-
Jiena, ObLI pacCUMTaH MPUPOCT SHTPOIIUU 00Y-
YaloIIero MHOXECTBA C MCMOJIb30BaHUEM KJla-
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Taonunpa 3

3aBUCHMOCTb MPOMEKYTKOB BPeMEHH, 3aTPAYEHHBIX MPH HUCIOJIb30BAHUI
PA3IMYHBIX AJITOPUTMOB, OT pa3mMepa (haKTOPHOTrO MPOCTPAHCTBA

3aTrpayeHHOE BpeMsI, C
Yol T __
SOM k-means c-means Hierarchical

100 3 1 0,1 1 0,093
200 5 2 0,1 2 0,101
300 7 4 0,1 3 0,103
400 10 3 0,3 4 0,108
500 15 3 0,4 5 0,111
600 21 4 0,5 6 0,112
700 29 9 0,7 9 0,114
800 36 7 1,0 12 0,117
900 42 8 1,2 16 0,118
1000 53 11 1,5 22 0,120

O6o3HaueHUs: N — KOIMYECTBO 2JEMEHTOB (paKTOPHOIO MPOCTPAHCTBA;
T, — Bpems#, 3aTpa4yeHHOE Ha OOY4EHHE MHOTOCIOMHOTO MEePCEeNnTPOHa Ha JIaH-
HBIX COOTBETCTBYIOIIECH pa3MepHOCTH (apXUTEKTypa MepcenTpoHa BhIOMpaach
B COOTBETCTBUHM C (popMyiioit (4) u3 pacuera ¢ = 0,2); T, — Bpems, 3aTpadeHHOE
Ha KJIacTepu3alMio ¢ IPUMEHEHUEM TEKYILIEro alfOpUTMa KiIacTepr3allui.

IMIpumeuvanusa. MUccnenoBaHa paboTa aIropuTMOB KJIaCTepU3alluM k-means,
c-means, uepapxudeckoro Merona (Hierarchical), a Takke caMoopraHHU3yIO-
muecs kaptel Koxonena (SOM), pasmep 0,8N, 1151 oOyyeHUsT Ha JAHHBIX,
c(OPMUPOBAaHHBIX 0€3 MCIOIb30BaHMsA Kinactepusaunu (Bapmant 1, 7,= 0)
U C MpUMEHEHMEM anroputma kKnacrtepusauuu (7, # 0).

10*

10

MSE

10

Epoch number

Train
Yalidation
Test
e
N\ Goal
1 1 1 1 1
50 100 150 200 250

Puc. 2. PesynbraTsl oOyueHust HelipoHHoi cetn MLP Ha maHHBIX, chOpMUPOBAHHBIX

¢ UcroJib3oBaHueM anroputmMa SOM
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Puc. 3. Pesynbrarsl 00yyeHus: HelipoHHO# cetu MLP Ha maHHBIX, C(POPMUPOBAHHBIX
C WICTIOJIb30BaHUEM aJITOPUTMa k-means

crepusdaumu. B pesynabraTe 00ydeHUsT MPUPOCT
suTponnu coctaBui 0,19 out. CpegHekBagpa-
TUYHas olMnoOKa 00ydyeHus coctasmiaa 0,23909.
3aBUCUMOCTb BpeMEHHU paboThl aJropuTMa
KJlacTepu3aluu OT padMepa (pakTOpHOTO Mpo-
CTpaHCTBa TakKXKe MpuBeaeHa B TabOJ. 3.

[TpupocT sHTponMU, KaK U B clydae MpU-
MeHeHusT SOM, IpakTUYECKM HE MEHSETCS
B 3aBUCHMOCTH OT 00beMa (PaKTOPHOTO IpPo-
CTpaHCTBa.

BpeMmst 00yuyeHUsT HEMPOHHOI CETU OKasa-
JIOCh Ha MOPSIIOK MEHBIIIE, YeM IIPU HUCIIOJIb-
3oBaHuM SOM. Kpome Toro, no cpaBHeHUIO C
CaMOOPIraHM3YIOLIMMUCS KapTamMu, HaOamona-
eTCs OOJNBIIMI MPUPOCT SHTPOIIUU.

Pesynbrathl 00y4eHMsT HEPOHHOI CETH Ha
MHOXeCTBe, C(pPOPMUPOBAHHOM C MPUMEHEHM-
€M ajJropuTMa k-means, IpUBeIeHBI Ha puc. 3.

CrnenyeT KOHCTaTUpOBaTbh, YTO, HECMOTPS
Ha OoJiblliee 3HAYEHMS IIPUPOCTa SHTPOIIUU,
HEeHpOHHAas ceTh 00y4YMIach Xyxke, YeM Ha JaH-
HBIX, C(POPMUPOBAHHBIX C IoMmolpio SOM.
BenuunvHa cpemHekBagpaTUYHON  OIIMOKH,
a TakKe pasHHuIa MEXIy OLIMOKaMH IIpOBE-
POYHOI0/TECTOBOTO U O0YYalolero MHOXECTB
OKazajach OOJblle, YEM C MPUMEHEHUEM ajl-
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roputMa SOM. OpHako KayecTBO OOydeHUS
VJIYULIWJIOCh, TIO CPABHEHUIO CO CJIyd4aeM OT-
CYTCTBUS KJIaCTepU3aLlUN.

ITomBonst IPOMEKYTOYHBIN UTOT BBHIILICU3-
JIO)KEHHOMY, CJIeAyeT OTMETUTh, YTO IS ajro-
putMa k-means BeJIMYMHA ITPUPOCTA SHTPOITNH
00yyJalolIero MHOXECTBa HeE SIBJISIETCSI IOKa-
3aTeJIbHOM. DTO MOXHO OOBSICHUTH TEM, UTO
aJITOPUTM 2apaHmMupoeaHHo pacrpenesieT JaH-
HbIE TI0 YKa3aHHOMY KOJWYECTBY KJIaCTEPOB
M He CIpaBJiseTcs ¢ 3amauyeil, Koraa o0ObeKT B
paBHOI CTEIIeHN MPUHAMICKUT K HECKOIbKIM
KJacTepaM WM BOOOIE HE MPUHAMLIEXKUT HU
K OTHOMY M3 HHUX.

HaubGonbiiuii mHTEpeC ¢ TOYKU 3PEHMUS
pacdyeTa TIPUPOCTA SHTPONUM TIPEACTABIISICT
KJlacC aJlrOPUTMOB HEUETKOM KJlacTepu3alluu.
PesynbraThl  Takoro wucciaemoBaHUS, ITPOBE-
JNIEHHOTO ISl aJilrOpUTMa c-means, IIpUBeaeHbI
nanee.

Anroput™ c-means. JJaHHBIA aaroput™ [1]
OTHOCUTCS K KJIACCy aJlTOPUTMOB HEYETKOU
KJlacTepusaluu, T. €. OIpeAeasieT IpuHaIIexK-
HOCTb JaHHBIX K KJIACTEPY ¢ HEKOTOPOIl BEpO-
SITHOCTBIO.

B nanHoM ciyyae 3HaueHUE BEPOSTHOCTHU
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p TPUHAIJIEKHOCTU O0ydYarollero mpumepa K
KJIACTEpy BhIpaXkaeTcs Kak

k
D= b
- 9
N
IAe pf — BEPOATHOCTb MOMNAaJaHMUsl BEKTOPA

MCXOIHBIX JaHHBIX i B KJIaCTep K.

B pacuerax 3HaueHuUsI BEPOSITHOCTU MEHee
0,1 cuMTaroTCsl MaJIbIMU M HE YYUTHIBAIOTCS.

[Mpupoct sHTpormmu cocraBwin 0,36 Our,
a cpegHEeKBaApaTUYHas OIIMOKa OOydeHUs
paBHa 0,1141. PazHuua cpenHekBagpaTUYHOM
OIIMOKM MeXAy OO0y4alolIrM,/IIPOBEPOYHBIM
M TECTOBBIM MHOXECTBAaMM OKaszajach 3HAUM-
TEJbHO HMXE, YEM B Cllyyae, KOrjma KjaacTepu-
3alMsT HE UCTIOIb3YeTCS.

BpeMst paboThl aaropuTmMa B 3aBUCUMOCTU
OT pa3Mmepa (aKTOPHOTO MPOCTPAHCTBA IPH-
BeJeHO B Tabi. 3. BUIHO, 4YTO OHO CYIIECTBEH-
HO BO3pacTaeT Mo Mepe YBEJMYEeHHUS pa3Mepa
(aKTOpPHOTO MPOCTPAHCTBA.

PesynbraTthl 0OyueHUs] HEMPOHHOI ceTu
MLP npuBeaeHsl Ha puc. 4.

CnemyeT OTMETUTh, YTO, HECMOTPS Ha 3Ha-
YUTEJbHBIA IPUPOCT SHTPOIMMU, IIO0 CpaBHE-
HUIO, HampuMep, C CaMOOPTraHU3YIOIIMMMCS

MSE

kaptaMu KoxoHeHa, yMeHbIlIEHUE CpeaHEKBa-
JIpaTUYHOM OLIMOKU O0yYEeHHUS HEe CTOJIb CYIle-
ctBeHHO U cocTtasiser 0,11419. Kpome Toro,
YMEHBIIIEHUE BEJIMYMHBI CpeIHEKBaIpaTUIHOMN
OIIMOKM HUYTOXHO Majio, MO CPAaBHEHUIO C
pOCTOM BpeMeHHU paboThl alropuTMma Ha dak-
TOPHBIX ITPOCTPAHCTBAX OOJBIIOT0 00BbEMA.
AJITOpHTM HA OCHOBE NMOCTPOEHHS HepapXH-
YeCcKOoro jepeBa KiactepoB. JlaHHBIN aJropyuT™M
OTHOCHUTCSI K KJIacCy MepapXMYeCKON KJacTe-
puzanuu [8]. B KayecTBe METPUKHU HCITIOJIb3Y-
€TCSl eBKJIMIOBO PACCTOSHUE MEXOY 2JIEMEH-
TaMu (paKTOPHOIO IIPOCTPAHCTBA, KOTOPOE
BBIUMCJISIETCS TI0 Caeaylolieii ¢popMmyiie:

d(X', X?) = (6)

rne X',X? — ojeMeHTH (PAaKTOPHOIO IPO-
CTpaHCTBa, npuueM X' e X', X e X°.

[Tpupoct sHTponuu coctaBua 0,1207 our.
Kak u B mpenpiiyimx sKcrnepuMeHTax, pa3Hu-
11a cpeTHeKBaIpaTUUYHON OLIMOKM MEXIy 00y-
YaloIIMM Y TECTOBbIM MHOXECTBAMU MEHbIIIE,
yeM B cllydyae, KOTJa KjacTepu3alusli He WC-
MOJIb3YeTCSl.

BpeMmst paboThl anroputMa B 3aBUCMMOCTU

Train
——Walidation

Test
v oy
\J

Best
\\Goal
0 50 100 1580 200

Epoch number

Puc. 4. PesynbraThl 00yyeHus HelipoHHO# cetn MLP Ha maHHBIX, c(pOpMUPOBAHHBIX
C MCITOJIb30BaHUEM aJITOPUTMA c-means;
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Puc. 5. Pesyabratsl 00yyeHust HelipoHHO# cetu MLP Ha maHHBIX, c(pOPMUPOBAHHBIX
C MCTIOIb30BaHNEM QJITOPUTMA c-means; MUHUMaJIbHOE 3HAYCHUE CPeTHEKBAaAPaTUIHOM OIIMOKH
JUISI TIPOBEPOYHOTO MHOXKECTBA ITOKA3aHO OKPYKHOCTBIO

OoT pa3mepa (aKTOPHOTO MPOCTPAHCTBA IPH-
BeAeHOo B Taby. 3. BugHo, yTo Bpems pabo-
Thl QJITOPUTMa IO Mepe YBeJUUYeHUs pa3mMepa
(pakTOpHOTO MPOCTPAHCTBA BO3PACTACT HECY-
1LIECTBEHHO.

PesynbraTel 00yYyeHUST HEWPOHHON CETH
MLP npuBeneHsl Ha puc. 5.

B nmanHOM cilyyae IokazaTesib IIPHPOCTa
SHTPOMUU SIBJISIETCS] MUWHUMAJbHBIM  Cpeau
BCEX aJITOPUTMOB KitacTepusanun. CpeaHeKBa-
JpaTuyHas omrbka ooyvyeHust paBHa (0,22595,
YTO, OJHAKO, HECMOTPs Ha Majioe 3HadyeHHUe
SHTPOMUHU, MEHBIIIE, YEM MPU MCITOJIb30BAaHUU
aJroput™Ma k-means, AJisi KOTOPOIO IPUPOCT

SHTPOMUU O0Ka3ajcsd MaKCUMaJbHBIM Cpeau
BCEX paccMmaTpuBaeMbix MeTomoB. Cremyer
OTMETUTH, YTO TMPUMEHEHUE UEPaApPXUUIECKOIo
METO/la 3HAUMTEJbHO BBIMTPHIBAET y BCEX pac-
CMaTPpMBaeMbIX aJTOPUTMOB IO TOKAa3aTesIo
BpeMeHU paboThl (cM. Tabi. 3).

JlaHHbIE OCHOBHBIX PE3yJbTaTOB UCCJEN0-
BaHUs I BCEX aJTOPUTMOB KJacTepu3aluu
CBeJieHbI B Ta0JI. 4.

3akinoueHue

IIpoBeaeHHOE McCCaeOOBaHME MPUBOAUT K
3aKJII0YCHMIO, YTO JUISI BCEX PACCMOTPEHHBIX
AJITOPUTMOB  KJIACTEpU3allMM1  BBIIIOJIHACTCH

Tadonuna 4

CpaBHeHue pe3yJbTATOB MPOBEIECHHBIX IKCIEPHMEHTOB

ANIrOpUTM ITpupoct CpenHekBagpaTuyHasi
SHTPOIUU olmobka
SOM 0,14 0,11601
k-means 0,19 0,23909
c-means 0,36 0,11410
Hierarchical 0,12 0,22595
be3 knacrepuzauuu — 0,31462
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Martematmnka

ycaoBue (1), cdhopmyanpoBaHHOE B MMOCTAHOB-
ke 3amaun. Bo Bcex skcmepumeHTax HaOJIo-
JaeTcsl MPUPOCT SHTPONMUM U YMEHBIICHHUE
CpeIHEKBaIpaTUYHON OILIMOKM OOydJarole-
T0 MHOXECTBA, a TaKXKe CHIDKEHME pPa3HUIIbI
MEXIYy CpeaHEKBAaApaTUYHOM OIUMOKON IIpo-
BEpOYHOro/00yYarolero 1M TEeCTOBOTO MHO-
JKE€CTB, UTO TOBOPUT O IIOBBIIIEHUM KadyecTBa
o0yueHwusl.

C TOUKM 3peHMST BBIIIOJHEHUS YCIOBUS
(2), Hauy4IMii pe3yJabTaT IMOJydeH sl ajl-
roputMa c-means. OmHaKo cleayeT MPUHSTh

BO BHMMaHHE TOT MTOT, YTO MPU 3HAYUTEIb-
HOI pa3MepHOCTU (PaKTOPHOTO MPOCTPaHCTBA
BBIMTPHII B 3(G(GEKTUBHOCTA CYIIECTBEHHO
HIXE, [0 CPaBHEHUIO C POCTOM BpeMEHU IIPO-
BelleHUsI KJIacTepu3aliuu.

B zakmioueHue oTMETMM, YTO, HECMOTPS
Ha TIOJIOXUTEAbHBIN 3(P@EeKT NpUMEeHEHUS
aJITOPUTMOB KJIACTEPU3alIUM, SKCIIEPUMEHThI
Mmokasajay, 4TO 3HTPOMUsS 00YydYalolero MHO-
JKEeCTBa SIBJISIETCSI BaXKHBIM, HO HE OIIPEaeIsIO-
KM (HaKTOPOM YIy4lleHUs KauyecTBa o0yde-
HUS HelipoHHOM ceTu Tuna MLP.
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NPOULEAYPA UAEHTUDPUKALUU NTPU MO AJIBHOM YNPABJIEHUU
PACMPEAENEHHBIM YINPYTUM OBBbEKTOM

A.K. bensieB', B.A. MNonauckun?, H.A. CmupHoBa?, A.B. ®enoT1oB'

"MHCcTUTYT Nnpo6nem mawnHoBeaeHus PAH, Cankr-Metep6ypr, Poccuickas Peaepaums
2CaHkT-lNeTep6yprckmMin NnonuTEXHNUUECKU yHnBepcutet Netpa Benunkoro,

CaHkr-lNetep6ypr, Poccninckas Pepepauyms

[Ipu peanmn3anyy MOJATBHOM CUCTEMBbI YIIPABICHMS PacIIpeAcICHHBIMU YIIPYTH -
MU 00beKTaMU TpeOyeTcsl 00eCneunuTh cernapaumnio cCOOCTBEHHBIX (DOPM M3 CUTHAJIOB
CEHCOPOB M BO3MOXHOCTh HE3aBUCUMO BO3IEHCTBOBATh HA (DOPMBI C TTOMOIIBIO aK-
TyaTopoB. B cTaTbe mnpeioxeHa uaeHTUGhUKALIMOHHAS MpoLeaypa, KOTopas Mo3Bo-
JISIET pa3aeanuTh (DOPMBI KOJIeOaHWI B M3MEPEHHBIX M YIPABJISIONINX CUTHAJAX TIPU
OTCYTCTBUM MaTeMaTU4YecKoil momeau obdbekTa. PaboTocnmocobHOCTh MAeHTUdUKA-
LIMOHHOM TIPOLEAYPHI ITOATBEPXKICHA SKCIIEPUMEHTAIBHO TIPU CO3JAHUM CHUCTEMBI
AKTUBHOTO TOAABJICHMST BBIHY>XIECHHbBIX U3TMOHBIX KOJeOaHUI MeTalInJeckoi 6a-
ku. I[IpomeMoHCTpupoBaHa BbICOKasA 3(POEKTUBHOCTb PeaJM30BAaHHON MOIATbHOMN
CHUCTEMBI YIIpaBJICHUS.

KmoueBble ci10Ba: BOpO3aInTa; MeXaTpOHUKA; MOJAIbHOE YIIpaBICHNE; UASHTU(DUKALIUS; pacIIpee-
JIEHHBIN YIIPYTUil 0OBEKT

Ccbuika npu murupoBanuu: benseB A.K., IMomsHckuit B.A., CmupHoBa H.A., ®enoroB A.B. Ilpo-
nemypa WICHTU(PUKAIUM TIpM MONAIBLHOM VIIPABJICHUU paCIpenejicHHBIM VYIPYTUM OOBEKTOM //
Hayuno-texunueckue Bemomoctu CIIBITIY. ®dusuko-marematndeckue Hayku. T. 10. Ne 2. C. 69—81.
DOI: 10.18721/JPM.10207

IDENTIFICATION PROCEDURE IN THE MODAL CONTROL
OF A DISTRIBUTED ELASTIC SYSTEM

A.K. Belyaev', V.A. Polyanskiy?, N.A. Smirnova?, A.V. Fedotov'

! Institute for Problems of Mechanical Engineering, RAS, St. Petersburg, Russian Federation
2Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation

It is necessary to provide the separation of the inherent object modes from the
sensor signals and to make possible independent affecting the modes with the use
of actuators when realizing the modal system of controlling an elastic object with
distributed parameters. The present paper puts forward an identification procedure
which allows separating the vibration modes of the object in measured and control
signals in the absence of the object model simulation. The control operability of
this procedure was verified by experiment through making a system of the active
suppression of forced bending vibrations of a metal beam. The experiment showed the
high control efficiency of the realized modal system.
Key words: vibration protection; mechatronics; modal control; identification; distributed elastic system
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BBenenune

Oco0eHHOCTh 3a1a4i yIIpaBIeHUS KoJeba-
HUSIMHM pacrpeieIeHHBIX MeXaHUYeCKMX 00b-
€KTOB, TaKMX KaK 0ajiKyi U IJIaCTUHbI, CBI3aHa
C HaJIM4YMeM B WX OIMCAaHUM OECKOHEUHOIO
psiga coOCTBEHHBIX (OPM, KaXIylo M3 KOTO-
PBIX MOXHO paccMaTpuBaTh KaK OTIEIbHYIO
creneHb cBoOoabl. [1pu 3TOM AMana3oH 4acToT
BHEIITHETO BO3MYIIAIOIIETO BO3ACHCTBISI BKITIO-
yaeT, Kak IpaBUJIO, HECKOJBKO COOCTBEHHBIX
4acToT 00beKkTa. PaHee HaMU TEOpPETUYECKU U
BKCITEpUMEHTAJIBHO OBIJIO ITOKa3aHo, YTO B Ta-
KMX YCJIOBUSIX CHCTeMa MoAaBIeHUs BUOpaLii
pacmpeneaeHHOro O0beKTa, ITOCTPOSHHAsT Ha
OCHOBE aJITOpUTMa MOJAJIBHOTO YIIpaBJIeHUS,
MMeeT CYIIECTBEHHbIE MPeuMYyILecTBa Hall CU-
CTEMOI JTOKaJIbHBIX PEeTyJIsITOpoB [1].

MopnanbHBIM TTOAXOHA, TIpeAIiojiaracT Hesa-
BUCUMOE YyIpaBJIeHUE pa3InyHbIMU (hopMaMU
KoJiebaHMi1 pacripeneieHHOTo oonhekTa. Mmes
JAHHOTO TIOAXOAAa B TNPUMMEHEHMM K YIIpaB-
JICHUIO KOJIe0aHUSIMMU YIPYTMX CUCTeM ObLia
BIEepBbIe chopMyIMpPOBaHaA B cTaThe [2] U mo-
Jlyduia ajibHeulIee pa3BuTe B MOHOrpadumn
[3]. dns peanu3auuy ajaropuTMa MOJaJILHOTO
yIIpaBJIeHUsI HEOOXOOMMO PEeIlUTh 3amady pas-
MEIIEHUST CEHCOPOB 1 aKTyaTOpPOB Ha OOBEKTE,
a Takke IIpoOJeMy cerapaluyd COOCTBEHHBIX
(dopM mpu uX U3MEPEHMHM CEHCOpaMU U IIpU
VIIpaBJIECHU WMMH C TIOMOIIbIO aKTyaTOpPOB.
OCHOBHBIE MOYTH pEIICHUs YKa3aHHON Ipo-
OsieMBl MPEANOaralT JubO MCMOJIb30BAHUE
pacripefieJIeHHbIX CEHCOPOB M aKTyaTOpPOB B
KayecTBe MOJAJbHBIX (UIALTPOB [4, 5], 1160
MMPUMEHEHNE MAaCCHUBOB AUCKPETHBIX JIEMEH-
TOB yrpasieHus [6 — 10].

IIpy wucnonb30BaHUM AUCKPETHBIX 3JIe-
MEHTOB YIIpaBJICHUsS IJis pasaeiieHus ¢GopM
KoJiebaHuil TpeOyeTcsl HACTpOilKa CUCTEMBbI,
oOpabaThIBaloOlllell CUTHAJIbI CEHCOPOB U Ipe-
oOpasylolleii MX B YIPABJISIOLINE CUTHAJIBI,
nepegaBaeMble Ha akTyaTophl. B Hacrosiieit
pabote mpemiaraercss WACHTUMUKAIIMOHHAS
Mpoleaypa, MO3BOJISIIOIIAS PEIIUTh 3agady
HacTpoiiku. IlpencraBieHbl pe3yiabTaThl 3KC-
NEPUMEHTAIbHBIX  KCCIAEAOBaHUI, HEMOH-
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crpupylomye 3¢pGEeKTUBHOCTD TIPEIIOKEHHON
MPOLEAYPHI.

Moganbnoe ynpasjieHre KOHCOJIbHOI 0aJKoii

PaccmoTrpum 3amauy momaBiaeHMsT Kojeba-
HUIA OaJIKK ¢ IOMOIIbIO MOIAJIbHOTO yIIpaBJie-
Husl. B KauecTBe MOIEIBHOIO 0OBbEKTA BEIOEpEM
KOHCOJILHO 3aKkperyieHHylo Oanky bepHymin
— Diinepa. KonebaHusi 6aiku Bo30yXaal0TCs
BHELIHUM BO3IEMCTBUEM, NPUIOXKEHHBIM B
3aJIJaHHOM CEYEHMU; ITO BO3JAEUCTBUE M3ME-
HSIETCS I10 IOJUTapMOHMYECKOMY 3aKoHy. B
7 CEYEHUSIX MOTYT OBITb MPHUJIOXKCHBI YIIPaB-
JISSIOLIME BO3ICMCTBUS, CO3IaBaeMbIe IThe30aK-
TyaTopaMM, C LIEJIbI0 YMEHbBIIUTh aMILIUTYIy
YCTAHOBUMBILIUMXCSI KOJIeOaHU#. YTpaBisgioline
BO31eCTBUST (POPMUPYIOTCSI C UCITOIb30BAHU-
€M CUTHAJIOB IhEe303JIEKTPUYECKUX CEHCOPOB,
pacmoyIOKEHHBIX B /1 CEYEHMUSIX.

MaremaTtuueckyio Mopaeidb Oalkud IOCTO-
SIHHOTO CEUeHMs 3aluilieM B BUAE CAeaytolei
cucteMbl JuddepeHInaIbHBIX YPaBHEHMIA:

o0

-—=+pii =0,
ox P

M r
_— = + .
0 vl Zlu

9y ¢ =0,
ox
op 1
ox FEI
rme ¥ — IOoIepeyHoe mepeMelleHrne (IIporuod)
0asku; ¢ — Yroj MOBOpOTa KacaTeJbHOW K
cpenHel TuHUM O6anku;, Q — MorepeyHas Cuia;
M — wzrubaroimit MOMEHT; X — NpPOAOJbHAas
KOOpAWHaTa, OTCUUTBhIBaeMasi OT JIEBOTO KOH-
na 6ajku; p — Macca eIUHUIIbI JJIMHbI OaIKu;
I — MOMEHT MHEepLUMHU IONEPEYHOro CeYEHUS;
E — wmonyns KOHra marepuana Ganku; L, —
pacripeneeHHbI  BO30YXIAIOIIUIA MOMEHT,
U, — pacrpeeaeHHbIe YIPaBIAIOIIUE MOMEH-
THIL.

Cucrema cBomguTcs K omHOMY auddepeH-
L1aJIbHOMY YpaBHECHUIO:

pii + (EIW"Y' = ) + 3 . (1)
i=1

M =0,




MexaHuka

Puc. 1. Moaenb Bo3aeicTBUs akTyaTopa Ha Oajky:
b — 1mIMpHHA MbE30CJI0sI aKTyaTopa; ) —3jieKTpUYecKoe HaIpsiKeHUue, MojJaBaeMoe Ha aKTyaTop;
Mp — MEXaHMYECKMe MOMEHTbI, 0Opasylouiye napy; z, — PACCTOSIHUE MEXIY CPEAHUMMU JMHUSAMM Oanku
M aKTyaropa

I'paHuyHbBIe YCIOBUS OTpaXxarioT CIoco0
3aKperuieHus: OaJIKu IJIUHOM /:

0=0, u_ =0, u', =0.

X x=/

!
X

u_,=0, u
HayanbHoe cOCTOSIHME CHUCTEMBI COOTBET-
CTBYeT NPSIMOJIMHEIHOI KoHbuUrypauuu 6a-

KHU:
u_, =0, u_,=0.
Jlisi omucaHus YIPAaBISIOIIEro BO3/EH-

CTBMSI BOCTIOJIB3YEMCSI MOJIEIbI0  MbE30aK-
TyaTopa [11], BBIMOMHEHHOTO B BUIE TOHKO

NpPSIMOYTOJIBHOM  TUIACTUHKW, HAKJIEEHHOU
BIOJIb OaJKM MEXIY CEYEHUSIMU X = a, WU
x = A, (puc. 1). )

CoracHo 92TOil MOHeNu, MPUIIOXKEHUE

BJIEKTPUYECKOIO HAIpsKeHUsI V K 3JeKTpo-
JaM aKTyaTopa SKBMBAJE€HTHO IPUJIOXKE-
HUIO Mapbl MOMEHTOB M B CEUCHMSIX X = ;U
X = A, paBHBIX IO MOIYJIIO U TPOTUBOIO-
JIOKHBIX 110 HampaBlieHHIo. Momayslb MOMEHTa
OIIPEACIISICTCSI BhIpasKEHUEM

M, =e,bz,V,

TIE e, — MbE302JIEKTPUYECKas KOHCTaHTa Ma-
Tepuaja, b — IIMpUHA MbE30CI0d, Z, — pac-
CTOSIHME MEXIy CPeIHUMU JIMHUSMU Oaiku
U aKTyatopa.

VYnpasnsiionime  MOMEHTBI B MOJEIU
(cm. ypaBHeHure(1)) MOXHO TIPEACTaBUTh B BUJE

n =M, [5(x - 4) - 8(x - a))],

rae 8 — meabTa-(QyHKIIMS.

B paborte [2] mpenioxeHa MOMIENb CEHCO-
pa, BBIMOJHEHHOTO B BUIE TOHKOM IPSIMOY-
TOJIbHOM IIACTMHKM W3 Ibe3oMaTepuaja, Ha-
KJIEEHHOM BIOJb OalKu MeXAy CeYeHUSIMU
x =du x = D. B aT0if MOJEIN 3JIEKTPUUECKOE
HampspKeHue, SIBISIONIeecs] CUTHAJIOM CEHCO-
pa, IPOMOPLUOHAIBHO Pa3HOCTHU YIVIOB ITOBO-
pota cedyeHuit x =du x = D:

%?wmmﬂme

[JI€ Z, — PACCTOSIHUE MEXIY CPEIHUMU JIMHUS -
MU 0anku u ceHcopa, C — eMKOCTh CeHcopa.

IIpu mocTpoeHUM ajaropuTMa yIpaBIeHMUS
MPUMEM TUIIOTE3Y O TOM, YTO CEHCOP M3MepsI-
€T KPUBU3HY OaJIKU:

op(t,x) _ du(t,x)
ox ox’

B ceueHun x = (D + d)/2 (a1 KpaTKOCTU U3-
JIOXKeHMST OyaeM IHcaTh, YTO CEHCOp 3aKpe-
TUIEH B 9TOM CEUEHUM).

IlocTpoenue  amropuTMa  MOJAJILHOIO
yOpaBiaeHUsI TpeanojiaraeT TMpeacTaBiIeHue
nporuda B BUAE psja MO COOCTBEHHBIM (hop-
MaMm:

V:

b

u(x,0) = 3w (P, (1), 2)

rae w,(x) — coOCTBEHHbIE (POPMBI, YIOBJIETBO-
psItolIve YCIOBUSIM OPTOrOHAJIBHOCTH
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)
[ pw,(eyw, (x)dx = 5.
0
I'nmaBHbIE KOOpAMHATHL PB,(f) JOJIKHBI OBITH
HalJeHbl KaK peLIeHUs] CUCTEMbI

Bk(t) + xin(t) = fk + Ve
Je= J”ogk(x)dxa Ve = JSk(x) (Zr: Mijdxa 3)
0 0 i=1

—dw,(x)

dx
rae A, — k-a cOOCTBEHHas 4acCTOTa YIPYroi
Oanku.

B mpasoii yactu mepBoro ypaBHeHus (3)
cllaraeMoe f, OTBEYaeT 3a BHEIUIHEE BO3MYLle-
Hue. CraraemMoe y, NMpPEICTaBJIsAET COOOi pe-
3yJbTaT Mpeodpa3oBaHus YIIPaBISIOLIETO BO3-
JNIEVICTBUS:

Sk (x) =

¥ = [9,) {Z M [8(x - 4) - 8(x - ai)]} dx =

- i[Sk(Ai) = %)M,

Ilonarast kpuBu3HY (POPMBI OAJTKU ITOCTO-
SIHHOW Ha JJIMHE Ibe30aKTyaTopa, OyaeM CUu-
TaTh, 4TO

4 d a + A
=>M (A -a)—9, | —~L|=
yk 12:1: pl( i at)dx k( 2 j
rood’ a + A
=k SV Ly G4
ZI: ’dxzwk( 2 )

rae kospduument k, = e, bz (A, — a) onnHa-
KOB JUISl BCEX aKTyaTOPOB, V), —3JIEKTpUYECKOe
HaIpsDKEHUE, T10/1aBa€MO€ Ha i-bIA IThE30aK-
Tyarop.

Takum 06pa3zoM, Mbl CYUTAEM, UYTO Ka Kbl
aKTyaTOp 3aKpeIlieH B OIIPeAe/ICHHOM ceue-
HUM U CITOCOOEH M3MEHSITh KPMBU3HY OaJIKi B
COOTBETCTBUMU C YNPABJIAIOIIMM CUTHaIoOM V.

C yueroMm BbIpaxeHuit (2) u (3) uenb
yOpaBACHUSI 3aK/IIOYACTCS B CHIDKEHUU aM-
TUTUTY], YCTAHOBMBIIMXCSI KOJIEOAHMI TIEPBBIX
m IIaBHBIX KoopauHar B,(7), k=1, 2, ..., m, 3a
CYET BbIOOpA YNPABJIAIOLIMX CUTHAIOB V. O0b-
eIMHSIS F YIIPaBJISIOLIUX CUTHATIOB B BeKTOp U,
3aIMMIIeM aJTOPUTM MOIAJIBHOTO YIIpaBJICHUS:

Urxl = FKmmeq)nxl’ (4)

rac q)nx — BEKTOD, OO0BEINHSIIOLINI CUTHATBI

1
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ceHcopoB; K — nuaroHajabHasg Marpuua Ko-
sbunmrenTos yeunenus; F_ T — mMonaib-
HbIe MaTPUIIbI, TTOJIEXAINE BHIOOPY (31eCh U
Jajiee HIDKHUM WHAEKC ITOKa3bIBaeT pa3Mep-
HOCTb MAaTPUUYHOIO OOBEKTA).

MopnanbHasg Marpuua 7, —— aHaIM3aTop
(opm, oHa mpeobOpasyeT BEKTOp M3MEPEHHBIX
CUrHajioB @ B BEKTOP OLEHOK IIEPBHIX

TJIaBHBIX KOOPpAMHAT B .

mx1

Bmxl = menq)nxl :

Marpuna K = 3agaeT  KO3(MULMEHTHI
YCWJIEHHUsI, TNPeoOpasylole BeKTOp OLEHOK
COOCTBEHHBIX (HOPM B,,, B BEKTOP XKEIAEMbIX

BO3IEUCTBUII Ha KaXIyIo U3 POPM Olmxi :
Olmx1 = KmxmBmxl'

MopanbHas Matpuia F,—~— cHHTE3aTop
(dopM, OHa MPeoOpasyeT BEKTOP KeIAEMbIX
BO3IEUCTBUIT Ha (POPMBI CLmxi B BEKTOP YIIPaB-
JISIIOIIMX CUTHAJIOB, ITOJaBaeéMbIX Ha aKTyaTo-
pot U :

Urxl = F Olmxl .

rxm

B obuem ciayyae snemeHTh Matpuibl K
MOTYT ObITb HE KOHCTaHTaMM, a (DYHKLUMSIMU
KOMIUJIEKCHOW TEPEMEHHON: kj = kj(s). ITpu
AMaroHasbHOM Matpuue K cucrema ynpas-
JICHUSI BKJIIOYAeT B ce0sl m KOHTYPOB, KaXKIbIil
M3 KOTOPBIX COOTBETCTBYET CBOeil popme KO-
JieOaHUI OajJKyd U MMEET CBOIO IMEePeIaTOuYHYIO
GyHKUIUIO kj(s). Ha Bxonm j-ro MoaajJibHOIo
KOHTYypa yHOpaBJeHUS IMOJaeTcsl KOMOWHAIIUS
CHUTHAJIOB CEHCOPOB ¢ Ko3(hdUullMeHTaMu, 3a-
JAaHHBIMU j-OM CTpokoil marpuuwl 7, ,, a
BBIXOJTHOM CHUTHaJ KOHTYypa pacIpeaeisieTcs
Ha aKTyaTOpbl B MPOMOPIMSIX, 33JaHHbIX j-M
cronbuoM Marpuubl F. . OrmetuM, 4to B
aJiropuT™Me YyIpasjieHus: (4) MOXHO HCIOJb-
30BaTh IOKa3aHUSI M30BITOYHOIO KOJMYECTBA
CEHCOPOB B 7 CEYeHMSIX OaJIKM, YTOObI BHIUKC-
JINTh YIIPABJISIOLIME CUTHAJbI IJId r < 1 aK-
TyaTopoB. IIpu 3TOM uMeeTCs BO3MOXHOCTh
YIpaBIsITh He 0OoJjiee 4eM m TrapMOHUKaMM
(m=1,2,..7r.

BBemem B paccMmoTpeHne MaTpuibl (Gopm
0, 0., 1 OYyIEM 3aMOJHATH UX CJIEIYIOLUM
obopaszom. Crpoka marpuubl 6, , COCTOUT U3
3HaYeHwuit —d’w /dx*, k =1, 2, ..., m, B MecTe
3aKpeIUICHUsT aKTyaTopa, a KOJIMYECTBO CTPOK
OIpeNesIeTCI KOJIMYECTBOM 7 aKTyaTOpOB.
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Ctpoka Matpuilbl 0 COCTOUT M3 3HAUYCHUI
—d’w,/dx’, k =1, 2, ..., m, B MeCTe 3aKpeIwie-
HMS JATYMKA, a KOJIMUYECTBO CTPOK OIpeaeisi-
€TCSl KOJIMYECTBOM 71 JATYUKOB.

BexTop CUTHalOB CEHCOPOB IMPEACTaABUM
B BHUJIE CJIara€éMOro, BKJIIOUAIOILEro MepBbie m
rapMOHUK, U BeKTOpa @, CONEPXKAILErO BbIC-
L€ TAPMOHUKH:

= k e;xmBmxl + (i)’ (5)
IpY 3TOM Koa(l)(bHuMeHT
k =e,bz (D—d)/C
TMPUMEM OJIWHAKOBBIM JIJIT BCEX CEHCOPOB.
IlepBrie m ypaBHeHUII OSCKOHEYHOIl CHU-
cteMbl (3) ¢ yueTom ynpapiaeHus (4) u pasjo-
KeHus (5) 3amuiueM B MaTpUYHOM BUIE:
Bmxl + AmxmBmxl = fmxl + kaksermxr
x K, T .6  B.i+A,

mxm= mxn

Exm X
(6)

rne A,,, = diag{\,’} — nuaroHajgbHas MaTpu-
a KBaApaTOB COOCTBEHHBIX YACTOT YIIPYIoOil
Oanku; f, , — BEKTOpP BHELIHUX BO3AEWCTBUH,
OOBEAMHSIOIINI KOMIIOHEHTHI f,; BEKTOP A He
COIEP>KUT KOMITOHEHT BeKTopa 3 a TOJIbKO
BBICILIME TAPMOHMKHU.

151 peanusauuy MOAAJIBHOTO YIIpaBJICHUS
HE00XOAMMO IIOJYYUTh AUArOHAIbHYIO CTPYK-
TYpy MaTpUIIbI

o F._.K,.T..0

rxm>T T mxmT mxn Y nxm?

mx12

3TO TO3BOJIMJIO Obl HE3aBUCUMO YIPABJATDL M
HU3LIMMU TAPMOHMKAMU YIIPYTOi OajKu Ipu
YCJIOBUM YCTOMYMBOCTU BBICHIMX TAPMOHUK.
JlOOGUTBHCSA AMArOHaIbHON CTPYKTYPBI MOX-
Ho BbIOOpoM Matpull F. , u T, . Huxe npexn-
JIOXEHA TMPOLEAypa OINMpPEIeTICHUST MOTATbHBIX
Matpuu, F., u T, , BKIIOYaooLlasg WUACHTU-

(UKAIIMOHHBI BKCIIEPUMEHT Ha peajbHOM
oOBeKTe.

IIpouenypa onpenenenusi MOAATbHBIX MATPHIL

BHauane HeoOX0aAMMO 3KCIepPUMEHTATbHO
WIM PacyYCTHBIM IIyTeM IOJYYUTh OLEHKHU F
HU3ILINX COOCTBEHHBIX (pOpM KojiebaHUi1 Oa-
ku. IlonydyeHHble olLieHKU (opM KoyiebaHUi
MO3BOJISIIOT YCTAHOBUTh IThE303JICMEHTHI Ha
TeX ydacTkKax OaJiku, rime Bkiaza (GopMm cylie-
ctBeH. Ilocie Toro, Kak CeHCOpPBI M AKTyaTOPbI
YCTaHOBJICHBI, MOXHO MPUCTYIAaTh K OIpeac-

JIEHWIO MOJaMbHbIX Matpull F w T . WneH-
TU(PUKAUMOHHAsA MPOLEAYpa MPOBOAUTCS IS
PAa30MKHYTOI CUCTEMBI M BKJIIOYAET CJEAYIO-
LK€ 3TaIbl.

Ilepsbiit aTan. [Ins onpeneneHuss MaTPULLbI
0’ .,, TOCIEI0BATEIbHO CO3JAI0TCS C MTOMOLLBIO
BHELIHErO BO3ACHCTBUSA PE30HAHCHBIE PEXU-
MBI BBIHYXIEHHBIX KOJIEOAaHMI Oanku, COOT-
BETCTBYIOLLIME /M HU3LIMM COOCTBEHHBIM 4Ya-
CTOTaM.

[TycTp BHELIHUM BO3AEHCTBUEM ABIISAETCSA
U3rM0aroInii MOMEHT

Mo, =Mo" 8(x — Xxp)sindt, j = 1, 2, ...,m,

NPUJIOXEHHBI B CEYEHUM X = X,, TOTJa MO-
nenb (6) pa3soOMKHYTOM CUCTEMbI MpPWHUMAET
BUII

B.mxl + AmxmBmxl =
= 1o [9,(x)9,(Xy) ... 8,,(x,)]" sinz.

Pe3oHaHCHBIE peXMMBI HCHOJBL3YIOTCSI B
KauyecTBe CEJICKTMBHOI'O IMpeoOpa3oBaHUs, TaK
KaK B KaXIOM M3 HUX KoOJeOaHUS OajJKM II0
OIHOM COOCTBEHHOI (OpMe, COOTBETCTBYIO-
1l COOCTBEHHOM 4acToTe A, TMPEBAIMPYIOT
Han apyrumu. CrenoBaTebHO, MOXHO CUM-
TaTh, YTO CUTHAJI /-TO CEHCOpA B j-M Pe30HAHC-
HOM pPEXMME OINpPEAesIeTCs BhIpaXkKeHUEM

O/ (1) = k,0°,8,(1).

JomycTuB, 4TO B CUCTEME ITPUCYTCTBYET
MPOIIOPLUMOHAILHOE IeMII(UPOBAHNUE, YpaB-
HEeHUWE JJId j-OM TIABHOW KOOPAWHATHI 3allu-
1IeM B BUJE:

B, +EB, +AB, = £V sink 1,
rme &, — koabhbuumeHT aeMndupoBaHus,
f =u'9, (X)) — amIUIMTyza BO3MYLLEHMS.
VeTaHOBUBILIEECS pellieHre HMEET Clemy-
[OLUA BU:
oM
B, =B; cosAt,

YTO TIO3BOJISET OLIEHUTh YCTAHOBMBIIMIACS
CUTHAJ i-TO CEHCOpa BBIPAKEHUEM
@/ = /" cosh t,
M

rie @, = k6;pY

Otciozia MoJyYrM BBIPaXEHUE JUTsE KOMITO-
HEHT MaTpuliibl 0

1

0; = — oM.
kY
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M3MepeHne aMIuinTya 1 (pa3 CUTHAJIOB KaX-
JIOr0 U3 1 CEHCOPOB B j-M PE30HAHCHOM PEXKU-
M€ JaeT BO3MOXHOCTb ITOJIYUHUTh j-BIif CTOJIOCI]
MaTpUIIbI 6° C TOYHOCTBIO O KOHCTAHTHI, €CJIN
NPUHSATD, YTO 0°; = ® /M. JIaHHOIi OLIEHKH 10-
CTaTOYHO Il pa3jaesieHus: ¢GopM KojiebaHuii B
MOIJIbHBIX KOHTYpax yIpaBJICHHUS.

Bropoii atan. Eciu akTyaTophl U IapHbIe
UM IaTYMKU 3aKPeIUICHBl B OJHUX U TEX Xe
ceueHMdx Oanaku, To MaTpuLa 0, , BLIMUCHIBA-
ercd 1o marpuue 60, . Ha npakruke 310 ycio-
BUE HE Bcerjga cobJIiogaeTcs, MO3TOMY HUXKe
MPUBOIMUTCS AJTOPUTM SKCIIEPUMEHTATBHOTO
OIIpeACICHUS MAaTpULIBI 6.

IIpr oTCyTCTBMM BHEIIHWUX BO3ACWCTBUN
Mozelb (6) pa3OMKHYTON CHCTEMBI MPEACTaB-
JISIeTCSl B BUZIE

By +A =k0! U

mxr " rx1?
U=, ¥, .. VI

Bo30ynum pe3oHaHCHBIE KOJIeOaHUsT OaTKn
TOJIBKO i-M aKTyaTOpOM, II0JIaB Ha HEro Trap-
MOHWYECKOE HaMpsLKeHWe ¢ j-0ff COOCTBEHHOM
4acTOTOU

mxmBmxl

V, = Vsini t.

B ycraHoBuBIIEMcs IIpoliecce, OO0YyCIOB-
JICHHOM HaJluuueM AeMmn@upoBaHUS B pe-
aJlbHOI cucTeMe, OyayT IIpencTaBJIeHBI BCe
dopmbl KonebaHuit. OgHAKO JOMUHUPYIOLLYIO
pojb OymyT Urpath KojeOaHHUs MO j-Oi CO0-
CTBEHHOI (popMe, a BKJIaJ OCTAIbHBIX (OpM
OydeT IpeHeOpexXuMo Majl. YpaBHEHHUE IS
J-Oll TIaBHOM KOOPAMHATHI IIPU BO30YXKIEHUM
KOJIe0aHUi1 i-M aKTyaTOpOM 3alluilieM B BUIE

B + B + 3B = k0,1

Takum o00pa3oM, KaxXOblid j-bIii CTOJIOEL]
MaTpUIIbl O TTOKA3bIBAET, B KAKUX ITPOMOPIIMSIX
aKTyaTopbl BO30yXImaioT j-1o ¢opMy Kosebda-
HUM O0ajky. YCTaHOBUBIIEECS PEIICHUE ypaB-
HEHUS UMEET CIEeIYIOLINIA BU;

B, =B cosit, P = k8N
J J J J é 7\4 )
J T

HomycTtuM, 9YTO MMEeTCSI BO3MOXHOCTh U3-
MEpPUTH IIPOrud B HEKOTOPOM CEYEHMU X' C M0~
MOIIIBIO BHENTHETO Tprbopa. OreHka mpornda
B PE30HAHCHOM peXHMe C j-Oif COOCTBEHHOM
4acTOTOM jaeTcst (popMylioit
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u(x', 1) =w;(x" B cosr,t =uM cosi t.

BbIpasuM KOMITIOHEHTBI MaTpuilbl 0 depe3
U3MEpSIEMYIO BEIMYUHY U j’M :

= éj}‘j u{M
Tk Vw(x)

YToObI MOJIYYUTh OLIEHKY j-I'0 CTOJI01Ia Ma-
TpUllbl 0, HEOOXOAMMO TIOC/EA0BATEIbHO BbI-
3bIBaTh PE30HAHCHBIE KOJie0aHUs OaJIKM C j-Oi
COOCTBEHHOM 4YaCTOTOM KaXXIbIM W3 F aKTya-
TopoB. s Bcex r 3KCIEPUMEHTOB B paMKax
OJTHOTO PE30HAHCHOTO pEeXWMMa CJIENyeT W3-
MEpUTh aMIUIMTYyay U a3y YCTaHOBUBIIHMXCS
KoJieOaHUIl B OMTHOM M TOM K€ CeUYeHUM Oai-
ku. W3mepeHUsT HeoOXOAUMO TMPOU3BOAUTH
C TOMOIIIbIO BHEIIHEro Mnpudopa, Hampumep
Jla3epHOro BUOpoMeTpa, IpUYeM B CEUYEHUHU,
MO BO3MOXHOCTH HanboJiee yaaJleHHOM OT aK-
TyaTOpPOB, IJII TOrO YTOObl MUHUMM3UPOBATh
BJIMSIHME Ha Pe3yJbTaT HETOUHOCTU BOCITPOU3-
BeleHUSI COOCTBEHHBIX (POPM B PE30HAHCHBIX
pexumax. M3mepeHus narOT BO3MOXHOCTh
MOJIYUUTh j-bIi CTOJOEL MaTPULBI 6 C TOUHO-
CTBIO JI0O KOHCTAHTBI, €CJIU MPUHSTH 0, = uj.M .
JlaHHOI OLIEHK! TOCTaTOYHO ISl pa3feaeHus
dopM KonebaHMIT B MOIAJNBHBIX KOHTYpax
yIIpaBJICHUS.

Tpermii atan. B yacTHOM ciydae, Korma
m = n = r, UICKOMbIE MOJaJIbHbIE MAaTPULIbI
BbIOMpPAIOTCS OOpaTHBIMU K MaTpuLiaM (opM:

T.=0,)"F, =(©)"

rxr rxr Fxr

Bo3MmoxxHoCTh 0OpallieHus1 matpul (Gpopm
3aBUCUT OT PACMOJIOKEHUSI MbE303JIEMEHTOB
BIOJb OaJKW U CBsI3aHA C HaJUYMEM CBOMCTB
HaOMIOgaeMoOCTH U ympasisgeMoctu  [12].
[IpakTuyecku 3TOT ciayyail 03HA4yaeT, YTO KO-
JIM4ecTBO (bOpPM, IO KOTOPBIM BEAETCS YIIpaB-
JIeHue, 3apaHee 3aJaHO U PABHO KOJUYECTBY
rnap CeHCop-akTyaTop. 3ayacTylo 3apaHee He-
M3BECTHO, CKOJIbKO (DOpM MOTpedyeTcs 3ameii-
CTBOBATh B aJITOPUTME MOJIAJIbBHOTO YIIPABICHUS
JUISL TOCTVKEHUS TIPUEMJIEMOI CTENEeHU Moja-
BJIeHUs1 BuOpauuii. [loaTomMy cHavyana MOXKHO
3a/1aThCsl HEKOTOPBIM KOJUYECTBOM M (opMm,
10 KOTOPBIM IIPEAIIOJIaraeTcsl yupaBisiTh 00b-
€KTOM, 4YTOObl MUHUMM3UPOBATh KOJUYECTBO
UIeHTU(UKALIMOHHBIX SKCIIepuMeHTOB. Torma
MaTpuubl GopM OyayT MPSAMOYTOJbHBIMU, U
IJIS OTIpeAesIeHUsI MOJAJIbHBIX MaTpUIl IIOTpe-
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OyeTcs orepalus IMCeBI000paIICHUS:
T s -1nsT
T = (0500500) 6,

mxn =~ nxm mxn?

Frn =0, (07,,0,.) "

rxm mxr = rxm

(7

Ecniu mnpu sTOM KayecTBO TOAABICHUS
BUOpallUM OaJIKU OKa3bIBAETCSI HEYIOBJIET-
BOPUTEJIbHBIM, TO HEOOXOAWMO BEPHYThCS
K UISHTU(UKALIMOHHBIM 3KCIEepUMEHTaM M
JIOOIPENEIUTh CIENYIOIIME CTPOKU MAaTpUIL
(opM. 3aTeM cienyeT 3aHOBO BBIYMCIUTH MO-
JajlbHbIe MaTpuLbl o popmye (7) U UCIOJIb-
30BaTh UX IS 00JIee KaYeCTBEHHOIO MOIaBJe-
HUST BUOpALIMU.

Yeteeproiid 3Tan. [lociae BeIYMCICHUS MO-
JMaTbHOW MaTpulbl 7' 11eecoo0pa3Ho MpoBe-
PUTb, HACKOJIBKO KaYe€CTBEHHO MPOM3BOAUTCS
cernapaiys rapMOHUK U3 CUTHAJIOB CEHCOPOB.
ITpouenypa npoBepKr COCTOUT B TOM, YTO MO-
CJIeJ0oBaTeJIbHO, C ITOMOIIbIO BHEIIHETO MO-
MEHTa, BO30YXKIalTCsl pe30HAHCHbIE PEeXKMMBbI
BBIHYXKIEHHBIX KoJieOaHMIT Oajaku, COOTBET-
CTBYIOIIIME M HU3IIUM COOCTBEHHBIM 4YacTO-
TaM. JIJIsT KaXXIOro U3 3TUX PEXUMOB (POpMMU-
pyeTcs BEKTOP OIEHOK TJIaBHBIX KOOPAWHAT

Bt = menq)nxl'

Ecnu matpunia 7 ompenesneHa MpaBUIBHO,
TO JUISl KaXJOro j-r0 Pe30HAaHCHOTO peXuma
3TOT BEKTOp OYIAET MMETb HEHYJCBOI 3JIEMEHT
MOJ j-M HOMEPOM, a OCTaJIbHbIE JIEMEHTHI OY-
IyT paBHBL HYJIO.

ITocne BbIUMCIECHUS MOOAIBHON MAaTpPUIIbI
F uenecoobpa3zHO MpOBEPUTb, HACKOJIBKO Ka-
YECTBEHHO pa3le/ieHO yIIpaBIeHUe pa3InuHbI-
MU rapMoHukamu. IIpu maeanbHOM pasneie-
HUM BO3JEUCTBME Ha 0ajKy BCeX aKTyaTOpPOB
B j-M pe30HaHCHOM pexume (j = 1, 2, ..., m)
C aMIuIMTygamMu 1 azaMu, pacrnpeneseHHbI-
MU B COOTBETCTBUU C k-M CTOJOIIOM MaTpPHUIIbI
F (k # j), 10JzKHO OBITH OPTOTOHAJBLHO j-OM
cobcTBeHHOM (opme KoyiebaHuit Oanku. s
MPOBEPKM HEOOXOAMMO BBI3BIBATH j-bIii Pe30-
HAHCHBIA PEeXHWM C TOMOIIbIO BO3ACHCTBUS
cpasy Bcex akTyaTopoB. [Ipu aToM Ha akTya-
TOPHI CleAyeT MoAaBaThb CUTHAIbI, aMILIUTY-
Jla KOTOPBIX COOTBETCTBYET MOIYJISIM 3Haye-
HUI, COCTaBIISIIOIINX K-BIfi CTOJIOCH] MaTPUIIbI
F (k #j), B ¢aze wiu B npotuBodase, B 3aBU-
CHMMOCTH OT 3HAKOB 3THX 3HaYeHUil. B KaxxmoM
U3 MPOJETAaHHBIX IKCIEPUMEHTOB aMILIUTYIA

PE30HAHCHBIX KOJieOaHMI OanKu, PerucTpu-
pyemasl BHELIHMM M3MepuTesieM, OyIeT TeM
MEHBbIIIe, YeM TOYHee ompeneaeHa MaTpuua F.

Eciu Ha KakOM-TO U3 3TaIloOB pe3yJbTaThl
MPOBEPKU TMPUZHAIOTCS HEYIOBICTBOPUTEIb-
HBIMM, TO 3TO CBMAETEILCTBYET O HEIOCTa-
TOYHOM pa3iejeHUM m HUBIIUX COOCTBEH-
HBIX ¢opM. B 3TOM cilydyae COOTBETCTBYIOLINE
UIEHTU(PUKALIMOHHBIE 3KCIIEPUMEHThl U BbI-
YUCJIEHUS HEOOXOAMMO ITOBTOPUTD.

TecTupoBaHue MaeHTH(PUKAIMOHHOM
Nponeaypsl HA IKCIEPUMEHTABHOH YCTAHOBKE

OO1ast cxema 3KCIEpUMEHTAJIbHOM yCTa-
HOBKM TpuBeaeHa Ha puc. 2. OO0bekT yrpaB-
JICHUSI TIpeacTaBisieT coOOil allOMUHUEBYIO
Oanky [ mouHoit 70 cM, C IIPSIMOYTOJIbHBIM
ceueHneM 3 x 35 mM. OHa pacroyioxeHa Bep-
TUKaJbHO U1 3aKpeljieHa B OIHOM TOYKe Ha
pacctoganm 10 cM OT HMXKHETO KOHIIa. BHe1-
HUM BO3MYILEHHEM CIYKUT BUOpAIIAST OTIOPHI
0ajKku, BbI3bIBaeMasl IPUIOXKEHUEM IIepPEeMEH-
HOTO 3JIEKTPUYECKOIO HaIpSKEHUSI Ha Mhe30-
BJIEKTPUYECKUI CTEepPKEHb-TONKATEAb 4, TIpU-
KpEeIUIEHHbIN K HeMOABXKHOMY OCHOBAHMIO J.
Bubpauus mbe3oToKarTesss BhI3bIBA€T M3THO-
HbIe KoJieOaHUs OaJiKu.

Ilenp ympaBieHMsI COCTOUT B TOM, YTOOBI
MOIaBUTh BBIHYXICHHBIE pPE30HAHCHBIE KO-
JiebaHus Oajaku ¢ MEpBOM M CO BTOpPOU COO-
CTBEHHbIMM YacToTamu. KauecTBo mnomamie-
HUSI PE30HAHCHBIX KOJe0aHUIl OLICHMBAETCS
MO TTOKa3aHMSIM BUOpOMETpa 6, U3MEPSIOIIEro
CKOpOCTh KoOJieOaHUII BepXHEro KOHIIa OajKu.
Cucrtema ympaBjieHHMsI BKJIIOYaeT B ceOs aBa
MbE303JIEKTPUUYECKHX CEHCopa 3 M JBa aKTy-
aropa 2, NPUKpPEIUIEHHBIX K OajKe IIomapHO
(cM. puc. 2). AKTyaTOpbl U3MEHSIOT KPUBU3-
Hy OaJKM B 3aBUCHUMOCTU OT TMPUJIOXKECHHOTO
3JIEKTPUYECKOIO CUTHaJjla, a CEHCOPhI U3Mepsi-
0T 3Ty KPUBHU3HY II0 Mepe TOro, Kak Oayka
COBEpPIIAET U3TUOHBIE KOJIeOaHUSI. AKTyaTOPbI
M CEHCOPHBI CBSA3aHbI Yepe3 KOHTPOJLIEp 7.

CHauana Obula peleHa 3ajavda pas3mellie-
HUSI CEHCOPOB M aKTyaTOPOB BIOJIb OaKu.
ITockoabKy Liefb yIpaBieHUs] — IOJaBJICHUE
KoJie0aHUi1 110 IEePBOI1 X BTOPOI rTapMOHUKAM,
aKTyaTOpbl M CEHCOPHBI JOJKHBI OBITH pa3Me-
1IEHBl B MeCTax, Iie KpUBU3HA MEPBOM U BTO-
poii hopm d*w,/dx* v d’w,/dx? npuHUMAET HaK-
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/‘
1
3112
3 2
([LLIII]
5 4

Puc. 2. Cxema sKcriepMMeHTaJIbHOM YCTAHOBKM (3aMKHyTasi CUCTeMa):
1 — amoMuHueBast 6ajka (00bEKT ympaBieHus); 2 — aKTyaTopbl; 3 — CEHCOpPHI; 4 — IMbe303JIEKTPUUECKUI
TOJIKATeJh; 5 — HEIMOIBIKHOE OCHOBAHUE; 6 — Ja3epHBI BUOPOMETP, 7 — KOHTPOJUIEP

0OJIbIIIME IO MOIYJIIO 3HAYEHMUSI.

®opMmbl KoJiebaHUI, ITOJYYEHHBIC YMCISH-
HO M DKCIEPUMEHTAIBHO, XOPOIIO COBIAJIU.
Ha puc. 3. npeacraBiaeHbl rpaduKu BBIYKC-
JIECHHOW KPMBU3HBI (DOPM, MYHKTUPOM O0O3Ha-
YeHBbl 30HbI KPEIUICHMS I1ap CEHCOP-aKTyaTop
(a,= 10,4 cm, A = 16,5 cM 114 nepBOii Mapbl
ua,= 37,4 cM, A,= 43,5 cM 11 BTOPOIA).

Kak uMcieHHble, TaK U 3KCHEPUMEHTAIb-
HbIe MCCJICAOBAHMS MOKA3au, YTO B Pe3yib-

2

w

TaTe HAKJIEMBaHUsS IbE303JIEMEHTOB Ha OaJIKy
COOCTBEHHBIE YACTOTBI U COOCTBEHHBIE (op-
MBI OO0BEKTa W3MEHSIOTCS HE3HAYUTEIbHO.
DTO TO3BOJMIIO HAa OCHOBE IIPEICTaBICHHBIX
JAHHBIX Cc(OPMUPOBATh PACUETHYIO OIICHKY
MaTpul QopM:

.. 0,75 -0,50
O =020 =| ol
T E {0,25 0,50}

31ech CTOIOLBI MaTpUIl (DOPM OBLIIA OIIpe-

S
'S
o
o

06 X, m

Puc. 3. I'pacdhvku BeIUMCIEHHOUW KPUBU3HBI TIepBOi (/) 1 BTOpoii (2) opm KosebaHmit
Oanku (d’w /dx*n d’w,/dx?); nyHKTMpoM (3) TIOKa3aHbl 30HbI KPETUIEHUS Tap CEHCOP-aKTyaTop
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NIEJICHbl C TOYHOCTBIO JO KOHCTaHTHI, I10-
CKOJIbKY 3TO HMKAK HE€ BJIMIET Ha KAayeCTBO
pasneneHust popMm KosiebaHUIA.

Hanee MaTtpulbl opM 0° 1 6 ObLIM OIIpe-
JIEJICHbI 3KCIIEPUMEHTAJIBHO B COOTBETCTBUM C
MpemlIoKeHHON UAeHTU(UKALIMOHHON IIpolie-
nypoil. Kaxnplii 3 IBYX CTOJIOIIOB MaTPUIIbI 6
ObUT MOJIYYeH B pe3ysbTaTe 00pabOTKM CUTHA-
JIOB CEHCOPOB B PE30HAHCHBIX PEXUMAaX, CO3-
JaHHBIX BUOpaLIME NMbEe30TONKATENS C NEPBOM
M CO BTOPOI COOCTBEHHBIMU YaCTOTAMM:

0,76 -0,51
0,24 0,49 |
Otcroga ObUTa BhIYMC/IEHA MOJaJibHAg Ma-
tpuua 7:
0,99 1,03 )
-0,49 1,53\
Marpuiia popm 0 ObUTa OIpenesieHa ITyTeM
M3MEPEeHUS aMIUTATYOBI U (a3bl pe30HAHCHBIX
KoJiebaHWi1 BepXHel TOYKM OaJIK1 C TTOMOIIBIO
Jla3epHOTrO BMOpoMeTpa. Pe3oHaHCHBIE pexXu-
MBI ¢ KaXIOW M3 COOCTBEHHBIX YacTOT CO3Ma-
BaJIMCh BO3IEHCTBMEM IIEPBOIO WJIM BTOPOTO

akTyatopoB. IloiyuyeHHast B pe3yjbTaTe Ma-
TpULIA UMEET CIACIYIOIINI BUI:

0,75 -0,51
0,25 0,49 |

Otclona Obla BbIUMCIIEHA MOjJIbHAs Ma-
Tpuua F

F=@©")" {

0’ =

T =(6°)" {

0,98 -0,49
} . )

1,02 1,51

HeobGxoaumo nmoayepkHyTh, UTO B UASHTU-
(pMKaLIMOHHBIX 3KCIIEPUMEHTAaX OYCHb BaXkKHa
TOYHOCTb MOMAJaHUS B PE30HAHC, MOCKOJbKY
JAaHHbIE BBIYMCJICHMSI OCHOBAHBI Ha IIPEAIO-
JIOXKCHWH, YTO B CO3IaHHOM peXUME peaiu-
3yI0TCS KoyiebaHUsT OajKU IO OJTHON COOTBET-
CTBYIOLIIEH COOCTBEHHOI (hopme.

3atem ObLJIO MPOBEPEHO KAuecTBO pasesie-
HUS (pOPM B COOTBETCTBUM C BBHILICONMMCAHHBIM
YETBEPTHIM 3TallOM MASHTU(PUKALIMOHHOM MPO-
nenypsl. IIpoBepka 1mokasana, 4To Kak IIpy 13-
MEpeHUM, TaK W TIPpU YIIpaBJIecHWU ITIepBbIC JIBE
(opMmbl pazpensiorcs xopoiuo. [ uiiocTpa-
LIMM JOCTUTHYTOIO KayecTBa pasiaeieHus (Gopm
Ha puc. 4 IpuBeIeHbI pa3IMYHbIC AMIUTUTYIHO-
YACTOTHBIC XapaKTEPUCTUKN PA30MKHYTON CU-

CTEMBI B YaCTOTHOM JHMAaIla3oHe, coiaepxKalleM
B HU3IIME COOCTBEHHBIE 4YAaCTOTHI OalKMu.
g ToaydeHus] aMIUIMTYIHO-YaCTOTHOM Xa-
PaKTEepPUCTUKM aMIUIMTyda YCTAaHOBUBILIETOCS
rapMOHMYECKOTo M3MEPEeHHOI0 CUTrHasa A, ne-
JINTCSL Ha aMIUIUTYAY TapMOHUYECKOIO BO3MY-
nraroiero curnaia A, . Ha puc. 4, a nmokasaHbl
AMIUIMTYIHO-YaCTOTHBIE XapaKTePUCTUKU Hl.j,
MOJIydeHHBIE TIpU BO3ACHCTBUM Ha OajKy i-M
aKTyaTOpOM M M3MEPEeHUM CHUTHaja j-M CEH-
copoM. BuaHO, 4TO Ha KaXmol M3 yKa3aHHBIX
AMIUIMTYIHO-YAaCTOTHBIX XapaKTEePUCTUK IIPU-
CYTCTBYIOT JIBa SIPKO BBIPaXXEHHBIX pE30HAHC-
HBIX ITMKa, MOCKOJIbKY KaXKIbIii U3 aKTyaTOPOB
BO30YXX/Ia€T, a KaXIbIii U3 CEHCOPOB pearnupyeT
KakK Ha MepBYI0, TaK U Ha BTOpYyIO (opMy KoJie-
OaHMit OaJIKH.

Ha puc. 4, b npeacraBiaeHbl aMITJIUTYIHO-
YAaCTOTHBIC XapAaKTEPUCTUKH [, . Pa3OMKHY-
TOM CHCTEMBI, COOTBETCTBYIOIINE MOTATbHBIM
KOHTypaM yhpaBjeHus. 31eCh BO3AEHCTBUE
Ha OaJIKy OKa3bIBaJIOCh OJHOBPEMEHHO [BY-
MSI aKTyaTopaMd B IIPOIIOPIUSIX, 3adaHHBIX
i-M cToJIOLIOM MaTpullbl F, a pe3yJbTHpYIO-
IIUIA CUTHAJ SIBJSUICS KOMOMHALMEN CUTHa-
JIOB CEHCOpPOB ¢ Ko3(dduiumeHTamMu, 3amaH-
HBIMHU j-0#f cTpoKoit matpuubl 7. BugHo, uTo
Ha aMIUIMTYOHO-YaCTOTHOM XapaKTepUCTUKE
Hp 41> COOTBETCTBYIOLLCHT IIEPBOMY KOHTYpY
VIIpaBJICHUsI, IIPUCYTCTBYET TOJBKO TIEPBBIi
PE€30HAHCHBI IMK, Ha aMIUIMTYIHO-4YacTOT-
HOM XapaKTEepUCTUKE Hp 22 COOTBETCTBYIOILE
BTOPOMY KOHTYPY — TOJIbKO BTOPOM IIHMK, a
Ha aMIUIMTYIHO-YaCTOTHBIX XapaKTepUCTUKAX
H, ,n H, ,, NOKa3bIBAIOLIMX B3AUMHOE BJIHSI-
HIE KOHTYPOB, pe30HAHCHBIEC ITUKU IIPaKTUYE-
CKM OTCYTCTBYIOT. JIaHHBIN pe3yabTaT CBUIC-
TEJbCTBYET O BBICOKOM KauyeCTBE pas3leiaeHUs
MepBOil U BTOPOU (POpPM MPU MCHOIB30BAaHUM
MoJaiabHbIX Matpull (8) u (9).

MoXHO 3aMeTUTb, UTO BIAJIM OT Pe30HAH-
COB B3alIMHO€ BJIMSIHME MOIAJIbHBIX KOHTYPOB
YIIpaBJI€HUs CYIIECTBEHHO IIPEBHIIIACT B3aUM-
HOE BIMSHHME CEHCOPOB M aKTyaTOpPOB, pac-
MOJIOXKEHHBIX Ha pa3HbIX y4acTKax Oajaku. DTo
OOBSICHSIETCS TeM, UYTO KaxKObIi MOJAJbHBIN
KOHTYp BKJIIOUaeT B cebsl KakK o0a HUCIOJb-
3YIOIINXCS CeHcopa, TaK M oba akTyaTopa, a
aKTyaTOpbl OKa3bIBAIOT CHJIbHOE BIMSHME Ha
mapHble MM CEHCOPHI Jaxke BHAJId OT pe30-
HaHCHBIX YacTOT.
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Puc. 4. DkcnepuMeHTaIbHbIE AMIUTUTYTHO-YaCTOTHBIE XapaKTePUCTUKU H, (@)u H__(b)
Pa30OMKHYTOI cucTeMbl 10 (a) u 1ocie (b) pazaeneHust GopM;
XapaKTepUCTUKU H,.j MOJIyYeHbI MPU BO3AEHCTBUM Ha OaJKy i-M aKTyaTOpOM M M3MEPEHUU CUTHajla

J-M CEHCOpOM; Hpq,;

Pqij

MOJTy4YeHbl TP KOMOMHUPOBAHHOM BO3MIEHCTBUU Ha OaJIKy 00OMX aKTyaTOpOB,

COOTBETCTBYIOLIEM i-My KOHTYDPY YIPAaBJIEHUS, U NP U3MEPEHUH KOMOMHALIMU CUTHAJIIOB CEHCOPOB,
COOTBETCTBYIOILIEH j-My KOHTYpY yrnpasieHus; ij = 11 (kpusbie 1), 22 (2), 12 (3) u 21 (4

B pamkax skcnepuMeHTa Oblla co3aaHa
MoIaJibHasl CUCTeMa YIIPaBJICHUsI, O3BOJISIO-
11asi MOJABJSTh BBIHYXIEHHBIC PE30HAHCHbBIC
KoJiebaHus OalKu C TIEpBOI U CO BTOPOIi COO-
CTBEHHBIMM 4YacToTamu. [l 3TOro B KOH-
TpoJuiepe ObUI peaaru30BaH MOMAIbHbBII 3aKOH
yrpanieHus (4):

U2><1 = Fszqu)le’

IJe IMaroHajibHasl CTPYKTypa MaTPULIbI

k() 0
K — 1
2x2 0 k2 (S)

obecrieyrBaia pa3leibHOS YIIPaBJICHUE KOJIe-
OaHUSIMU C TTIEPBO M CO BTOPOI COOCTBEHHBI-
MM 4acTOTaMHU, a BbIOOp M HACTpOMKa mepe-
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JaTouHbIX QYHKUMIA k (5), k,(s) obecnieunBanu
YCTOMYMBOCTh 3aMKHYTOM CUCTEMbI W Hau-
0osee 3¢ @PeKTUBHOE TOJaBIeHUE KoJieOaHUit
Ha COOTBETCTBYIOIIEM PE3OHAHCHOM YaCTOTE.
Puc. 5 memoHcTpupyeT 3¢h(EKTUBHOCTL pa-
OOTBHI CHCTEMbI YIIpaBiIeHUs. 31eCh IMoKa3aHa
oCLIMJIIOrpaMMa CKOpPOCTM KOJeOaHUM BepxX-
HEero KoHLia 0aJkKu

V() = &
ot x=/

DKCIepuMEHT OBUI OpPraHM30BaH CJICIyI0-
muM oOpa3zoM. CHauajla TIpU BBIKJIIOYEHHOM
CHCTEME YIIpaBJICHUs CO3HABaJICS PEXUM pe-
30HAHCHBIX KOJIeOaHUII OaJKy, BbI3BAHHbBIX
BUOpaLIMEl TThe303JICKTPUIYECKOTO TOJIKATEIIS:
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V,, m/s
0.10
0.05
0.00

-0.05
-0.10

-0.15

b)

V,, m/s
0.08
0.06
0.04
0.02
0.00

-0.02
-0.04
-0.06
-0.08

-0.10
0 2

4 6 t,s

Puc. 5. OcummiorpaMMbl CKOPOCTH VpKOJ‘I66aHI/II71 BEPXHEro KOHILIA OaJIK1, COOTBETCTBYIOLINE
DPE30HAaHCHBIM pexXUMaM ¢ IepBoil (@) U co BTopoii (b) COOCTBEHHBIMU YaCTOTAMMU.
BI/LE[Hbl MOMCHTBI BPpEMCHHU, COOTBCTCTBYIOIIME BKIIOYCHUIO CUCTCMbI YIIPpaBJICHUWA

puc. 5, a COOTBETCTBYEeT PE30HAHCY C IepBOil
COOCTBEHHOI YacTOTOM, puC. 5, b — CO BTOPOIA.

3areM cucTeMa 3aMblKajach TakK, KakK MoKa-
3aHO Ha puc. 2. Ha puc. 5 xopoio BuieH MO-
MEHT BpEMEHHU, COOTBETCTBYIOLLMIA BKIIIOUEHHUIO
CHUCTEMHI yIipaBJicHus. B pe3ynbrare aMrumryna
KoJie0aHU# OaNKu 3HAYUTEILHO YMEHBIIMIACK:
Ha TIEPBOM PE30HAHCE YMEHBIIIEHUE COCTABJISI-
eT 79 %, a Ha BTOpoM — 88 %.

PesymbraThl  3KCIepMMEHTa CBUIIETEIb-
CTBYIOT O pa0OTOCITIOCOOHOCTH TIPEIJIOKEHHO
NIeHTU(DUKAITMOHHON TIpOLIeIyphl  OIpeac-
JIeHUsI ModalbHbIX MaTpull. C ee IIOMOIIbIO
yaaaoch co3aaTh 3(PpHEeKTUBHYIO CUCTEMY MO-
JaJIbHOTO YIIpaBJIeHUsI KOJIeOaHUSIMU YIIPYTroi
0anKy B AWamna3oHe YacTOT BHEIIHWX BO3MY-
LLIEHUI, BKJIIOYAIOIIEM IBE HU3IINE COOCTBEH-

HbI€ YaCTOThI OAJIKU.

3akinoueHue

IlpennoxeHHass B JaHHOW paboTe WMACH-
TU(hUKAIMOHHAS TIpolieaypa IMO3BOJSIET MPO-
W3BOAUTh HACTPOMKY MOAAJbHONM CHCTEMBI
YIIpaBJICHUS PacIIpeaeIeHHbIM MEXaHNYEeCKIUM
00BEKTOM I10 pe3yJbTaTaM 3KCIEPUMEHTOB Ha
peanbHOM 00BeKkTe. Takum obpa3oM, IS pea-
JIM3alMK aJITOPUTMAa MOAAJIbHOIO YIIpPaBICHUS
He TpeOyeTcsl MOCTPOSHHE MaTeMaTHU4eCKOM
MoJenun o0beKTa. Bricokoe KauecTBo pasaene-
HUsI opM KojiebaHUIT 00BeKTa, TOCTUraeMOe
B pe3yJbTaTe MCHOJIb30BaHUS MPEIIOKEHHOU
MPOLEAYPHI, TMOATBEPXKIACTCSI SKCIEPUMEH-
TaJbHO Ha IpUMepe KojeOaHWi MeTajuinmye-
CKOI1 OaJiKu.
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AJITOPUTM MOIAJBLHOTO YITpaBJICHUS TIpe-
JOCTaBJIIET BO3MOXHOCTh BapbUPOBATh KOJIM-
YECTBO YIpPaBISIEMbIX TAPMOHMK, YBEIMYMBASI
HUX YKCIIO B TOM Clly4yae, e€CJAu KayeCTBO I10-
JaBJIeHUs] BUOpallMii TIPU3HACTCST HEYIOBIIET-

BopUTeAbHBIM. MaeHTuduumrpoBaTth 00bEeKT B
3TOM ClIydae TakKKe MOXKHO IOCJIeI0BaTe/IbHO,
HauMHas ¢ MUHUMAJbHOTO 4YHUCJIa 3KCIepU-
MEHTOB U IIpU HEOOXOIMMOCTHU OCYIIECTBIISIS
JOTTOJTHUTEJIbHBIE.
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A.C. CemeHOB

CaHkr-lNetepbyprckuim nonutexHMueckmmn yHueepcutert lNetpa Benmkoro

CaHkr-lNetep6ypr, Poccuniickas Peaepayms

IIpennoxeHa eanHooOpa3Hasi (opma TpPEACTaBACHUS MPOLEAYPbl CUMMETPU-
3aUuK TeH3opa 3G(EeKTUBHBIX HAIPSDKEHUI, copepKalliasi KJIacCUYeCKue aaauThB-
HYIO Y MYJbTUILIMKATUBHYIO CXeMbl KaK 4YacTHBIe ciyyau. [IpoBemeHO cpaBHEHUE
pa3IMYHbIX BAapUAHTOB CUMMETpHU3aLMU TeH30pa 3G(MEKTUBHBIX HAIPSDKEHWI st
OIHOHAIPABJEHHOIO TMOBPEXIEHHOIO MaTepuaja ¢ MapaiieIbHbIMU MUKPOTPEIIH-
HaMy M JJIs1 JIByHAIIPaBJI€HHOIO MOBPEXIEHHOIO Marepuaja ¢ CUCTEMOM OpTOro-
HaJIBHBIX MUKpPOTpelnH. [IpennoxeHa npoueaypa UaeHTUGUKAIIMA aHU30TPOITHOMN
MOBPEXIEHHOCTU HAa OCHOBE METOIOB aKyCTUUECKON 3MUCCUMN.
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SYMMETRIZATION OF THE EFFECTIVE STRESS TENSOR
FOR ANISOTROPIC DAMAGED CONTINUA

A.S. Semenov

Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation

A uniform formulation of the effective stress tensor symmetrization procedure
has been proposed. This form contains the classical additive and multiplicative
symmetrization schemes as particular cases. Different options of symmetrization
of the effective stress tensor for the unidirectionally damaged material with parallel
microcracks and for the bidirectionally damaged material with a system of orthogonal
microcracks were compared. The differences in any forms of the effective stress
tensor were second-order infinitesimals for low damage levels. The differences in
predictions from considered symmetrization schemes increased with the growth of the
damage level and with that of the differences between the eigenvalues of damage. An
identification procedure for anisotropic damage was proposed on the basis of acoustic
emission methods and then it was discussed.
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BBenenue (MKIT). OH Obl1 BBeAeH ISl OAHOMEPHOTO
Ten3op 3¢ HEKTUBHBIX HAIPSIKEHUIA (TBH) cllyyas B MEPBBIX paboTax IO MEXaHWUKE TO-

SIBJISIETCS OMHMM U3 LIEHTPAJbHBIX MOHSITUII ~ BPEXKIEHHOIO KOHTHMHYyMa JI.M. KayaHOBBIM
MEXaHUKN  KOHTHUHYaJIbHBIX HOBpe)KB,CHI/Iﬂ [1] u FO.H. PaGoTHOBBIM [2] Bo3HukHOBEHUE
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MexaHuka

W BBOJIIOLMS MMKPOAE(HEKTOB (MUKPOTPEILIM-
HBI 1 MUKPOIIOPHI) IPUBOAUT K COKPAIEHUIO
3 HEKTUBHON TUIOIMIAAN HECYIIUX 3JEMEHTOB
KBa3MKOHTHMHYyMa, YTO B CBOIO O4epenb IpU-
BOIMT K 3(PdeKTy BO3pacTaHUsS BHYTPEHHUX
HaIpsDKeHU# (Ha3biBaeMbIX 3((EeKTUBHBIMU),
KOTOpbIE Ha MaKpOypOBHE€ MOTIYT paccMaTpu-
BaTbCSl B KAUeCTBE OCPEIHEHUSI peallbHO IIeil-
CTBYIOIIIMX Ha MHWKPOYPOBHE HAIpPSKEHUI B
matepuane. [loaromy ¢opMynupoBku ¢eHo-
MEHOJIOTUYECKUX OMPEIe/ISIIONINX YPaBHEHUIA,
ucrojb3yemble B pamkax MKII, kak mpasuiio,
CBSI3aHBI C 3aMEHOI TPAaaUIIMOHHOIO TE€H30pa
HanpstkeHuin Komy TeH30poM 3 DeKTUBHBIX
HaIpsSKEHU .

Cpeny MHOTOUYMCJIEHHBIX O030pOB OTeue-
CTBEHHBIX U 3apyOeXXHBIX MCCICIOBAaHUM, BbI-
MOJIHEHHBIX ¢ ucnojib3oBaHueM MKII, ciaeny-
eT YIOMSHYThb paboTwl [3 — 7], oTpaxaroiuiue
COBPEMEHHOE COCTOSIHME U 00JIafaroliue moJ-
HOTOI OXBaTa KJIFOUEBBIX acIIeKTOB. Bo3moxk-
Hoctu MKII ObM TIPOAEMOHCTPUPOBAHBI
MpY aHaIM3e MpPoleccoB moasydectu [5 — 10],
mwiactuaHocty [6, 11, 12], ycramoctu [13 —
17, 6], KOMOMHALMKM YCTAJIOCTH U MOJI3YYECTH
[6, 18], TepmoycTanoctu [18] u xpynkoro pas-
pywenwus [19, 20, 6, 7].

B 3aBucuMocTM OT XapakTepa IIpOCTpaH-
CTBEHHOTO M OPUEHTALlMOHHOTO pachpeaese-
HUSI MHUKpOAe(heKTOB MOIYT HCIIOJIb30BaThCS
ckangpHeie [1, 2, 8, 21 u ap.], BEeKTOpHLIE
[22 — 24] u teH3opHble (BTOporo [8, 25 — 28
u ap.], gerBepTtoro [29 —31] u Bocemoro [32]
paHIoB) mapaMeTphl ITOBpeXIACHHOCTU. Bo3s-
MOXHBI TaKXXK€ Pa3JIMYHbIE TTOAXOIbI K OIpee-
JICHUIO TeH30pa MOBPEXIEHHOCTH:

Ha OCHOBE CITEKTPaJbHOTO IPEACTaBICHUS
B COOCTBEHHOM 0a3uce, C 3alaHHUEeM IJIaBHBIX
3HAYEHWI KaK OTHOCHUTEIbHBIX TUIOLIAIEH Ie-
(beKTOB B COOTBETCTBYIOIIMX HAaIlpaBICHUIX
[26];

Ha OCHOBE aHajau3a MOpP(OJOruM MUKPO-
TpewuH [25];

KakK K K03(pduimeHTy pasioxkeHus B 0000-
1meHHOM psany Pypbe 111 OPUEHTALIMOHHOTO
pacmopenefieHUs] IIOTHOCTU MUKpOAedeKTOB
[5, 28];

ImyTeM BBEIACHUS SKBUBAJICHTHONM Harpy-
JKEHHOU TICEBIOHEMOBPEXICHHON KOH(pUTypa-
LIMM U aHajJIu3a COOTBETCTBYIOILIETO IpalucHTa
nedopmaiuii [28] (reoMeTpUUeCKUit MOIX0T).

CrnenyeT OTMETUTb, YTO MCIIOJb30BaHUE
TE€H30pa MOBPEXICHHOCTU BTOPOIO paHra Io-
3BOJISIET JIMIIb OMUCATh TTOBEACHUE OPTOTPOI-
HBIX MaTepuajIoB, HO He 0oJiee CIOXKHBIX IPYIII
cuMMeTpuM. OJHAKO OPTOTPOIMHOrO IPHUOJIM-
JKEHMST OKa3bIBAaeTCsl BIOJHE OOCTATOYHO IIJIst
IIIMPOKO PaCHpOCTPAaHEHHOIO Ha TpPaKTHUKeE
cJiy4asi, Koraa IoBpeXXIeHUsT BbI3BaHbI MUKPO-
pacTpeCKMBaHWEM, OpPHEHTAIlMOHHBIE CBOM-
CTBa KOTOPOTO OIPEAC/ISIIOTCS HallpaBIeHUEM
NEUCTBUS MAaKCHUMaJbHBIX pPaCTSTUBAIOLINX
HaPSDKEHUM.

B o0Ommem ciayyae TOH, cooTBETCTBYIOLIMIA
TEH30pY MMOBPEXKISHHOCTH BTOPOT'O paHra, OKa-
3bIBAETCST HECUMMETPHUYHBIM [26]. KoppekTHOE
HCIIOJIb30BaHWE€ HECHMMETPUYHOIO TEeH30pa
HaIpsDKEHUW  TIPUBOAUT K  HEOOXOAMMOCTH
paccmoTpeHust moneineil cpen Koccepa u/unm
MUKPOTOJSIPHBIX cped. s Toro 4toobl n3be-
KaTh 3HAYUTEJBHOIO YCIOXHEHUS MOIEIU, B
psne paboT IpeiaraeTcsl CUMMETPU3UPOBATh
MOJIyYeHHBII HECUMMETPUYHBINA TeH30p. B nu-
TepaType MPeaoXeHbl pa3TuyHbIe BapUaHTHI
cummetpusauu TOH [26, 33, 34].

Ilenpo MAaHHOTO MCCIEIOBAHMS SIBISETCS
CPaBHUTEJIbHBINA aHaJU3 pa3IdYHbIX BapuaH-
ToB cummetrpuzauuu TOH u nocnepyrouuit
MOMCK €AWHON OmHOIIapaMeTpuyeckon ¢op-
MYJIMPOBKU, COIEpKallleil N3BECTHBIE OTpeae-
JICHUSI B KaUueCTBE YaCTHBIX CIIyJaeB.

Tenzop 3¢ ¢eKTUBHBIX HANPSKEHHIA

N3oTponnas nmoBpexneHHOCTb. B mpocreii-
1IeM cjayyae TMpM OJAHOOCHOM paCTSIKEHUU
cuioil F mpsIMOJIMHEMHOTO CTEPXKHS MOmepey-
HOJ MIOLIAAM S, 4aCThb KOTOPOH S, 3aHMMAOT
MUKpoaedeKkThl, 3(POEeKTUBHOE HAMpsKeHUE
G (meiicTByeT B HEIIOBPEXKICHHOM MaTepuaje
BHE ITyCTOT) OMpPEIe/saeTCs U3 YCIOBUS

F=65=55=5(5-5,).

Ecnu BBeCcTM MOBPEXIEHHOCTh KaK HOJIIO
IUIOIIAAN TIOTMEPEYHOr0 CEYCHUSI CTepPKHS,
3aHaTyo nedekramu D =S, /S, 10 apdex-
TUBHOE HamnpsikeHue o = F /S BbIpasutcs
yepe3 TPaAMLUOHHOE ITOHSITUE HAIPSIKECHMS
c=F /S paBeHCTBOM

c=oc/(0-D).

B obOmem ciyyae mpMd MHOTOOCHOM Ha-
NPSCKEHHOM  COCTOSTHMM — M30TPOITHOTO  T10-
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BPEXIEHHOTO Marepuaia TakKXe MCIOJIb3YyeT-
cs CKaJIApHbIN MapaMeTp MoBpexjaeHHoCcTH D
(0< D<1). Torna TOH omnpenensiercst crne-
JYIOLIM BBIpAXKEHUEM:

_ 1
5= — o (1)
1-D
IToBpeXxneHHOCTb MPKU 3TOM TpPEeACTaBIseT
c0o00li MOBEPXHOCTHYIO IUIOTHOCTh MUKpPOZE-
(bexTOB M onpenesieTcsl paBEHCTBOM

D=35S,/3S,

rae 85, — riowanb 1e(EKTOB Ha MPOU3BOJIb-
HO OpPHMEHTUPOBAHHOI BJIEMEHTApHOU ILIO-
wanke o8S5. Ilpu OTCYTCTBMM TOBpPEXICHUN
(D = 0) TOH 6 uaeHTUYEeH TEH30pYy HampsiKe-
Huil Kol o.

IIpy wmcnonab30BaHMM TUITOTE3bl SKBHUBA-
JIEHTHOCTU Aedopmanuii (8 = g) TEH30p YIIpy-
TUX MOMIyJIeil MOBpexaeHHoi cpeabl *C¢ (s
KOTOPOTO B YIPYIOM COCTOSIHUM CIIPaBEUINBO
BbIpaxXeHHue & = ‘C° .- €) CBA3aH C TEH30POM
HavyaJIbHBIX MOJYJEH yIpyroctu (HEmoBpeX-
JeHHoro Martepuana) ‘C° (Wig KOTOPOro

6= *C° .. §) paBeHCTBOM
‘Ce =(1-D)*Ce. (2)

AJIbTepHATUBHOE TIPEACTABICHHUE MOXKHO
MOJIYINTh B CJIydyae MCIOJIb30BAaHUSI TUIIOTE-
3bl 9KBUBAJICHTHOCTH (YIIPYTrUX) 3HEPTUit; OHO
nMeeT BUJ

iC =(1- DR ‘Ce. 3)

AHH30TPONHAS TNOBPEKIAEHHOCTb. DJIEMCH-
TapHasT OpPHMEHTHPOBAaHHAs ILIOIIAAKa ndS B
AKTYaJbHOU KOH(MUTypauuu TpaHCcHOpMUPY-
€TCd B 3KBUBAJCHTHOW HArpy>XeHHOW TICEB-
JIOHETOBPEXAEHHON KOHMUTypaluu B nsS.
AHaJIOTMYHO PACCMOTPEHHOMY BBIIIIE OMHO-
MEPHOMY CJIydato, CHMMETPUYHBIN TEH30p MO-
BpexneHHocT D MOXXHO BBECTU KakK BJIEMEHT
oreparopa JMHEHHOro Mpeobpa3oBaHus ndS' B
nés :

(1-D)-ndS =nsS,

roe 1 — eqMHUIHBIA TEH30D.

Wcnonp3oBaHue TMOBPEXICHHOCTU B BUIE
TEH30pa BTOPOTO paHra IIO3BOJISIET YYeCTh
aAHU3O0TPOIIMIO IIpollecca HaKOIUIEHUs IIO-
BpeXneHnit (BO3HMKHOBEHUE U POCT MHUKPO-
TPELMH TMEePHEeHAUKYJISIPHO  HaIlpaBJICHUIO
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JIEUCTBUSI MaKCUMAaJIbHBIX TJIABHBIX HampsiKe-
Hui1). BcaeacTtBue ycioBUSI COBNAAEHUS pe-
3YJABTUPYIONINX BEKTOPOB <«TPaIUIIMOHHBIX» W
3 @EKTUBHBIX HATIPSKEHUN, TPUXOAUM K CO-
OTHOILLEHUIO

6-n3S = 5155,
oTKyda MoxeM onpeaeautb TOH [9]:
6§=0¢-(1-D)". 4)

B o6mem cayuyae TOH, BBeaeHHBINH orpe-
neneHreM (4), OKa3bIBaeTCsI HECUMMETPUY-
HbIM. CHMMETPUYHOCTh HaOJI0gaeTCsa IIpU
M30TPOITHOM TIOBpeXaeHHocTH D = D1, a
TaKKe TIPM COOCHOCTM TEH30pa HAIIpSKEHUIA
¢ 1 TeH30pa noBpexaeHHocTu D.

B oOiiem ciyyae, He OrpaHUYECHHOM pac-
CMOTPEHUEM TOJIbKO TEH30POB TOBPEXICH-
HOCTM BTOPOIO paHra, CBSI3b MeXay 3pdek-
TUBHBIMU U TPaIUMLIMOHHBIMU HAPSIKEHUSIMU
OCYILECTBJISIETCSI C TIOMOIIBIO TEH30pa BIIMSI-
HUS TOBPEXIEHHOCTH 4YeTBepTOro panra ‘M
W MIPEACTaBJIsIeT co00i JIMHEIHOe mpeodpa3o-
BaHue oOero suaa [32]:

6 =*M-- o. ®)

JI1s1 pacCMOTPEHHBIX CJTy4aeB U30TPOIMHOMN
(1) n aHuszoTpomnHoii (4) MOBpeXIEHHOCTEH
TEH30pbI BIUSIHUS ONMPEACIISIOTCS CAeIyIOIIM-
MM BBIPpAXKEHUSIMMU:

1

4M=—
2(1- D)

(121 + 181), (6)

‘M= %[@(l -D)" +181-D)"l, (7

AC MCITIOJIb30BaHblI CMMBOJIbI HECIIPAMOI'O AMa-
JHOI'O YMHOXKCHUA

(AéB)W = AikBj[’ (A@B)ijk/ = Ai/Bjk'

[MosiBneHue ABYX cjlaraeéMbiX B MpaBbIX ya-
CTsX BbIpaxkeHUi (4) u (5) oOycnoBIEHO yue-
TOM CUMMETPUU TeH30pa

6 =¢° = (1/2)(c + o'),

rae (...)° u (..)7 — omepauuu cUMMETpPHU3a-
LIMM U TPAHCIOHUPOBAHUS (MEPECTAHOBKU
WHIEKCOB) TEH30pa BTOPOTO paHTa.
Hanpumep, npu mosyyeHUU BbIPAXKEHUS
(4), xak caencteue dopmyiibl (1) nmeem:
(1—Dé6=06=161=1(1/2)(c + 6")1=
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=e, ®e,(1/2)(8,0,8, +5,0,0,)=
=e ®e,(1/2)(8,8, +8,8,)0,, =
=(/2)(1®1+181)-- o,
rae d, — cumboi KpoHekepa, ® — cumBoi
IIPpAMOIo AMagHOIro YMHOXKEHUSA
(A®B),, = 4,B,.

HpI/I HUCITIOJIB30OBAHUUM TUIIOTE3bl JOKBU-
BJIEHTHOCTU JedopMaliMii TEH30p YIPYTUX
MofyJieit MoBpexaeHHOoI cpeabl “C¢ cBs3aH
C TEH30pOM HayaJIbHbIX MOJYJIEU YIPYyTrOCTU
*C® paBeHCTBOM

466 — 4M—1 . _4C6 (8)
B CcJiygya€ MCITOJIb30BaHUA TMITOTE3bl 9KBU-
BAJICHTHOCTU 3HepFI/II‘/JI I10JIY4a€TCAa paBEHCTBO

4(_:€ — 4M—1 . _4ce X _4M—T‘ (9)

CummeTpu3anus TeH3opa 3(eKTHBHBIX
HaNPSZKEHU

SAnble cxembl. [1pocreiiinii BapraHT CUM-
metpuzauun TOH, npemnoxennsrii C. Mypa-
kKamu 1 H. OnHo [26], cBsI3aH C BBIYUCIIEHU-
€M CHUMMETPMYHOM YacTH OT TeH30pa BTOPOTO
paHra, (pUrypupylolero B IpaBoil 4acTu pa-
BeHCTBa (4):

e=§[<l—D)-‘ e+ (1-D)'. (10)

TeH30p BAUSHUS TTOBPEXIACHHOCTU MOXKET
OBITb MOJYYEH KaK MpsIMOe clieiCTBUE (PopMy-
Jibl TeH3opa (10) B Buae

1 —
‘M==-[1®&1-D)"' +19(1-D)" +
1 [1®(1-D)" +1&(1-D) (11
+(1-D)'®1+(1-D)'al].

Martpuia, COOTBETCTBYIOIIASI TEH30PY BIIN-
SIHUSL TIOBpexXneHHOCTU (11), B MIaBHBIX OCSX

n,,n,,n; TEH30pa MOBPEXACHHOCTU

D=Dn ®n, + D)n, ®n, + D;n, ® n,

MMEET BUL:

[M] = ,(12)

coc oo oX
oooo,\go
ooo&goo
ooiﬁooo
oﬁgoooo

o oo oo

IIe AAarOHAJIbHBIE 3JIEMEHTBI, CBSI3bIBAIOLINE
HOPMQJIbHBIE Y KAacaTeJbHbIE KOMITOHEHTHI
HanpsKeHUM, OIPEHENISIIOTCS  BBIPAXKCHUSIMU
pPa3JIMYHOM CTPYKTYPHI:

(13)

M, - l[; - J
2\1-D, 1-D,

Onementbl Matpuuibl M,, u M., BbIYKC-
JIAI0TC  aHaloruyHo M, DnemeHTol M, u
M, HaxomsTcsl aHajoOrM4yHo M,,, — Ha OCHO-
B€ IIMKJIMYECKOM MEPeCcTaHOBKM MHACKCOB
1-2-3->1...

Matpuna (12) <gBasieTcss OMaroHajabHOM,
Omaromapst BBIOOPY CHUCTEMBI KOOPIWHAT, CBSI-
3aHHOM ¢ rmaBHbIMU ocsiMu D. B o0iuem ciy-
yae ISl TIPOM3BOJILHON CHUCTEMBI KOOPIMHAT
OoHa OyIeT OTIMYHA OT AMarOHaJIbHOM.

ITpu momydyennm Marpuubl [M] (12) Oblia
MpPUHSTA OYEPEIHOCTb MHIAEKCOB, COOTBET-
CTBYyIOIIasl CJAEAYIOIIEMY MOPSIIKY ITepeUmcIie-
HUS KOMIIOHEHT T€H30pa HaIpsKeHU:

{6115 225 0335 Tias Ty Ty -

AJIbTepHATUBHBI BapUaHT CUMMETpHU3a-
muu (4) ObUT IIpemIoxeH B padote [33]:

6§ =(1-D)".6- 1-D)"2. (14)

B cinyyae coocHOCTH TeH30pa HAMpsKEHUIM
U TeH30pa MOBPEXIEHHOCTU 00a omnpeneeHus
(10) u (14) coBnagaror.

TeH30p BAUSHMS, COOTBETCTBYIOIIMIA MPO-
Henype MyJbTUTUIMKATUBHON CHUMMETPU3AlN
(14), nmeet BUI;

4 _l V1201 _ )12
M_2[(1 D) 21 -D) " + (15)

+(1-D)"’®1-D)"].

Martpuia, COOTBETCTBYIOIIAST TEH30PY BIN-
sHUS (15), B IJIaBHBIX OCSIX T€H30pa MOBPEX-
JEHHOCTHU JIOIyCKaeT TMpeACTaBIeHUE TakXkKe B
BUIEe OuMaroHajabHOi Matpuubl (12), KoMmo-
HEHTBI KOTOPOU BBIYMCIISIOTCS Ha OCHOBE BHI-
PAKECHUI:

(16)

4 = .

(-D)(1-D,)
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Tak Xxe, KaK U B TIpenbIAyIIEM ClIydae, dJie-
MEHTBI MaTpuLbl M,, u M, BBIYUCIAIOTCA aHa-
JornyHo M|, a snemeHtel M, u M, HaxonaT-
Cs aHaJIOTMYHO M,,, Ha OCHOBE LIMKIMYECKOI
MepecTaHOBKU MHAEKCOB 1 — 2 — 3 — 1 ... .
Cnenyer OTMETUTD, YTO BbIpaXeHus mia M, B
(13) u (16) coBnagaior.

B nmanbHeiiiemM, a1 yno0CTBa M3I0XEHUS
MaTepuaia, MNpeoOpa3oBaHUE, CBI3aHHOE C
paBeHcTBoM (10), OymeM Ha3bIBaTh aidUTHB-
HOM cuMMeTpu3aLueit, a ¢ paBeHCTBOM (14) —
MYJIbTUTUIMKATUBHOU CUMMETPU3ALIMEN.

B nmanHoOli paboTe mpemiaraeTcs MCHOJb30-
BaTh €OMHOE YHMBEpCAJIbHOE IpPEeICTaBICHUE
I cumMeTpuzoBaHHoro TOH, comepxkalee
BapuaHThl (10) u (14) Kak yacTHble Ciydyau.
ITpennaraemoe mpeacTaBIeHHE UMEET CIEIyIo-
IUUIA BU;

s=11a-D)* o a-Dyoo s
2 (17)

+(1-D)"" 6. (1-D)“],

e a — 0e3pa3MepHBIN CKAISPHBIN TTapaMeTp,
M3MeHsIoIMiics B nuamna3oHe ot 0 go 1.

I[Mpu a = 0 wim 1 momy4aeM MpoOLEITY-
py angutuBHON cumMetpusauuu (10), npu
a = 1/2 — mpouenypy MyJIbTUILUIMKATUBHON
cummertpuszanum (14).

Tenzop  BaugHUS,
0000lLIEHHOI  mpolieaype
(17), umeer BUg

COOTBETCTBYIOLIUIA
CUMMETPU3ALIUUA

_ %[(1 -Dy“®(1-D)" +
+(1-D)y @1-Dy" +
+ (1-D)"®1-D)* +
+ (1-Dy"g(1-D)“].

(18)

Marpuua s teHzopa BausHust (18), B
[JIAaBHBIX OCSIX TEH30pa MOBPEXICHHOCTU OIpe-
JiesisieTcsl MaTpulieit auaroHaiabHoro Buga (12),
rae

M - -

(19)

+
{(1 D)(l D))"

1Dy “(l—Dz)“]
86

M,, n M, BBIYUCIAIOTCS aHaJOTMYHO M,
TaK )Ke KakK 1/1 M v M, naxonarcs aHaJIoOrvy-
HO M,,, Ha OCHOBe HI/IK)H/IquKOfI rnepecTaHoB-
KU UHIEKCOB | - 2 - 3 — 1 ...

B kauecTtBe pgajbHeiliero 0000lLEHUS
npeacTtaBiaeHus (17) MOXHO pacCMOTPETh TaKoe

JABYXITapaMETPpUUYCCKOE TIPEACTABIICHUEC!:

s L {1-DV* 6. (1-D)*
6 =511-D)“ o (1-D)" + o0

+1-D)’.6 - 1-D)“].

OHo comepxuT BeIpaxeHue (17) npu
b =1 — a xaxk 4JacTHbIi ciaydaii. [Ipouenypa
cummeTpu3anuu (20) mo3BoJIsIET yUeCTb Bapu-
aHT TOH, npenioxeHHbIA beTTeHOM B cTaThe
[27], nmerolmii BU,

6 =(1-D)" -6 (1-D)"

a TakXke He3aBUCUMOCTb B BbIOOpe IOKa3a-
TeJIel B CTETICHSIX HAIMpsSDKeHUN ¢ W TeH30pa
crtomrHocT ¥ = 1-D B 000011eHHBIX (hOp-
MYJIMPOBKaX OMPEICIISIONINX YPAaBHEHU O~
3yuecTu [8].

TeH30p BAUSHUS, COOTBETCTBYIOLIMIA ABYX-
IapaMeTpUYeCKO NMPoLEeaypPe CUMMETPU3ALIUU
(20), ompenenseTcs ciaeayOLUIMM PaBEHCTBOM:

M = %[(1 _Dy“&(1-D)" +

+(1-D)“®1-D)* +(1-D)’®1-D)* + (21)
+ (1-D)*®1-D)].

Hesasnbie cxembl. B pabdorax [33, 34| pac-
CMAaTpUBAETCSd BO3MOXHOCTb HESIBHOTO 3aia-
Hus TOH B Buzme penieHus CIeAyIOIIEro ypas-
HEHMUSI:

6=%[(1—D)-6+6-(1—D)]. (22)
YcnoBus njs onpeneaeHus CUMMETPUYHO-
ro TOH, nonyyaemoro myremM HesIBHOW aadu-
TUBHOI cuMMeTpu3auuu (22), o0CyKIarTcs B
paborte [34].
IIpu BBemeHUM MPEIIOIOXEHUSI O CUMMeE-
TpruuHocT TOH, KoTopoe BhIpaxkaeTcsl Kak

=6 = (1/2)@ +&7),

TCH30pP BJIUAHUA OIPEACIACTCA B CICAYIOLIEM
BUAC:

M = B(l@l +191) - (23)



MexaHuka

-1
—%(léD +18D + D®1 + D@l)} . (23)

Marpuiia, COOTBETCTBYIOLIASI TEH30PY BJIMSI-
Hus (23), B INIABHBIX OCSIX TEH30pa ITOBPEKICH-
HocTu umeeT Bun (12), roe

Mo L
1 1-D°
o (24)
4 1_D1+D2'
2

Kak u B mpeabiaylinx ciaydasx, 3JIeMEHTBI
Marpuibl M,, M M., BEIYUCIISIOTCS aHAJIOTHY -
HO M|, a onemeHThl M., u M HaxomsTCs aHa-
JIOTUYHO M,,, HAa OCHOBE LIMKIMYECKOM Iepe-
CTAHOBKU MHIEKCOB | - 2 -3 — 1 ...

HesBHasg MyabTUIMIMKATUBHAS CUMMETPU-
3alMs OMpeelisieTCs] BhIpaXKeHUEM

6=(1-Dy'"*.5-(1-D)'"% (25

OueBMAHO, YTO JAaHHOE OIpeaecHue He
OTJINYAeTCs OT BapMaHTa SIBHOM MYJIBTMIUIMKA-
TUBHOU cumMeTpu3aunu (14).

B kayecTtBe 0000lLEHMSI HESIBHBIX CXEM
cuMmmeTtpuzaiuu (22) u (25) MoxeT paccmaTpu-
BaThCsl OTHOITApaMETPUUECKOE TPeICTaBICHUE
CJICIYIOIIETO BUA:

o =%[(1—D)“~6 S(1-D) +

(26)
+(1-D) -5 - (1-D)],

rae a — 6e3pa3MepHBIN CKaISIPHBIN TTapaMeTp,
U3MeHsoLuiics B auarna3oHe ot 0 1o 1 (kak u
s npeacrapiaeHus (17)).

Ipu a=0 (wm a =1) nosydyaeM mnpolie-
Iypy alAuTUBHON cumMeTpusauuu (22), mpu
a=1/2 — npoueaypy MyJIbTUILIMKATUBHOM
cumMmeTpusauuu (25).

Tenszop  BiugHUS,
0000l1LIeHHOI  mpoueaype
(26), umeet BUL:

‘M =4[(1-D)*'®1-D)" +
+ (1-D)Y®(1-D)~ +(1-D)“®1-D) + (27)
+ (1-D)~®1-D)".

Martpuiia BAMSHUS, 3alKMCaHHas B TIJaB-
HBIX OCSIX TEH30pa IIOBPEXKICHHOCTH, MMEET
Bun (12), roe

COOTBETCTBYIOLIUNA
CUMMETPHU3ALINUN

1
M11 =7 5>
1-D,
M, =2[(1-D)(1-D,)"+
+ (l—D])l’”(l—Dz)“]’l.

(28)

Kak u st BblLIENPUBEASCHHBIX Cy4yaeB,
M,, v M,, BblMUCIAIOTCA aHAJIOTU4YHO M,
TaK Xe Kak U M, u M, HaxomAaTcs aHaJo-
rmyHo M,,, Ha OCHOBE LIMKJIMYECKON Iepe-
CTaHOBKM MHAEKCOB 1 -2 >3 —> 1 ...

B03MOXHOCTb SIBHOTO BBITTOJTHEHUSI WH-
BepCUM, TIPUCYTCTBYIOLIelr B TeH3ope (27),
peanu3oBaHa TPU BBIYMCIECHUN 2JIEMEHTOB
matpuubl (28), Onaromapsi JuaroHajJbHOMY
BUAY MaTpulibl BAUSAHUS (12) B MIaBHBIX OCIX
TE€H30pa MOBPEXIECHHOCTH.

CpaBHUTE/IbHBINA AHAJIM3 PA3JIMYHBIX BAPUAHTOB
CUMMeTpU3aIMu

CpaBHeHHE pe3yJbTaToOB, IIOJyYyaeMbIX C
WCIIOJIb30BAaHUEM Pa3JIMYHBIX TIPOLIETYP SIBHOMU
(cM. dopmyabt (10), (14), (17)) wu HesdBHOM
(bopmynsl (22), (25), (26)) cuMMeTpHU3aLvH,
OCYIIECTBIISLIOCh IS ABYX UAcaIU3UPOBaH-
HBIX BapHaHTOB MOBPEXAEHHOIO MaTepuajga C
PA3JIMYHON MUKPOCTPYKTYPOW:

CHUCTEMA OIMHAKOBO OPUEHTHUPOBAHHBIX
(TmapayieIbHbIX) MUKPOTPEIIMH (BEPTUKAJIb-
HBIX WJM HAKJOHHBIX, CM. puc. 1, a, b), me-
PUOAMYECKH MOBTOPSIOLIMXCS B IBYX HaIlpaB-
JICHUSIX;

CUCTEMa OPTOrOHAJIbHBIX MUKPOTPELINH
pa3IWYHOM IMHBI B KaXIOM W3 Hampabie-
Huil (cM. puc. 1, ¢), nepuoguyeckass B ABYX
HaIpaBJICHUSIX.

Ha makpoypoBHe Matepuaj paccMaTpuBa-
€TCcd KaK OMHOPOAHBIN. MH@opMauus o Mu-
KPOCTPYKTYpe Ha MaKpOYPOBHE YUYMTHIBACTCSI
TOJIBKO ITyTEM BBEICHUS T€H30pa MOBPEXICH-
HoCTU. TeH30pHBIA XapaKTep ITOBPEXICHHO-
CTH 00O€CIIeUMBaeT BO3MOXHOCTb ydeTa aHM-
30TPOIIMM CBOMCTB HAYaJIbHO M30TPOITHOTO
MaTepuania.

Cucrema mnapajuieJbHbIX MHKPOTPEIIMH.
TeHnzop MOBPEXICHHOCTH B pacCMaTpUBaEMOM
ciydyae (cMm. puc. 1, b) umeer BuUI

D=Dn, ®n, (29)

rae D, — mMakcuManbHOe COOCTBEHHOE 3Haue-
HMe TeH3opa nospexaeHHoctd (0 < D, <1),
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Puc. 1. neanu3upoBaHHble BapUaHThl MaTepuaia C MOBPEKACHUSIMU:

TIPENICTaBIEHBl CUCTEMBI BEPTUKAIBHBIX (), OMHOCTOPOHHE HAMPABICHHBIX, HAKIIOHHBIX (b) M OPTOTOHAIBHBIX (C)
MUKPOTPEIITNH

OIpe/ie/IsieMOe COOTHOLICHUEM MEXIY IJTUHOMI
MUKPOTPELIMHBI M Pa3MepoOM HETOBPEXKICH-
HOIi MepeMbIUKU (PacCTOSIHUE MEXXIY OrKaii-
MMM BEPIIMHAMU COCETHUX KOJUTMHEAPHBIX
TPELLMH); N, — HOpMaJib K OeperaM MUKpPOTpE-
LLIVH.

OcoObIi1 MHTEpeC TIpeNCcTaBIsIeT TPOCTEi-
IIWNA CAy4Yall CUCTEMBI BEPTUKAIbHBIX MUKPO-
tpewuH (puc. 1, a, rtne ¢=0, D=Di®1i),
JOITyCKAIOIIMI  HarJSIAHYI0 WHTEPIPEeTalnio
pe3ynbTatoB. Ilpy OZHOOCHOM pacTSKEHUU
MakpooOpaslia B HaIlpaBJieHUU, MEPHEeHINKY-
JIIPHOM OPMEHTALIMM MMKPOTPEIIVH, B HEM
Ha MakKpoypoBHE OyAeT peajiu30BaHO OIHO-
OCHOE€ OJHOPOIHOE HAIPSKEHHOE COCTOSHHUE;
TEH30p HaIPSIKEHUI BBIPAXKaeTcsT Kak

6 =0,iQIl

DTOT TEH30p SIBISIETCS COOCHBIM C TEH30-
pOM MOBpeXIeHHOCTU. B naHHOM ciydae mpo-
THO3BbI BCEX PACCMOTPEHHBIX BBILIE ANAUTHB-
HBIX ¥ MYJIbTUTUIMKATUBHBIX SIBHBIX M HESIBHBIX
npouenyp cummerpusanuu TOH coBnagaror:

Oy .
1- D,

OTOT OYEBUIOHBINA Pe3ybTaT MOXHO OBLIO
MOJYYUTh U U3 COMOCTABICHUSI MAaTPUL BIUSI-
Hus [M] mis paccMaTpuBaeMBIX BapHUaHTOB
onpenenenus TOH. Bece matpuusl (13), (16),
(19), (24) u (28) B m1aBHBIX OCSIX TeH30pa IO-
BPEXIACHHOCTU MMEIOT OJAMHAKOBBLIE IIePBbIC
JMArOHaJIbHbIE 3JIEMEHTBl M.

AHAJIOTUYHOE YTBEPXICHUE CHPABEAINBO
TaKKe JJISI BTOPOTO U TPEThEro AMaroHaabHbIX
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(30)

S =

aJIeMeHTOB. OTINYMs HAOJI0JAI0TCS TOJIBKO B
YEeTBEPTOM, IISITOM M IIECTOM OWarOHaJIbHBIX
aJIeMEHTaX MaTpUl BIUSHUS. DTO YKa3bIBaeT
Ha BO3MOXKHOCTH TOSBJICHUS pas3AuUidl TIpH
CIBUTOBOM BO3JIEHCTBUMU.

ITpy mIOCKOM YMCTOM CABHUTE, TEH30p Ha-
MpsSDKEHU KOTOPOTO MMEET BUJL

o =1,(i®j+j®i),

HaOmogaeTcs pa3nmnuue B mporHoszax TOH.
®opmMynbl UIST BBIYUCICHUS OTHOLLIEHUI
T, / 15, TIOJYYEHHBIX KaK BeJIMYMHBI M,
npu D, #0 u D, =0, n1s Bcex paccCMOTpPeH-
HBIX BBIIIE AIAUTUBHBIX U MYJIbTUILUIMKATUB-
HBIX, SIBHBIX U HESBHBIX MPOLIEAYP CUMMETPU-
3alMU TpeacTaBlieHbl B Tabnauile. Ha ocHoBe
MOJYYEHHBIX COOTHOIICHUI MPOBEACHO CpPaB-
HEHHME PA3IMYHBIX CXeM CUMMETPU3aliM, pe-
3yJbTaThl KOTOPOIO MOKAa3aHbl Ha puc. 2.

HawnbGosbiine abCOMIOTHBIE 3HAYEHUS OT-
HOllIeHUsI T, / 1,, HaOIIOHAIOTCs VISl SIBHOM
aIIUTUBHON cxeMbl cuMmMmeTpusauuu (10) (cMm.
puc. 2, a) BO BCeM JMana3oHe W3MEHEHMUS
MOBPEXKACHHOCTH. HaumMeHbIe 3HAYCHMUS
T, / T, COOTBETCTBYIOT HESIBHOI alIMTUBHON
cxeme cummetpuzanuu (22). Kpussie, coot-
BETCTBYIOIIME MYJBTUIUIMKATUBHONM CUMMeE-
Tpuzauuu (siBHas (14) u HesiBHas (25) cxembl
JAl0T B 2TOM CJlydyae COBMNAJAIOLIUI pe3ysib-
TaT), 3aHUMAET MPOMEXYTOUHOE TOJOXKEHUE
(puc. 2, a).

B ormimuune or siBHOI, HesBHaAs cxeMma aj-
OUTUBHOM CHUMMETPM3allMK HE AEMOHCTPUPYET
CUHTYJISIDHOCTU T, / T,, TIpU cTpemiieHun D,
K eIUHULIE.



MexaHuka

Taonuna

OTHoeHus le / T,, IpA IJIOCKOM YUCTOM CABUIE B CUCTEME BEPTUKAJIbHBIX MUKPOTPEIINH

Howmep
IMTpouenypa cumMmeTpu3aun bazoBasa T /1 KOMBOI
TOH dbopmyna 127 Happnc. )
1 1
a[UIUTUBHAS (10) 5 I+ ., 1
!
1
SBHas MYJIbTUTUTUKATUBHAS (14) ) 2
-
000011eHHas (17) 1 { ! + ! } 4
2|-D)" (A-D)"™
1
alIUTUBHAS (22) m 3
1
1
HesBHasg | MyJIbTUILUIMKATUBHAS (25) ﬁ -
- M
2
000011IeHHAas (26) (1-D) +(1-D)~ 5
1 1
b)
3
4
o2 U I
B e <2 s T
|PS
1
0.00 025 0.50 075 1.00 o oa o o o o
D . _ _ . . .

a

Puc. 2. 3aBucuMOCTb BEIMYMHBL T, / T, OT NOBpexAeHHOCTU D, (a) n mapameTpa a (Ipyu 3HaYEHUU
D, = 0,8) (b) B cucteMe BEPTUKAILHBIX MUKPOTPEILUH I PA3IMYHbIX BAPUAHTOB CUMMETPU3ALIUK
TeH30pa 3G @HEKTUBHBIX HANIPSDKEHU (CM. TabuILy)

CnenmyeT OTMETUTh, YTO CPABHEHUE BTOPHIX
nHBapuaHToB TOH miIst paccMOTpeHHBIX CXeM
CHUMMETpHU3allMid CO BTOPbIM WHBAapUAHTOM
HecummeTpuuHoro TOH (4) ykazano Ha ToO,
yTo Haubosiee OJM3KUI K (4) MPOTrHO3 AaeTcs
SIBHOM amguTuBHOM cxeMoii (10).

PesynbraThl aHanu3a BIMSIHUSI MapaMmeTpa
a Ha OTHOLUEHUE T, /T, Npu (HUKCUPOBAH-
HoM 3HaueHun D, = 0,8 mokasaHbl Ha puc. 2, b.

HanGonbime pasmuuusi 3Ha4eHW T, /1, B
saBHoM (17) 1 HesiBHOI (26) cxeMaX CUMMETPH-
sarun TOH Habmomatotes ipu a =0 n a=1
(COOTBETCTBYIOT CJIy4al0 aIAUTUBHON CUM-
MeTpU3aLnKu) U cocTaBisiorT 45 %. Pasnuuus
MEXOYy aIIUTUBHON M MYJbTUILUIMKATUBHOU
npoleaypamMy IBHOW CUMMETPU3allMi COCTaB-
ager 25 %. C pocToM YpOBHA TOBPEXIEH-
HOCTU D, yKazaHHbI€ pasiuuus OyayT pacTu
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(cMm. puc. 2, a). BaxxHo OTMETUTb, UTO OTHO-
uieHue 7T, /T, TpU SIBHOM CHUMMETpU3aLNK
BCera He MEHbIIIE, YeM TPy HESIBHOI.

B orimune ot ciaydyas BepTUKalIbHBIX MM-
kpoTpeiivH (cM. puc. 1, a, ¢ =0), npu aHa-
Ju3e MaTepuajga ¢ HAaKJIOHHBIMU MMKPOTpE-
mwrHaMmu (puc. 1, b, ¢ # 0), IpU OTHOOCHOM
pacTsKeHUM  TPEJACTABUTEbHOTO  00beMma,
TOH Oynet conepXaTh HE OJHY, 4 TPU HEHY-
JIEBbIX KOMIIOHEHTBI, M IJI1 KaXXOIOi U3 HUX
OyayT HaOII0IATbCS pa3ivuMs B MPOrHO3ax
MPOLeTyp CUMMETPU3AIIMU. Pe3ynbrarsl BbI-
YUCIEHUS] OTHOLIEHUS G,, /G, TpU OTHO-
OCHOM Harpy>eHuwu, Kormua

6 =6,i®i, D=Dn Qn,

IS paCCMOTPEHHBIX SBHBIX (17) M HESABHBIX
(26) MeTOOOB CUMMETPU3ALIMUA OIPEACIISIIOTCS
COOTBETCTBEHHO CJICAYIOIIMMU YPaBHEHUSIMMU:

U~ cost g +sin' ¢ +
On !
(31)
L 1 1
+sin” g cos’ ¢ —+ — |,
a-D)" (A-D)
O _ cost @ +sin® ¢ +
Oy ! (32)
4

+sin® ¢ cos’
P Ty ra-Dp)

IIpenenbHblil aHaIu3 cooTHOWEeHU (31) u
(32) npu D, — 0 nokasai, 4To pasauuMs IJIst
Jo0bIXx BapuaHToB TOH umerT BTOpoit no-
psnok manoctu O(D}).

Ha puc. 3 npencraBieHO cpaBHEHUE 3HA-
YeHUi G,, / 6,;, TOJYYEHHBIX NMPHU TOMOLIN
npouenyp SBHOW aIJIUTUBHOW, SIBHOW MYJIb-
TUIUIMKAaTABHOM U HESIBHOM aJIUTUBHOMU CUM-
METPU3ALIMK MPU PA3TUYHBIX 3HAYECHUIX YIJIa
OPUEHTAIIMU MUKPOTPEIIMH ¢ U (PuKCcUpo-
BaHHOM 3HayeHun D, = 0,8. MaxkcumasabHOe
3HauYeHue G, /o, (KaK M Ui pacCMOTPEH-
HOro BbIlIE ciyyast T, /7T, (cM. puc. 2, a))
HaOIogaeTcsl I SIBHOW aIaUTHUBHOM CXEMBbI
cummertpuzanun (10); HauMmeHbllee 3Haye-
HUE G, /G, COOTBETCTBYET HESIBHOW aIIu-
TUBHON cXxeMe cumMeTpusauuu (22); Myjb-
TUIJIMKATUBHASI CHUMMeETpu3alus (sSIBHasg U
HESBHBIE CXEMbI MAIOT COBMAMAIOLIUI PE3Yb-
TaT) 3aHUMAaeT IIPOMEXYTOYHOE IIOJIOXKEHUE
(cMm. puc. 3). MakcuManbHble pa3anuyus 3Ha-
4yeHWil G, /o, A1 SBHOI U HESBHOI cXeM
CUMMETpPHU3allMM HaOIoaalTcd Ipu ¢ = 45°,

XapakTtep U3MEHEHUsI OTHOLIEHUS G, / Gy,
C pocTOM MOBpexIeHHocTH D, Ui Matepua-
Jla ¢ HAKJIOHHBIMM MUKPOTpPEIIMHAMU B 1IEJIOM
COOTBETCTBYET HAOJIOMaEMOMY IJISI OTHOILIECHMS
T, / 1, (cpaBHute puc. 4, a u 2, a). OgHako
pa3nuuusl MEeXIy MPOrHO3aMM MJIsI Pa3IMYHBIX
cxem cummetpuzaumun TOH B paccmarpusae-

180

Gll / Gll
=)

270

Puc. 3. 3aBucumocTu oTHOIIEHUS G, / G;, OT yIJla ¢ OPMEHTALINN HAKIOHHBIX MUKDPOTpE-
LIMH IS TpeX BapUaHTOB CUMMETPU3aLIMU TeH30pa 3(POEKTUBHBIX HAMIPSIKECHUIA:
sIBHAasI aiiUTUBHAs, TipencTasiaeHa dopmynoii (10) (kpusast [); siBHasE MyJTbTUTUTMKATUBHAS,

¢-na (14) (2); HesBHas anauTuBHasA, ¢-na (22) (3)
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Puc. 4. 3aBucumocTy BeIMYMHBI G, / G, OT MOBPEXKICHHOCTU D, (a) v mapamerpa a
(npu 3Hayenun D, = 0,8) (b) B cUCTeMe HAKIIOHHBIX MUKPOTPELIUH (¢ = 45%) 11 pasnuyHbIX
BapMaHTOB CUMMETPHU3AIIUN TeH30pa 3¢ (PEKTUBHBIX HATIPSTKCHUIA:
sIBHAs alyIUTUBHas, nipeactasieHa opmynoit (10) (kpusas 1); sBHas MyJIbTUIUIMKaTUBHAS, B-71a (14) (2);
HesiBHas1 agauTuBHas, @-na (22) (3); sBHas, d-na (31) (4); HeaBHast, ¢-1a (32) (5)

MoM ciydae (¢ = 45°) MeHee 3HAUUTENbHBIC.
HesBHas apmuTuBHASA cxeMa CHUMMETPU3ALIMKI
s 6, /o, B omIMUMe OT T, /T, AEMOH-
CTPUDYIOT CHHIYJISIDHOE TOBeleHue o, / o,
npu cTpemiaeHun D, K equHuLe.

PesynbraThl aHamuMza BIMSIHUS Tlapame-
Tpa a Ha OTHOllIeHUe G,, /o, Npu GbUuKcu-
POBAaHHBIX 3HaYeHMsAX MapamerpoB D = 0,8 u
¢ = 45° 1151 CUCTeMBl HAaKJIOHHBIX TPEIIUH M0~
KazaHbl Ha puc. 4, b. Tak ke, Kak 4 B cjIy4yae
BEPTUKAJTBHBIX MUKPOTPEIIMH IS T, / T)y
(cM. puc. 2, b), HanOOIbIINE Pa3ININSI B 3HA-
YeHUusIX G,, / o,, Ans siBHOU (31) U HesBHOIA
(32) cxem cuMMeTpU3aly HAOMIOAAIOTCS IPU
a=0 1 a=1 (COOTBETCTBYIOT CJIyYyalo aaiay-
tuBHOI cuMMmerpusanuu TOH). OrHolleHne
G, /o, Tnpu sBHOI cummerpuzauuu TOH
BCerJa He MEHbIIe, YeM IIpU HEesIBHO.

CucreMa OpPTOrOHAJIbHBIX MHKPOTPEHIHH.
TeH30p MOBPEXKIEHHOCTH B pacCMaTpUBAEMOM
cay4yae CHUCTEMbl OPTOrOHAJIbHBIX MUKPOTpE-
IH (cM. puc. 1, ¢) UMeeT BUL

D=Dn, ®n, + D,n, ®n,. (33)

Bemuunubel D, u D, onpenensiorcss cooT-
HOLUEHMEM MEXy [JUIMHAMU TPELLUH U IIPOMeE-
KYTKOB MEXIy HUMU (PacCTOSHUS MEXIy Bep-
LUIMHAMU COCEIHUX KOJUIMHEAPHBIX TPELIVH) B
HarpaBJIeHUAX N, ¥ N, COOTBETCTBEHHO. N, M N, —

3TO TJIaBHBbIE OCU TE€H30pa IIOBPEXKIEHHOCTU.
KoMnoHeHTHI TeH30pa noBpexaeHHocTh D, u
D, ynoBieTBOPSIIOT OrpaHUYEHUSIM

0<D <1; 0<D, <1.

Pe3ynbraThl  BBIYMCICHUSI  OTHOIICHUS
G,, / ©,, A MaTepuasa, MOBPEXIEHHOIO CU-
CTEMOI OPTOTOHAJBHBIX MUKPOTPEIIMH (CM.
puc. 1, ¢) ¢ TeHzopoMm D, ompenensieMbIM 10
dopmyne (33), mp1 OMHOOCHOM HATPYKECHUMU,
KOrJa TeH30p HAIpPSDKEHUI BbIpaxkaeTcsl Kak

6 =0,i®Ii,
JUISI paCCMOTPEHHBIX paHee sIBHbIX (17) u He-
SBHBIX (26) mpoleayp CUMMETPU3ALIUU OIpe-
JESI0TCSI  COOTBETCTBEHHO  CJEAYIOLIMMU
YPaBHEHUSIMU:
G, _cos'o . sin*
o, 1-D 1-D,

+sin? ¢ cos? ¢ x

| | (34
{(1 “Dy(-D) " (-Dy(l- D»"‘l’

p— 4 . 4

G, _cos'g sin"g

o, 1-D 1-D,
+

+sin’ g cos’ ¢ x

(35)

X .
{(1 - D)(1- D)) +(1-D,)*(1- D)™ }
Paznuuue ypaBHenuii (34) u (35) cocrout
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Puc. 5. 3aBucumoctb oTHOLIeHUSI G, / G,, OT
napaMeTpoB nospexneHHoctn D, n D, B cucteme
OPTOTOHAIBHBIX MUKPOTPEILMH MPU 3HAYEHUU
¢ = 45° U1 SIBHOW aiUTUBHON CUMMETPU3ALUU
(cm. d-ny (10))

TOJBKO B BBIPAXKEHMSX, CTOSIIIMX B KBampaT-
HBIX CKOOKax.
Wcnonb3ys HepaBeHCTBO

1 1 4
——2 ,
X y X+Yy

cripaBemiiBoe Tipu x >0, y > 0, HECJIOXHO
1oKa3aTh, YTO 3HAUEHUE OTHOLLUEHUS G, / O,

0180

BBIYMCJEHHOE Ha ocHOBe (popMyIbl (34), Bcer-
Ja OoJybllle WIM PaBHO COOTBETCTBYIOLIETO
3HA4YeHMUs1, HalaeHHoro 1o ¢opmyine (35). Pa-
Hee BBeleHHbIe paBeHcTBa (31) u (32) BXOAAT
KakK 4yacTHble caydyan B ¢opmyibl (34) u (35)
npu D, =0.

CpaBHeHMe 3HayeHuit o, /o,, Haii-
IEeHHBIX C HucIojb3oBaHueM dopmyn (34) u
(35), mokazajio, YTO MaKCUMYM OTHOIIEHUS
G,, / 0, HabmomaeTcst mJIsl SIBHOW aIIuTHUB-
Hoil cxembl cumMmeTpusauuu (10) (dacTHBIA
cnyvait (34) nmpu a =0) npu Bcex 3HAUYCHU-
X yrja ¢ ; MUHUMalbHOE 3HaueHUe G, / o)
COOTBETCTBYET HESIBHOW AIJIWUTUBHOM CXeMe
cumMeTpuzaunu (22) (yactHblid ciydait (35)
npu a = 0); MyJIbTUIIMKATUBHAS CUMMETPH-
3amus (IBHAsI U HEeSIBHAsI CXEMBI Tal0T COBIIA-
JAOIIMN pe3yabTaT) 3aHUMAET MPOMEXYTOU-
HOE ToJIoXeHWe. MaKcuMajbHble pa3addus
3HaYeHUN G, /o, [N SIBHON U HESIBHON
cxeM cumMetpuzauuu TOH HabmoparoTcs
npu ¢ = 45°.

XapakTep M3MeHEeHUs! G,, / G,, C pPOCTOM
nospexiaeHHocreit D, u D, COOTBETCTBYET
HaOI0gaeMoOMy JUISI OJTHOCTOPOHHE OpPHUEH-
TUPOBAHHBIX MUKPOTpelinH (cM. puc. 4, a).
3aBucumocts o, / o,,(D,, D,) 1ns siBHOIi aj-
IUTUBHOU cxeMbl cuMmmeTpuzaiuu TOH (10)
TMoKa3aHa Ha puc. 5.

Bnusnue D, Ha yrioBoe pacnpesneneHue

270

Puc. 6. 3aBucMMOCTY BeIMYMHBI G, / G,, OT yIJla OPMEHTALIMY MUKPOTPEIIWH ISl Pa3TUIHBIX

COOTHOIIEHMI D,

u D, npu puxkcuposaHHoM 3HaueHuu D, = 0,8.

3navyenue D,= 0,7 (kpusaa I), 0,5 (2), 0,0 (3)
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6,, / o,, Ipu HUKCUPOBAaHHOM 3HaueHuu D,
MOKa3aHO Ha puc. 6 i SIBHOM aIJIUTUBHON
cxeMbl cumMmeTtpuzanuu TOH (10). ITpu ctpem-
neHuu 3HaueHuss D, x D, xpusas G, /o)
CTPEMUTCS K OKPY>KHOCTH, COOTBETCTBYIOIICH
CJIy4alo U30TPOITHOM ITOBPEXKACHHOCTH.

Wzonuuuu G, /o, Ha miockoct D, —
D, (puc. 7), OCTPOEHHBIE C UCIIOIb30BAHUEM
pa3nnyHbIX cxeM cumMmeTpusauuu TOH, no-
Ka3bIBalOT, 4YTO pas3jMyve B IIPOrHO3aX YBeE-
JIMYMBAETCS C POCTOM pasHULbl Mexay D,
n D,. Ilpu D, =D, nporHossl COBMALAIOT.
HaubGonbiiee pacxoxaeHue HabaoaaeTcsl Npu
OIHOCTOPOHHE OPUEHTUPOBAHHBIX MUKPOTPE-
umHax ¢ D, =0 wim D, =0 (cMm. puc. 7). Pa3-
Opoc Mo yrjiaM OpUEHTAUMU MUKPOTPELIMH
CIJIAXXMBAET PACXOXICHME B MPOTHO3aX CXEM
cummeTpusanuu TOH .

BnusHue ckansipHoro mapaMeTpa a Ha OT-
HOILLeHWe G,, / o, IJIl MaTepuaia, MOBPEeX-
JEHHOTO CHUCTEMOI OPTOrOHAJIbHBIX MUKPO-
TPELIMH, UMEET XapakTep, aHaJIOTMYHBIN
paHee pPacCMOTPEHHOMY BapUaHTy OIHOCTO-
POHHE OPUEHTUPOBAHHBIX MUKPOTPELINH (CM.
puc. 4, b). 3HaueHus1 OTHOILEHUS G, / G,, IpU

D

2

0.8+

Puc. 7. U3onuHum 3HayeHuii &,, / o,
Ha miockocty D, — D, Ui pasinyHbIX CXEM
cummeTrpusauuu TOH:
sgBHas anauTuBHasA, @-na (10) (kpusas 1);
sIBHAsT MYJIBTUTIMKAaTUBHAs, d-na (14) (2);
HesiBHasl anauTuBHasA, ¢-na (22) (3)

gaBHOi cuMmeTpusauuu TOH Bcerma Goublie
WIM DPaBHbl COOTBETCTBYIOIIMM 3HAUYEHUSIM
MpU ero HEeSIBHOM CUMMETPM3allMM MpPU JII0-
ObIX JOMyCTUMBIX 3HaUeHUusIX D, D, u ¢, 4TO
HEIOCPEACTBEHHO CJIEAyeT M3 aHaiu3a BHUIA
cootHouueHuit (34) u (35).

I/IIIeHTI/I(l)I/IKallI/Iﬂ KOMIIOHCHT TC€H30pa
MOBPE2KICHHOCTH

M3BecTHbIE METOABl OLIEHKU TOBPEXICH-
HOCTU OCHOBaHbI Ha U3MEPEHUN (DU3UUYECKUX
BeJIMUMH [35]: Momysieil ynmpyrocTu M TJI0THO-
CTW MaTepuayia, ero MUKpPOTBEPIOCTU, CKOPO-
CTU paclpoCTpaHEHUsS B MaTepuaje YyibTpa-
3BYKOBBIX BOJIH, Je(opManuil yCKOPEHHOM
CTaauM TIOJ3YYECTU, INEKTPUUECKOTO COMPO-
TUBJICHUSI MaTepuasa u Jp.

IIpn aHanM3e aHWU3OTPOMHON TTOBPEXICH-
HOCTH TPEJCTABIISIIOTCS IEPCIEKTUBHBIMU Me-
TOABl AKYCTUYECKOW SMUCCUM, OCHOBAHHBIE
Ha W3MEpPEeHUU aHU30TPONUM aKYCTOYIPYTUX
CBOICTB TBepmoro Tena [36, 37].

®a3oBble CKOPOCTU V pPacIpOCTpaHEHUSs
TUIOCKOW MOHOXPOMAaTHUYECKOUN BOJTHBI

u=Aexpik(N-r-v)

B HampaBjieHurd N B YIIpYyToi cpeie, XxapakTe-
pU3yeEMOI TEH30pOM MoyJeii ynpyroctu *C¢,
OIPEAEIISIOTCS HAa OCHOBE PELICHUS YpaBHE-
HUS

det(N- *C* - N - pv?) = 0,

MPEICTABIISIONIETO COOO0I YCIIOBHE OIpeesie-
HMSI COOCTBEHHBIX YKMCE aKyCTUYECKOIO TEH-
30pa

N.*C°-N.

Briiie HamMu BBeleHO OOO3HAYeHME p IS
IIoTHOCTU Marepuaia. [lpu ucnonb3oBaHUM
TUIOTE3bl YKBUBAJIEHTHOCTU AedopMauuii (8)
ypaBHEHUE IJIs1 OIpelesieHUs CKOPOCTell pac-
MPOCTPAHEHUS BOJIH V B MOBPEXISHHOMN Cpe-
JIe C TEH30pOM MOJYJIEil yIIpYyrocTh

469 — 4M—I "4C
NMEECT BUL
det(N-*M"-4C°-N-pv) = 0. (36)

Peirenuie ypaBHeHus (36) B obLeM ciaydyae
MMeeT TPOMO3IKUI BUI. YIPOILUEHUS MOXHO
JIOCTUYb, €CJTM pacCMaTpUBaTh PacIpOCTpaHe-

93



4 HayuHo-texHuueckme Begomoctn CI6ITTY. ®usmko-marematnueckume Haykm 10(2) 2017

HY€ BOJHBI B HAIIPABJICHUU OTHOM U3 TJIaBHBIX
oceil TeH30pa IIOBPEXIEHHOCTU, HaIlpuMep
BIOJb TpeTheil ocu N =n;. B sTom ciydae
IJIS HavyaJIbHO M30TPOMHOTO WJIM IJISI Hayajlb-
HO OpPTOTPOITHOrO Marepuajna (IpU YCIOBUM
COBIMAJICHUSI OCEW YIPYro aHuU30TPOIUU C
TJIAaBHBIMM OCSIMM TE€H30pa ITOBPEXIEHHOCTH)
AKyCTUYECKUN TEH30P MMEET AUaroHajbHbIN
BUA M pelleHHe ypaBHeHMs (36) mgomyckaer
MIPOCTOE KOMITAKTHOE IIPEICTaBIeHUE:

‘73 = V M3731C3e3p71 ’

v, = My Cp, (37)
- T T
V=M Cps

rie v, — CKOPOCTb DPAacrpoOCTPaHEHUs MPO-

JOJIbHOV BOJIHBI B HalpaBJIeHUU Ny, vV, V, —
CKOPOCTH ITONEPEYHBIX BOJIH B HaIlPaBJICHUAX
N, 1 N, COOTBETCTBEHHO.

JIns  HayaabHO M30TPOIHOIO  YIPYroro
Marepuaia, XapaKTepU3yeMOro KOHCTaHTaMu
JIame A, P U ONpEnensseMoro TeH30pOM YIpy-
TMX MOIYJIEH BUIA

C =1 ® 1+ p(11 + 181), (38)

MPU HCIOJB30BAHUM SIBHOM CXEMbl CUMMeE-
tpuszauuu (17), ¢ yuerom opmyinsl (19), kak
CJIeCTBUE COOTHOIIeHUI (37) mojyyaem ciie-
JYIOLLME BBIPAXXKEHUSI IJIsSI CKOPOCTEIA:

vy ={(1=D)(n +2u) / p}'”?,
v, ={[0 - D)~ D))" +
+ (L= Dy)" (1= D) “T"2u / p}'”2,
vo={[0-D) " (1-D)"" +
+ (L= D) (1= D)1 "2u / p}"”.

(39)

[Tpu ncnonb30BaHUM HESIBHOM CXEMBI CHIM-
merpusanuu (26), ¢ ydyetroM ¢opmyabl (28),
Kak cleACTBUE cOoOoTHolueHui (37) mojydaem
aJbTePHATUBHBIC BBHIPAXCHUS IJI CKOPOCTEIA:

v ={(1=Dy)(n +2u) / p}'”?,

v, ={[(1-Dy)"(1- D)™ +

+ (=D (A=Dy)"1/2-u/p}"?, (40)
v ={l1-D)"d-D) +
+(=D)(A=D)1/2-u/p}".

Bripaxxenust nast ckopocteit v, v,,v; (39)
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i (40) MoryT paccMaTpuBaThCsl Kak CHU-
cTeMa TpeX HEJIMHEHHBIX ajredpandeckux
YpaBHEHUI OTHOCHUTEJIBHO TPEX HEM3BECTHBIX
IJIAaBHBIX 3HAUYEHUI TeH30pa IMOBPEKICHHOCTU
D, D,,D,. B pane ciy4yaeB pelIEHUE MOXHO
MOJIyYUTh aHAJIUTUYECKH B 3aMKHYTOM BHIIE.

B ciyyae gBHOU agIuUTUBHON CUMMETPU-
3allMU [JIaBHBIE MOBPEXACHHOCTH OYIOYyT OMpe-
NEeaIThCd KakK pemeHus cuctembl (39) mpm
a=0:

D3 =1 _(‘73 /V3)2,
D, =1-12(v, / v))” = (% /v)T", (41)
D =1-1200 /v)? = (% /v)7T",

e v, =+/(A+2u)/p — CKOpPOCTH pacIpo-
CTpPaHEHUS TPOJOJIbHOI BOJIHBI B HEMOBPEX-
JEHHOM MaTepualie, v, =V, = /u/p — CKO-
POCTH pacnpoCcTpaHEeHUsl MOIMEPEeYHbIX BOJH B
3TOM Marepuale.

Bripaxxenust (41) MOXHO HEIIOCPEICTBEH-
HO MCIIOJIb30BaTh 11 MACHTU(MOUKALIUM aHU-
30TPOITHOM MOBPEXIEHHOCTU HAa OCHOBE JaH-
HBIX M3MEPEHUSI CKOPOCTEN YJIbTPa3BYKOBBIX
curHaiosn [36 — 38].

B cnyyae sBHOI MyJBTUIIMKATUBHOMN CUM-
MeTpU3aliur, B KaYeCTBE CJIEJACTBUS CUCTEMBbI
ypaBHeHuit (39), ipu a =1/2 umeeM:

= 2
D, =1-(v, /v,),
= 4 = 2
D2 :1_(V2 /Vz) /(V3 /V3) 5
= 4 = 2
D=1-(v/v) /] (/).
B ciiyyae HessBHOM aqIMTUBHON CUMMETPHU -
zauuu TOH, moBpexxaeHHOCTU OyayT omnpene-
JISITBCSI HA OCHOBE IMOMCKA PEIIEeHUsI CUCTEeMBbI
ypaBHeHMi (40) mpu a =0 :
= 2
D, =1-(v; /v,)7,
= 2 = 2
Dz =1 _[2(V2 /VQ) _(V3 /V3) ]a
= 2 = 2
D =1-12(v, /v) = (v; / v;)].
AHAJIOTUYHBIC BBIPAXEHUST IJISI TTOBPEXK-
JEHHOCTEI MOXKHO TOJIYYUTh B CJIy4ae UCIIOJIb-
30BaHMSI TUITOTE3bI SKBUBAJICHTHOCTU DHEPTUil
(9). CkopocTH pacrpocTpaHEeHUs BOJIH B pe-
MOJIOKEHUM ITIOCTOSIHCTBA ITOBPEXXIEHHOCTU

OIIPpEACIAIOTCA B 3TOM CJIydya€ KaK pPCIICHMA
XapakKTEpUCTUIYCCKOIro YpaBHCHU A

det(N- M --“C* - *M™ -N — pv2) = 0.(44)

(42)

(43)



MexaHuka

Wpentudukanys riaBHbIX 3HAYCHUIN TEH-
30pa MOBPEXICHHOCTU IIPU MCIOJb30BaHUU
ypaBHeHUS (44) TpOU3BOIMUTCS aHAJIOTUYHO
PacCMOTPEHHOMY BBILIE CiIydaro aHaiausa (36).
st sBHOM amauTUBHOM cumMeTpusauuu (10)
IIpY 3TOM UMEEM:

Dy =1-v; /v,
D, =1-[2(v, /) = (v; / %)],
D =1-120v, /%)~ vy / V)T

B cllyyae SIBHOW MYJbTUIUIMKATUBHON CHUMMe-
Tpuzaunu (14) nosryyaem BbIpakeHUS:

D, =1-v, /v,
D, 21_(‘72/"'2)2/(‘73/‘)3),
D =1-(/v) /(3 /w);

B cJlydyae HESIBHOM aJJIUTUBHOII CUMMETpHU3a-
mun (22) IpUXoIuM K YpaBHEHUSIM:

Dy =1-v; /v,
D, =1-2(v, / v;)) = (v / vl
Dy =1-12(v, / v) = (5 / w)].

ITpousBoa B BBIOOpE CXEMBI CUMMETpPHU3a-
nuu TOH u runore3pl 3KBUBaJIECHTHOCTU MO-
KET OBITh YCTPAHEH HAa OCHOBE aHAJIM3a IKC-
MEePUMEHTANIbHBIX AAHHBIX )11 KOHKPETHOTO
BUIA MaTepUaJioB M YCJIOBUII HarpyXeHMUS.
Heobxonnmo obecnedynTh BBLITTOJHEHUE Hepa-
BEHCTB

0<D <1, 0<D, <1, 0<D, <1,

(45)

(46)

(47)

MOHOTOHHOCTb YBEJIMYEHUS TMOBPEXKICHHOCTU
C POCTOM Harpy3ku, BO3MOXKHOCTb ITOJIyYeHUS
TEPMOAMHAMUYECKM COIVIACOBAHHOW W HaM-
6osee mpocToil POPMBI yPaBHEHUN SBOJIIOLIN
IUTSI TEH30Pa MOBPEXICHHOCTH.

3akinouenue

IIpemnoxeHHass enuHasi 00OOIIEHHAsT OJ-
HomapaMeTpuueckas ¢GopMa TMpeAcTaBIeHUS
cuMMeTpu3oBaHHOro TOH mo3BosisseT BBeCTU
B paccMOTpeHHMEe HOBbIe BapuaHThl TOH, a
TaKXe aHaJM3UpOBaTh CBOMCTBA IOBPEXICH-
HOTO KOHTMHYYMa B 00l1lleM BUjE JJISI pa3iny-
Hbeix TOH.

Ha ocHoBe penreHus psima TECTOBBIX 331a4
JUIS TlapaJiieJIbHbIX 1 OPTOrOHAJbHBIX MUKPO-
TPEUIMH B HACTOSIIEH paboTe MOKa3aHo, 4YTO
SBHasl aIUTHBHAsI CXeMa CUMMETpHU3alu
JaeT BEPXHIOI TpaHully TeH3opa 3(PheKTUB-
HbIX HaIpsDKeHW (T. €. SBJISIETCSI KOHCepBa-
TUBHOW OLIEHKOI), B TO BpeMsl KaK HesBHas
aJIUTABHAsI — €ro HWXHIOW rpaHuly. Paznu-
Yusl B TIPOTHO3aX PACCMOTPEHHBIX CXEM CHUM-
MEeTpU3alMY YBEJIUUYUBAIOTCS C POCTOM YPOBHS
MOBPEXIEHHOCTH, a TakXKe C POCTOM pasin-
YU MEXIy [IaBHBIMM 3Hauye€HUSIMU TEH30pa
MoBpexXaeHHOCTU. [Ipy HU3KMX YPOBHSIX TO-
BPEXIEHHOCTU pa3jdyusl B JIIOObIX BaprMaHTax
TOH sgBasioTcst MabIMA BTOPOTO TTOPSIIKA.

BapuaTuBHOCTH B OIpeneeHUU CHUMMeE-
Tpru3oBaHHOro TOH npuBOAUT K pa3inyHbIM
SKBUBAJEHTHBIM OMPEACICHUSIM TTOBPEXICH-
HocTu. B psne ciaydaeB Bompoc 0 BRIOOpe Hau-
Oosnee moaxongiuero BapuaHTa TOH Moxer
OBbITH pellleH HAa OCHOBE 3KCHEPUMEHTATbHbBIX
HCCJIeN0OBaHUI B Mpolecce UASHTU(DUKALIUMU
napamMeTpoB YpaBHEHMS DBOJIIOLIMM TTOBPEXKIE-
HUil. B paboTte Takke IpeaaoxeHa mpoleaypa
WIeHTU(UKAIIMA aHU30TPOITHON MOBPEXIEH-
HOCTM Ha OCHOBE€ LIMPOKO M3BECTHBIX aKyCTU-
YECKMX METOJIOB.

PaGota BbIMOAHEHA NpuU (DUHAHCOBOW TOA-
nepxxke TpaHTa Poccuiickoro HayyHoro ¢oHzaa
(rmpoexT Ne15-19-00091).
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TPELLUHA MOAbI 111, NPUBINKAIOLLAACS
K YIIPYTOMY K/IMHOBUAHOMY BKJIFOYEHUIO

B.B. Tuxomupoe

CaHkr-lNetepbyprckmim nonntexHnuecknum yHueepcuter Netpa Benunkoro,
CaHkr-lNetep6ypr, Poccninickas Pegepaums

B craTthe peiraercd 3amaya 00 aHTUIUIOCKON MOJTYOSCKOHEUHOM TpelluHe, KO-
TOpasi MpUOIMXKAETCS K YIPYTOMY KJIMHOBMIHOMY BKIIOUeHMIO. C ITOMOIIBIO MH-
TerpajJbHOro mnpeodpazoBaHusi MeumHa U Metoga Bunepa — Xonda mnomydeHo
TOUYHOE pellleHue yKazaHHoU 3amauu. McciaemoBaHa acuMmnToTvMka KoddduuueHTa
MHTEHCUBHOCTU HamnpskeHMid K, B BepLIMHE TPELUMHLI MPU MAaJbIX PACCTOAHMSAX
OT Hee 0 BeplMHBbI BKIoyeHus. [lokazaHo, 4yTo B 3aBUCUMOCTH OT IapaMeTPOB
KOMITO3ULIUM TPELIMHA MOXET ObITh KaK YCTOMYMBOM (KO3(GUIMEHT MHTEHCUBHO-
ctu HanpsxeHnit K, — 0), Tak u HeycToiunBoii (K, — «). B ciydae unrepdeiica,
HMMEIOIIETO YIVIOBYIO TOUKY, TP HEKOTOPBIX 3HAUECHUSIX ITapaMETPOB POCT TPELIMHbI
MOXET OBITh HEYCTOMUYMBBIM (B OTIMYME OT IJIAAKOTO MHTepdeiica), ecau TpelnuHa
MOAXOAUT U3 MSITKOTO MaTepuaja K OTHOCHUTEJIbHO 0oJiee KeCTKOMY BKJIIOUEHUIO.
C npyroit CTOpOHbI, BO3MOXHA cUTyauus, koraa K, — 0, ecau TpelyHa npubimxa-
€TCSI U3 KECTKOM Cpellbl K MITKOMY BKJIIOUEHMIO.

KimoueBble cji0Ba: aHTUIIIOCKAs TPEIIWHA; WHTep@EIC ¢ YIIIOBON TOYKOI; KIIMHOBUIHOE BKITIOUCHUE;
YCTOMYMBOCTD TPEIMHBI

Ccpuika npu mutapoBannn: TuxomupoB B.B. Tpemmna moasr 111, mpubmkaroiasicss K yrpyromy Kim-
HOBUJIHOMY BKitoueHuto // HayuHo-texHuueckue Begomoctu CIIBITIY. ®@usuko-mareMaTuueckue Hay-
ku. T. 10. Ne 2. C. 99—109. DOI: 10.18721/JPM.10209

MODE-IIl CRACK APPROACHING TO THE WEDGE-SHAPED
ELASTIC INCLUSION

V.V. Tikhomirov

Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russian Federation

The problem on antiplane semi-infinite crack approaching to the elastic wedge-
shaped inclusion is considered. The problem has been solved exactly using the Mellin
integral transformation and the Wiener-Hopf method. The stress intensity factor
of the crack tip K, asymptotic behavior for short distances from the crack to the
inclusion vicinity was studied. Depending on the composition parameters, the crack
was shown to be stable (K, — 0) or unstable (K|, — o). Providing that the interface
has a corner point, the crack growth can be unstable (unlike the smooth interface) for
some parameter values even though the crack approaches from the soft material to a
relatively harder inclusion. Alternatively, the possibility of K|, — 0 exists provided the

crack approaching from the hard material to a soft inclusion.
Key words: antiplane crack; interface with a corner point; wedge-shaped inclusion; crack stability
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BBenenue

OaHoOM M3 BaXXHBIX MPOOJAEM MeXaHUKU
HEOTHOPOMHBIX CTPYKTYpP SIBIISIETCS ITpoOaeMa
B3aMMOJEUCTBUSI TPEIMH C TpaHUlIeil pas3ie-
na (uHTepdeiicoM) MaTepuaiioB. B mpoiecce
TaKOro B3aMMOJEUCTBUS PaCTyIUe TPELIUHBI
MOTYT OTKJIOHSATBhCS MHTepdeiicoM ¢ o0pas3o-
BaHMEM BTOPUYHBIX TPEIIMH PaCCIOCHUS WU
TIPEJIOMIISITHCS TIPY IMIPOHUKHOBESHUHN B IPYTYIO
cpeny [1, 2].

B pamkax miockoii 3amauyu, HauyuHas C
Kknaccuyeckoit ctaten A.P. 3aka u M.JI. Bu-
JbsiMca [3], Borpocy B3aMOAEHCTBUS TPEIIUH
¢ OmMaTepuaabHBIM HMHTEP(ECOM ITOCBSIIIE-
HO OoJiblIIoe yncio mmyoymkanuii [1, 2, 4 — §].
B 311X paboTax pacCCMOTPEHBI IIOCKUE TP -
Hbl KOHEUHON WU MOJyOeCKOHEUHOM IJIUHBI,
OpPHMEeHTUPOBAHHBIE TEPIIEHIUKYISIPHO WJIU
HAKJIOHHO K TIPSIMOJMHEHHOMY MHTepdeiicy.
IIpu aToM B cTathax [1, 2, 4 — 6] UCIIOIBL30-
BaJlach MOJeJb MaealbHOro MHTepgdeiica, co-
[JIACHO KOTOPOIl rpaHuIla MaTepUalOB CUMTA-
€TCH CJIOEM HYJIEBOM TOJIIMHBI — JIMHUEN, HA
KOTOpOI yIIpyrie MOAYJIM MaTepUalloB MMeE-
I0T pa3pbIBbI, a KacaTeJbHble U HOPMAaJIbHbIC
K Hell IepeMelleHMsT W HaIpsoKeHUs coxpa-
HSIIOT HemnpepbiBHOCTh. B cTtatbe [7] paccMo-
TPEeH HeuIealbHbI MHTepdelic, a B padoTe
[8] rpaHuly pasgena MOAEIMPOBAIM CIIOEM
(byHKIIMOHANBLHO-TPAAMEHTHOTO  MaTepuaia
KOHEYHOU TomuuHbl. Oco00 HEOOXOAUMO BbI-
JIeUTh CTaTbio [9], B KOTOpOM IjIs1 moayoec-
KOHEYHO! TpellrMHbl MoAbl I, mpumomkaro-
1Ieiics K uaeaibHOMYy MHTepdeiicy moayyeHo
TOYHOE pElIeHUE U OIpeaeeH MaTeprualbHbII
napaMmeTp, KOHTPOJUPYIOIIUMN €€ YCTOMYMBBIN
pocT.

J71s1 aHTUIUIOCKUX TPEIMH 3TO HaIpabJie-
HUE KCCIEeNOBAaHUI M3y4eHO B 3HAYMTEILHO
MeHblIel creneHu. Ilo-Buammomy, TepBOit
paboToil Mo maHHOW TeMaTuke Oblia CTaThbs
[10], B kOoTOpO#i paccMOTpeHa TpeulvMHa, 3a-
KaHYMBAaIOIIasCsd Ha WaealbHOM MHTepdeiice
WIK ero mnepecekatoimias. B Heli mokazaHo,
YTO ISl TPEeILMHbI, BeplIMHA KOTOPOM Haxo-
IWUTCSI Ha TpaHUIIE ABYX Pa3HOPOIHBIX MaTe-
puajaoB, CHUHIYJISIPHOCTb IIOJISI HaIpsKEHUA
HOCUT CTeTleHHOI Xapakrep. OgHAKO ee IIo-
KazaTejJb OTJMYEH OT CTaHAApTHOIO 3Haye-
Hus 0,5 m ompenmensieTcsl IEPBBIM KOPHEM
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XapaKTEePUCTUUECKOTO ypaBHEHUS. AHaIU3
HAKJIOHHOUW TpEeIIMHBI, 3aKaHYMBAIOLIECHCI Ha
NpPSIMOJIMHEHOM ~ MACaJbHOM HHTepdeiice,
npoBeaeH B pabore [11]. K. AtkuncoH [12]
MOJIyYUJ ACUMIITOTMKY HAaIpsKEHUId B BEp-
IIMHE TPEIIMHBI IIPU MAaJbIX PAaCCTOSIHUSIX IO
npsIMOIMHEHOTO MHTep(derica. ITperomiieHne
noyiyoeckoHeuHoi TpeiuHbl moasl 111 uccie-
poBaHo B.JI. KynueBbiMm [13]. AHTUIIOCKAS
TpelllMHa KOHEYHOM IJIMHBI, PacIoIOXEeHHasI
B (pYHKIIMOHAJIBHO-TPAAUEHTHOM MOKPHITUM
BOMIM3M (PYHKLUMOHATBLHO-TPAAUEHTHON IIOMI-
JIOXXKKH, paccMoTpeHa B pabore [14]. ®. Bp-
goraH [15] ycTraHOBWJI, YTO IJi TPELUMHBI,
OPTOTOHAJIBHO YIUPAIOLIEHCs B TPaHUILy JABYX
(byHKILIMOHANBLHO-TPAAMEHTHBIX  MaTepuajoB
MpU UX UIEaJIbHOM KOHTaKTe W HaIlpaBICHUM
MaTepUaIbHOTO TpadueHTa, COBIIAIAIOLIEM C
HaIpaBjeHWEeM TPEIIUHbI, ITOKa3aTelb CUHTY-
JIIPHOCTU MMeEeT Kjlaccuuyeckoe 3HaueHue 0,5.
MHbIMM cliOBaMU, TTOKa3aHO, YTO HEIPEPHIB-
HOCTb YIIPYTUX MOAYyJell o0ecIreunBaeT B 3TOM
clTydae OOBIYHYIO KOPHEBYIO OCOOEHHOCTD, Kak
B Cllyyae OJHOPOIHOIO MaTepuaa.

OcHOBHAsl MOTMBALIMSI HACTOSIIEH CTaThbu
COCTOMT B aHAIM3C BIMSIHUS OTCYTCTBUS TJIa-
KOCTHM TPaHUIILI ABYX Pa3HOPOIHBLIX MaTepHa-
JIOB, COfAEpKallleil yIIOBYIO TOUKY, a TaKxXe
pacIioNioKeHNsI TPEIIMHBI 0 OTHOIIEHWIO K
9TOM TpaHWIle, Ha CUHIYJSIPHOCTH IOJISI Ha-
MNPSDKeHUI BOJIU3M BEPIIMHBI TPEIIMHBI.

C oTol1 11eJIBI0 B paboOTe paccCMOTpeHa Mo-
JIyDeCKOHEeYHasl aHTMILIOCKAasl TpellyrHa, Mpu-
OmKammasics K KIMHOBUIHOMY BKIIIOYEHUIO.
Metogom Bunepa — Xorda noaydyeHo TOUYHOE
pelleHue 3aga4n ¥ HaliaeH KO3 GULMEHT UH-
teHcuBHOCTU HanpstkeHuit (KMH). TTonyyeHa
acumnrotuka KMH nipu ctpeMiieHMHn K HYJIIO
PacCTOSTHMSI MEXIY BEpIIMHON TPEIIMHBI M
BeplIMHON BKIoueHUs. IlokazaHo, 4TO Tpu
HEKOTOPBIX 3HAYCHUSIX MOIYJIC CABHUIa MaTe-
pHUAIOB U TEOMETPUUYECKUX ITapaMETPOB CTPYK-
Typhl noBeaeHue KMH B BepllvHe TpeLIUHBI,
HAXOISIIEMCS Ha HOOCTaTOYHO MAaJIOM pac-
CTOSIHMM OT BKJIFOUEHMSI, MOXET KauyeCTBEH-
HO OTJIMYATLCS OT CiIydas TJIagKOi TpaHUIIBI.
B oTimuune ot mpsiMoMHENHOro MHTepderica,
OTHOCUTEJIbHO 00Jiee XKeCTKOe BKJIIOUeHHE MO-
JKET CIIOCOOCTBOBATh POCTY TPEILIMHLI, a Ooyiee
MSITKOE€ — OKa3bIBaTh Ha HEE TOPMO3SIIIEe Ieii-
CTBHE.



MexaHuka

ITocTaHoBKa 32124 ¥ CBelleHHE ee
K ypaBHeHui0 Bunepa — Xomga

PaccMoTpuM TIOyOECKOHEUHYIO TpeUIn-
Hy Mmoawl III, pacnonoxkeHHyIO B MaTpulle
Q, UQ,;, BepmMHa KOTOPOM HAaxONWUTCS Ha
pacCTOSIHUM € OT BEPIIMHBI KJIMHOBUIHOTO
BimoueHns Q; (puc. 1). K 6eperam TpelunHbl
MPUIIOXKEHA CaMOYpaBHOBEILIEHHAs  Harpys-
Ka g(r). Marepuanbl BKIIOYEHUSI M1 MaTPUIIbI
CUYMTAIOTCS OMHOPOAHBIMU U U3OTPOITHBIMU C
MOIYJISIMU CIOBUTA |, U W,, COOTBETCTBEHHO.
KoHTakT Ha rpaHuiax pasiena MaTepuanaoB
MpearoaraeTcsl uaeaabHbIM.

l'eomeTpuio paccMaTpuBacMOil  yIpyrou
KOMMO3UIIMM yIOOHO OMpenessiTb AByMs Ma-
paMeTpaMu: YIJIOM pacTBOpa BKJIIOYEHUS o
(0O<a<2r) m yrioM moaxoaa TPEUIMHBI K
BKJIIOUEHUIO B, T. €. YIJIOM MEXIy HallpaBiie-
HUEM UCXOAHOMW TPELIUHBI Y OCbIO CUMMETPUU
BKJItoueHus1. OUeBUAHO, YTO

B <7 - a/2.

HN3menenue yria B npu (UKCMPOBAaHHOM
3HAUYEHUU o MPUBOAUT K MOBOPOTY BKIIIOYE-
HUSI BOKPYT €ro BepIIMHBI. Takum o0pasom,
yron B XxapakTepu3yeT B3alMHYI0 OpHEHTa-
LMIO TpellMHbI M BKModeHus. Hampuwmep,
npu B =0 3amavya OyaeT CUMMETPUYHOM. 3Ha-
YEHUSIM

Puc. 1. Cxema K TocTaHOBKE 3aJa4u: MoJyoec-
KOHEYHas TpellMHa MpUOJIMKAeTCs K BEpLIUHE
KIIMHOBUAHOTO BKJIIOYEHUS:

W, M, — MOIYJI CIBUTA MaTePUAIOB BKIIOYECHUS
U MaTpulibl; Q — 00J1aCTh BKJIIOUEHMS; Q, Q, —
00J1aCT MaTPULIbl; € — PACCTOSIHUE OT BEPLUMHBI
BKJIIOYECHUSA 0O BEPIUMHBI TPELIMHEL; oo — YrOJl pacTBOpa
BKJIIOUECHMUS, 3 — YroJI MOAXOAA TPELUMHBI K BKIIOUYECHUIO;
r, 6 — TIOJISIPHBIE KOOPAWHATHI

B =+(n-0/2)
COOTBETCTBYET MHTepdeiicHas TpeuiuHa, a
3HaUeHMSIM B =to0/2 — ciyyad, Korma Tpe-
IIMHA TOAXOAUT K BKIJIFOYEHHUIO BIOJb JTMHUU
rpaHuubl pasaena ¢as.
3agaya CBOOUTCS K PELUCHUIO YpaBHEHUN
paBHOBeCUs B KaxXIOi U3 obsacteil Q, :
2 2
ow, 1 0w, 10w

—_ — = 1
ar2 +r2 692 +r 6r O (k 13 29 3)5()

rae 7,6 — MOJsSpHBIC KOOPAMHATHL, W, — TIepe-
MEILLEHUS BIOJb OCH Z.
[Ipu 5TOM HaJATalOTCS YCIOBUSA UIEAIBHO-
ro KOHTaKTa MaTepUaJIOB:
W, =Wy, Ty, =T, TIPH 0 =B +a/2, @
W, =Wy, Ty, = To;s TIPH 0 =B — /2

(Toy = 1,r~" OW, /00 — KacaTesbHble HaNpsiKe-
HUS), @ TAKXKE YCJIOBUS HA JTMHUU TPELIMHBIL:

Topa (7, ) = T5(r, —10) = g(r)
(e <17 < w); (3)

Topo (7, ) = T45(r, —10) = ©(r);
w,(r,m) = wy(r,-n) (0 <r<g), 4)

roe t(r) — Hems3BecTHasT (PYHKIIMS.
Peurenue 3agaun vileM B BUIE UHTETPAIOB
MemmHa:

W, (1,0) = = [ W, (p,0)r "dp,
2mi g 5)
1 e
Tez}c(r> 9) = TTCiJZ)Zk(p’ 9)?‘ b ldp
L

(k =1,2,3);

pu 3TOM TpaHC(HOPMAHThI MEePEeMELICHUN U
HaIMpSDKeHUR  OTIPENEsISIIOTCST  CIISAYIOIINMU
dopmynamu:

W, (p,0) = A (p)sin p6 + B, (p)cos pb, (6)
T, (p,0) = p, plA,(p) cos p6 — B, (p)sin po]

(13 = 1,)-

BBuay YCIOBMIA DPEryJIpHOCTH PELIEHUS
mpu » -0 U F — o, KOHTYpP UHTEIPUpPOBa-
HUA L pacriosoxeH IapauielbHO MHUMOM
OCH B ITIOJIOCE

-3, <Rep<3, (5,8, >0).
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W3 ycnoBuit (3) u (4) moaydyaeM paBeH-
CTBa

Tpa (P ) = Ty (p,—m) = [T.(p) + G (p) ", (7)
—pIW,(p, ) = Wi(p,—m)] = U_(p)e’,
rae
T.(p) = [ «(ep)p"dp,
G (p) = [ &(zp)p"dp, ®)
U.(p) = [ wep. )~ W, op, ~m)lp"dp.
1 O0P

®Oyukuun G (p) u U_(p) perynsipHbl U He
WMEIOT HyJIEl B JIEBOM OT KOHTypa L MOJyIio-
ckoctu Q , a T (p) — B IpaBoil MOTYTUIOCKO-
ctu Q. [16].

IToncrasnsieM BuIpaxkeHus (6) B JieBble Ya-
ctu paBeHCTB (7) U B ycioBus (2), mpeobpa-
30BaHHbIe 110 Memnuny. [lociae uckimoyeHus
BeqMuuH A, (p) u B, (p) npuxoaum K ypaBHe-
Huto Bunepa — Xornda:

F(pIT,(p) +G_(p)] +

3aech B KayecTBe KOHTypa L MOXeET ObITb
B3sTa MHUMas ocb, a pyHkumsi F(p) umeer
BU]T

U(p)—O (pel).09)

F(p) = f(p)/Mp), (10)
f(p) = 2Asin’(np) — m” sin*((n — ) p)], (11)

A(p) = sin(2np) + 2msin(ap) cos(2pp) — (12)

— m*sin[2(n — a) p).

Ynopyrue cBOiCTBa KOMIIO3ULIMM OTpaKe-

HBI B 9TUX (popMyIax yepe3 OIHY OUYIIPYIryio
TIOCTOSIHHYIO 1

m=(u —u,)/ (1 +py) =@-D/(u+1),

e =, /K, NpeacTaBisieT co0oil OTHOCHU-
TeJbHYIO XKeCTKOCTh BKtoueHust (0 < p < o).
IIpy Bcex coueTaHUSIX MOMYJEH CHOBU-
ra MaTepuajioB 5Ta BEJWYMHA YIOBJIETBOPSIET
HepaBeHCTBY |m| <1. Ecim matepuan BKio-
YeHUS SBJISIETCS 0OJiee KECTKUM, IO CpaBHE-
HUIO C MaTepuajaoM Matpulbl, To 0 <m<1; B
IMPOTUBHOM CJiy4yae (JJisI MSITKOTO BKJTIOUEHMST)
Ouyrpyrasi IOCTOSIHHAsI JIEKWUT B WHTepBajie
-1 <m<0. 3nauenue m = (0 oTBeyaeT OIHO-
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POIHOW cpene, a 3HaYeHUsT m = £1 ompenens-
10T a0COJIIOTHO TBEPAOE BKJIIOUYEHUE U KIMHO-
BUIHBIN BBIPE3.

Pemenne ypapaenus Bunepa — Xomnga
[MpencraBum dyHkimio (10) B Bume
F(p) = po(p)/X(p),
X(p) = petg(np),
®(p) = [1 - m’ sin’[(n — &) p] sin(np)] x
x [1 + 2msin(op) cos(2Bp) sin' 2np) — (14)
— m’sin[2(n — o) p]sin”' 2np)] ™.

(13)

®daxropuszauusa ¢yHkuun X(p) ocyliecT-
BJIIETCS DJIeMeHTapHO [16]:

X, (p) I'(l+ p)
X(p) =2+ X (p)= —UHP
(p) X ()’ .(p) T2 )
_I(1/2-p)
X_(p)——m_p) ,

roe I'(x) — ramMmMma-¢hyHKIUS.

Ha MHuMoii ocu nipu p = it pyHKIus (14)
HeTIpepbIBHA, HE MMeeT HyJIell U TOJIIOCOB, ee
VHJIEKC PaBeH HYJIO, M TIPH |f| — oo OHa 3Kc-
TMOHEHIIMAJIBHO CTPEMMTCS K €NUHUIIE, eCITU

o+ 2B < 2.

[ToaToMy, B COOTBETCTBHMM C pe3yJbTaTaMu,
MOJy4eHHBIMM B pabotax [9, 16], copaBemin-
BBl paBEHCTBA

o) - 2.
CD(t)
sl

L

<D+(p)=exp{ } (p e L).(15)

C y4eToM YETHOCTH (I)yHKLlI/II/I ®(p), aHa-
qutnyeckue QyHKUMM B obnacTax Q, um Q.
MOTYT OBITh IIpeACTaBICHBI B (hopMe

®.(p)=¢ p[ Ilglci(f‘) dé}

B pesynprate wucnonb3oBaHUS (DoOpMyIT
(13) — (15), nmeperpyrnnupoBKHK cjaraeMbIX B
ypaBHeHUsIX (9), a TakKe MPUMEHEHUST Teope-
Mbl JInyBuig [16], mojayyaeM:

@, (pX ' (P)T.(p)+0,(p) =

—;—sz(p)CDf(P)X:_](P) -0.(p) =J(p),
ep

(16)
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rac

Q@%*—{Qm
p (17)

o) = ;-GD,(t)AXff‘(t)i’(f)(?;(t)-

OueHuBast 4jieHbl B paBeHcTBe (16) mpu
p — o, Tojy4yaeM, 4YTO eIMHas aHaJuThye-
ckas dyukuus J(p) = 0. Torma u3 ypaBHeHUS
(16) Haxomum

T.(p) =-X (p)@. (pO.(p).
YyurteIBas, 4To Ipu p —>

&@%ﬁigm~%

Icp 0G.(1)
T2 X ()

rojy4yaeM acumMnTotuky 7. (p) ~ —C/ \/; .

Orcroga o reopeme AdesieBa Tura [16] 3a-
KJTIO4aeM, 4TO aCUMIITOTHKA HATIPSIKEHUM TIpH
r — e¢—0 umeer BULI

(18)

(19)
F(t)dt,

w(r) ~ - (20)

¢ __c \ﬁ _1
Jn(1=p) ne—r
KoaddummeHT HHTEHCMBHOCTH HANIPSIKEHUiA

OnpenenuM Ko3(pGUIMEHT HWHTEHCUBHO-
ctu Hanpskenuii (KMH) B BepllvHe TpeLu-
HbI (OpMYJIOi

K, = 1irr_10\/2n(s —r)u(r).

Torma, ucnonbdysa acuMnToTuky (20), mo-
JlydaeM CJIeaylolyo hopMyy:

KI[I (0“9 Ba M, 8) = _\/ZC (21)

C uenblo noctpoeHus @yHKuuu I'pu-
Ha OyIeM CYMTaTh, YTO K OeperaMm TPELIMHbI
MPUIOXKEHBI CaMOYpPaBHOBEILLIEHHBIE COCPEI0-
TOYEHHbIE CWIbl T, Ha PacCTOSHUM 7, OT €€
BEpILUHBI, T. €.

g(r) = T,3(r - r;),

rne o&(r) — ngenpra-pyHkuug Jupaka, a
g < <o

Tornma, Berumcisass no dopmyie (8) pyHK-
uuio G (t), coBMewas B BbIpaxkeHuu (19)
KOHTYp MHTCTPUPOBAHUS C MHUMOM OCBIO U

WCITOJIB3YST TEOPEMY O BbIUETaX B 00JlacTy O,

corjgacHo ¢opmyie (21), OyaeM UMETh:

Ky = _K?II\/n(l —&/1y) x

o O (p)f(p) KETFW (22)
k=1 ka_(_pk )A’(pk) ’

rae
K?Il =T, 2/[7T(’b -g)]

— KO3 GUIIMEHT MHTEHCUBHOCTH HaIPSIKEHU I

(KMH) B BepimHe TpelIMHBI, HAXOISIICHCS B

HEOrPaHWMYEHHON OMHOPOMHOM Cpele; IUTPUX

03HAYaeT MPOU3BOIHYIO MO MEPEeMEHHON p, a

P, — TosioxuTesbHble Hyau QyHkumu (12).
KopHu ypaBHeHwus

A(p) =0

pacrionoxkeHHble B mojioce 0 < Re p <1, nme-
TaJILHO TIpoaHaJu3upoBaHbl B padore [17].
YCcTaHOBIIEHO, YTO B 3aBUCHMOCTH OT TIapame-
TPOB KOMITO3ULIMM o, U m, ypaBHeHUe (23)
B OTOM IIOJIOCE MOXKET MMEThb OOWMH KOPEHB
p, <0,5 vnum p, > 0,5, a Takxke 1Ba KOPHSI:

(23)

0<p <0,5<p <10
W
0,5<p <p, <1,0.

Ha puc. 2 mokazaHbl o0sacTi M3MEHEHMS
VIJIOBBIX ITapaMeTPOB, MPU KOTOPHIX MEPBBI KO-
peHb ypaBHeHUS (23) OymeT Oobllle MM MEHb-
e 0,5 w1t oTHOCUTEIbHO kecTkoit (0 < m < 1)
i MaTkoit (-1 < m < 0) cpenpr 1.

W3 mpencraBieHus (22) BBITEKAaeT acUM-
nrotuka KMH npu ¢ — 0 :

Ky ~ _K?l] (I - 5/"0) X

X(DFAV@J(ETQS (24)
) .

p] X? (—[71 )Al(p1

Takum o6pasom, nosenenue KWUH npu
MaJIbIX PACCTOSTHUSIX OT BEPIIMHBI TPEIIWHBI
JI0 BEPIIMHbBI BKIIOYEHUS OTPENessieTCsl BEIU-
YUHOM TepBOro KOpHS ypaBHeHuUs (23).

Bo3MoxHBI cienytoiye Tpyu BapruaHTa Mpu
e—>0:

ecia p, < 0,5, 10 K;;; > ;

eciu p, > 0,5, 10 K, > 0;

eciu p, = 0,5, To K,, — const.

ITono6Hoe moBeaenne KMH mns tpeiu-
Hbl Mojabl [, mpubauxkarouieiics K rpaHuUle
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a
) 8
o
I B=arccos (/m cos a/2)
3n/4 T -
-~
-~
i ~
pp <172 P
2 T P
”
i P
-7 n>2
/4 T -
. } . ; } . o
0 /2 3n/2 21
b)
r
p, > 12
3n/4 T
r =
—
—
-
2 T B=arccos (/m cos 0./2)
~ -~
4 ~ -~
Py <12 e
/4 T
| i f | |
t T t t T t a
0 /2 31/2 2n

Puc. 2. Obnacti u3MeHeHUs YIJIOB o U 8, B KOTOPBIX NEPBLINA KOPEHb p, ypaBHEHUA A(p) = 0
MTOJTyYaeTCs MEHBIIMM WX 0oabiuM 0,5 11t 3KecTKOTO (@) 1 MITKOro (b) BKITIOUCHUI

paszmesia MaTrepuajioB, OTMEYajoch B paborax

[1, 5, 9].

B ciyyae cuMMeTpUUYHOI CTPYKTYPHI Xa-
PaKTepUCTUYECKOE YpaBHEHHWE IPUHUMAET
BUI

A.(p) = cos(np) + mcos[(n—a)p] =0

u umeer B mHTepBaie (0, 1) eaAMHCTBEHHBIN
kopeHb. [lpu stom miast m >0 3TOT KOpeHb
npesbiaeT 0,5, a wig m < 0 JIEKUT B UHTEP-
Bae 0 < p, <0,5.

Otclofa BbITEKAeT, YTO €CJU TPellMHa MpU-
omxaeTrcs K 0ojiee msarkoii cpeae, To KUH B
ee BepIlIMHEe HEOTpaHUYEHHO pacTeT U, CAel0-
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BaTeJIbHO, TaKasl TPElLIMHA SIBJISIETCSI HEYCTOM -
yuBoil. Eciu xe TpelrHa, HaXoAsICh B OoJiee
MSITKOM cpele, MOAXOOUT K 0ojiee XKECTKOMY
BrmoueHno, To KMH craHoBuTCS McUye3aro-
11Iee MaJIbIM, T. €. XKECTKOe BKJIIOUEHHE TOPMO-
3UT Pa3BUTUE TPEILIMHBDI.

Ha puc. 3 noka3aHa 3aBUCMMOCTb HOpMa-
nmuzoBanHoil Bemuunubl KUH N = K, /K],
OT OTHOCHUTEJIBHOTO DACCTOSIHUS &/, IS
JKE€CTKOTO M MSITKOTO BKJIIOUEHUIA.

[IpuBeneHHbIE JaHHBIE ITOKA3bIBAIOT, UTO
KOrjga TpelllMHa HaxoAuTCs B MSTKOM MaTe-
puane (puc. 3, a), kKo3h ULUEHT UHTCHCUB-
HOCTM HarmpsbkeHuil Mmenbiie, yemMm KHWH B



‘ MexaHuka
a
) N
1.0
7
0.8
2
0.6
0.4 3
0.2 T T T T T T T I
0.0 0.2 0.4 0.6 0.8 ¢/r
b) N
3.6 1
3.2
2.8
2.4
2.0 3
1.6 2
1.2 1
] 7
X T d v T d T
0.0 0.2 04 0.6 0.8 8//'0

Puc. 3. 3aBucumocts HopMmanu3zoBaHHON BequunHbl KMH B BepiiivHe TpelIMHbI, TpUOIMKaIOLIEics
K XecTKoMy (U = 4) (a) u markomy (u = 0,25) (b) BKIITOUSHUSIM, TIPH PA3TMYHBIX yIJIaX o €T0 pacTBOpa

u B = 0, OT OTHOCUTEJILHOTO PACCTOSHUS &/7,; o =

OIHOPOIHOI Cpene, U OH CHUKACTCS C YMEHb-
LIEHWEM PACCTOSIHUSI OT BEPILIMHBI TPEIIMHBI
o nHTepgdeiica.

Ecnu ke TpellmHa HaXOAUTCS B XKECTKOM
matepuane (puc. 3, b), To 3aBucumoctb KMH
OT OTHOCUTEJBHOTO PACCTOSHUS ITPOTUBOIIO-
JoxHast. AHanornuyHoe usmeHeHue KHWH B
IUIOCKOM 3ajaye C MPSIMOJMHEHHBIM HMHTEP-
(eiicoM OBLIO IMOJIyYEHO HAa OCHOBE YMCJICH-
HO mpoueaypsl B padote [18].

n/2 (1), m (2), 3n/2 (3)

B ciiyuae HeCHMMMETPUYHOI CTPYKTYpBI
(B = 0) moemenne KMH mpu Manbix & oka-
3bIBACTCS HE CTOJIb OJHO3HAYHBIM.

Ecnu  yron  pacTtBopa  BKJIIOYEHWMSI
a € (m,2n), 1o 3aBucumoctb KMH or ¢/,
OyzneT aHaJorM4yHa CUMMETPUYHOMY CJIydalo,
T. €. JUISl 3KECTKOT'O BKJIFOUEHUSI POCT TPEILMHBI
Bcerga OymeT YCTOMYMBBIM, a IJIs MSITKOTO —
HEYCTOMYMBBIM.

Ecnu TpemHa npuOaMIKaeTcs M3 MSIT-
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1.2 4

1.0 1

0.9 4
0.8

0.7 A

0.6 T T T T

0.0 0.2 0.4

b)

1.6

1.2

0.6 08 ¢&n

1.0 1

0.0 0.2 0.4

0.6 08 ¢&n

Puc. 4. 3aBucumoctn HOpMann3oBaHHOU Beymunabl KMH B BepimmHe TpeluHEL,
npuoIXKaroLeics K xectkomy (U = 4) (a) u Markomy (i = 0,5) (b) BKIIOYESHUSIM
C YIJIOM pacTBOpa o = 7/2 W pa3INuHbIX 3HAYEHUSIX yTJia B, OT OTHOCUTEJLHOTO PACCTOSTHUS

e/1y; B =n/4 (1), n/2 (2), 2m/3 (3)

KO# cpelbl K XK€CTKOMY BKJIIOUEHMIO C YIJIOM
0 < o < m, TO TIpM BHITIOJITHEHWH HEPaBESHCTBA

(25)

XapakTepucTuueckoe ypaBHeHue (23) o00s-
3aTeJIbHO MMeeT mepBbiii KopeHb p, < 0,5 u,
cienosatesnibHO, K, — o npu ¢ — 0.

B ciyyae HapylieHuss 5TOro HepaBeH-
ctBa K,;;, >0 npu ¢ - 0, u TpewnHa Oyzaer
ycTorunBoii. Ecim ke TpemuHa Mpuodamka-
€TCS U3 XKECTKOM cpelbl K MSITKOMY BKJIIOUE-

cosp > mcos(a/2)
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HUIO, TO CUTyalusl OyleT TMPOTUBOIOJOXHO:
Npu mapaMeTpax KOMITO3ULIMU, YIAOBJIETBO-
pSIIOIIMX HepaBEeHCTBY (25), TpellldHa HMeeT
YCTOMYMBBINM POCT, a MPU IapaMeTpax, Koraa
HepaBeHCTBO (25) He BblNonHseTcs, K,, — ©
npu ¢ — 0, U pocT TpelIMHBI OyAET HEYCTOM-
YUBBIM.

DTU BBIBOABI MPOWLIIOCTPUPOBAHbBI IS
JKECTKOTO M MSTKOTO BKJIIOYEHMI Ha puc. 4
(kpuBble 2 u 3 Ha puc. 4, a, XpuBasg 3 Ha
puc. 4, b).



MexaHuka

CHHIYJIIDHOCTb HANIPSKEHHIA
B YIJIOBOil TOYKE BKJIIOYEHHUS

Ha ocnose paBeHcTB (7) M1l HanpsiKeHU
Ha JIMHUM TPEIIMHbI UMEEM:
T (r, = 0) = 1, ,(r, -1+ 0) = 7, (r) =
1 PN\ (26)
e LA R L
iy €

Ucnonwdysa dopmyasr (13), (15), (17) n
(18), monyyaem paBEeHCTBO

T.0)+G () = s D),

C y4yeTOoM 3TOro MpeacTaBieHUs, Hamps-
KeHus (26) MpUHUMAIOT BUI

o LA X (0)Q.(p) (1) . (27
D=2l e ) PP

Ha ocnoBe ¢opmyasl (11) mpeacraBum
XapaKTepUCTUUECKOE YpaBHEHUE, OIpeaessio-
11ee MOJIIOCHI MOJABIHTErpaIbHON (DYHKIWUU, B
clIeyIoleM BUIe:

f(p)=2f"(p)f (p) =0,
J*(p) = sin(np) = msin[(x - o) p].

ITockonbky Tipu 3amMeHe m Ha —m (PyHK-
uusa f(p) mepexoaut B f (p), AOCTAaTOYHO
paccMOTpeTh, HalpuMep, TOJIbKO KOPHU ypaB-
HEHMUS

f(p)=0. (28)

KpOMe TOI0, UMECT MECTO CJICAYIOLICEC pa-
BCHCTBO!

f+(pa -m, 2n — (X,) = f+(pa m, OL)'

Orcroma BBITEKAeT, 4TO HEOOXOIMMO IIPO-
aHaJIM3UPOBATb KOPHU ¢, ypaBHeHUs (28),
HaIlpuMep, TOJBKO UISI MSTKOTO BKITFOUCHMS
(m<0) npu 0 <a <n Torga 3HauyeHUsT KOp-
Hell TS XeCTKOro BkyodeHus (m > 0) mosmy-
4aloTCsl C MIOMOILBIO 3aMEHBI o, Ha 27 — oL

AHanmM3 T0Ka3bIBaeT, 4To ypaBHeHUE (28)
umeet B uHtepBajie (0,5, 1,0) eqnHCTBEHHBII
BEIIECTBEHHBIM KopeHb npu 0 <o <m mJs
cJIy4ast MSITKOIO BKJIIOUCHMST, UTIPU T < o < 27
IUISL CITydasl 3KeCTKOTO BKITIOUCHUSI.

Jlajnee cOBMEILIAEM KOHTYpP MHTEIPHUPO-

BaHUSI B BbIpaxXeHUM (27) ¢ MHUMOI OCBIO,
MPUMEHSIEM TEOPEMY O BBIUCTAX U YUYUTHIBAEM,
YTO TMOJIOCHI TOABIHTETPaIbHOM (YHKIIUM B
oblacT ) OIpEHesAIOTCS OTPULIATCILHBIMU
nynamu pyakuun f(p). Toroa momydum cie-
JyIolllee BhIPaKCHUE:

& A X (<1)0 (1) ()
OS2 e ) o

OueBMOHO, YTO ACHMMIITOTMKA HampsoKe-
Huii mpu r — 0 omnpeaensieTcss MEPBBIM Yjie-
HOM psiaa (29), T. €. IEpBBIM ITOJ0XUTEIbHBIM
HyneM ¢pyHkuuu f(p). B ciiygae koMmo3ummmn
HecuMMmeTpuuyHoro ctpoeHusi (B = 0) cuH-
TYJSIPHOCTh HAIpsSDKeHU B YIJIOBOM TOYKE
BKJIIOUEHUS SBJISIETCS CNTA00OW U UMEET MECTO
npu J1000M 3HAYEHUU o # T U JI0OON OTHO-
CUTEJIbHOU XecTKoCcTH p # 1.

ITockoabKy (yHKIMS, BXoasllas B MH-
terpan (27), B CMMMETpUYHOI 3amade (Korma
B = 0) NpuHUMaET BUI

A(p) _ cos(mp) + mcos[(n — a)p]

f(p) sin(np) + msin[(n - a)p]
CUHTIYJIIPHOCTb HampskeHuit mpu » — 0 Bo3-
HUKAEeT TOJILKO TOTIa, KOTAa YroJi, onpeness-

IOLMIA 001aCTh ¢ 60JIee KECTKUM MaTepraioMm,
npesbiiiaeT 180°.

3aKkioyenue

B cTaTthe Ha OCHOBE MHTETPaJbHOTO Mpe-
obpazoBaHusi MennauHa U Metoaa BuHepa —
Xora 1monydeHO TOYHOE pelleHue 3amauu
00 aHTUILJIOCKOM TpELIMHE, MPUOJIMKAIOLLICH -
Ccsl K BeplIMHE KJIMHOBUAHOIO BKJIIOUEHUSI.
ITpoaHanu3MpoBaHO MOBEAECHUE KOIPPUIIM-
€HTa MHTEHCHUBHOCTU HANpPSIKEHUN B Bep-
IIMHE TPELIUHBI MPU YMEHbILIEHUU PACCTOS-
HUSI 00 BepliMHB BKiIoueHus. [lokasaHo,
4YTO, B OTJIMYME OT CJIyyasl IJaJKoW rpaHUIIbI
pasaena MaTepuajoB, IPU HEKOTOPBIX 3HA-
YEHUIX MapaMEeTPOB KOMITO3UIIMW TpelrHa
MOXET OBITb HEYCTOWYMBOM IS KECTKOTO
BKJIIOUEHUSI U YCTOMYMBOM, €CJIM BKJIIOYE-
Hue Msrkoe. KcciemoBaHa CHUHIYJISIPHOCTh
HamnpsS>KeHU B YIJOBOU TOYKE BKIIOYEHMS
M MOKa3aHO, YTO 3Ta CUHIYISIPHOCTh MOXKET
OBITh TOJIBKO CJTabO¥A.
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The paper puts forward a modification of the no-boundary Hartle-Hawking
wave function in which, in the general case, the Euclidean functional integral can
be described by an inhomogeneous universe. The regularization of this integral is
achieved in arbitrary canonical calibration by abandoning integration over the lapse
and shift functions. This makes it possible to ‘correct’ the sign of the Euclidean action
corresponding to the scale factor of geometry. An additional time parameter associated
with the canonical calibration condition then emerges. An additional condition for
the stationary state of the wave function’s phase after returning to the Lorentzian
signature, serving as the quantum equivalent of the classical principle of the least
action, was used to find this time parameter. We have substantiated the interpretation
of the modified wave function as the amplitude of the universe’s birth from ‘nothing’
with the additional parameter as the time of this process. A homogenecous model of
the universe with a conformally invariant scalar field has been considered. In this case,
two variants of the no-boundary wave function which are solutions of the Wheeler-
DeWitt equation have been found.
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PEFYJIAPU3ALLIUA BOJIHOBOU ®YHKLIUU XAPTJIA - XOKUHTA
H.H. FTopo6ei, A.C. JlyKbIHEHKO

CaHkT-lNeTepbyprckui nonmMtexHnueckmm yHuepcutet [lletpa Benukoro,

CaHkr-lNetep6ypr, Poccuiickas Penepaums

[Mpennoxena moaudukanus HeorpaHWYeHHOU (no-boundary) BosHOBOM (DyHK-
uuu Xaptia — XOKUHTa, B KOTOPOii, B 00LLEeM cilyyae, eBKIUI0B (hyHKIIMOHATbHBIN
WHTETpaJl MOXHO OTIPeNe/NTh HeomHopomHoU BceenmenHoit. Perymspusamus atoro
MHTETpajla JOCTUIaeTCsl B IIPOM3BOJIbHOM KAHOHMYECKON KaJIMOpPOBKE OTKA30M OT
WHTETPUPOBAHUS 110 (DYHKITUSM CJISIOBAHUS M CABUTA. DTO MO3BOJISIET «MCITPABUTH»
3HaK e€BKJIMIOBA JEeHCTBUS, OTBeUalollero MaciuTabHomy dakTopy reomerpuu. Ipu
9TOM BO3HUMKAET IOIOJTHUTEIBHBIN TapaMeTp BpeMEeHU, CBSI3aHHBIA C KaHOHWYE-
CKMM KaJMOpOBOYHBIM yCIoBHeM. ISl HaXOXIEHMSI 3TOTO MapaMeTpa BPeMEHU KC-
MMOJTb30BaH KBAHTOBBIN aHAJIOT KJIACCUYECKOTO TPUHIIMITA HAUMEHBIIIETO JeMCTBUSI.
WM city>XuT 1ONOJHUTENIBHOE YCIOBUE CTALIMOHAPHOCTU (a3bl BOJTHOBOW (DYHKIIMU
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(GULMPOBAHHOM BOJHOBOM (DYHKIIMU KaK aMILIUTYAbI poXXKIeHUsT BceneHHOM U3 «HU-
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Introduction

The Hartle-Hawking no-boundary wave
function of the universe [1, 2] is a unique
construction in quantum cosmology which has
been put forward to describe the early stages of
the universe evolution. It is possible that this
function describes the whole universe evolution
defining the probability measure on classical
spacetimes [3]. But the problem is that, in the
general case, it has been ill-defined [4] out of the
scope of the semiclassical approximation, since
the Euclidean action of General Relativity (GR)
is not positive-definite. A negative contribution
to the action is related to the conformal scale
factor of geometry [5].

In the present paper we propose an
adaptation (by integral regularization) of the
Hartle-Hawking no-boundary wave function
that allows to avoid the mentioned difficulty.
Moreover, we put forward another physical
interpretation of this regularization, namely, this
selected state of the universe will be considered
as initial, without any dynamical subject-
matter. The dynamics can be formulated
separately using the ordinary GR Hamiltonian
with the Lorentzian signature. This is due to
the fact that the proposed adaptation violates
the initial covariance of the Hartle-Hawking
formulation, and the obtained wave function
will not generally be a solution of the Wheeler-
DeWitt equation.

In order to determine this selected state
within the Hartle-Hawking no-boundary
formulation we propose to make (at our will)
the change of the sign of the negative term in
the Euclidean action of GR (subsequently as
“Euclidean GR”).

Our first comment is that the sign will be
restored afterwards. But this change is fraught

with consequence: classical constraints of the
Euclidean GR become unsolvable in the real
range of variables’ values.

This means that integrating over the lapse
and shift functions in the continual-integral
representation of the no-boundary wave
function becomes meaningless. Because of this,
we simply fix these variables up to the next stage
of our regularization procedure. In this way the
Euclidean no-boundary wave function appears
to be determined in a relativistic canonical
calibration with a fixed Euclidean interval of
time (it is arbitrary so far).

After integrating over all physical degrees
of freedom, it is necessary to restore at once
both the initial negative sign of the Euclidean
action related to the conformal scale factor and
the Lorentzian signature of the whole action
by the Wick rotation of the Euclidean time in
the opposite direction at the complex plane.
As a result, the Euclidean no-boundary wave
function will become complex. The final step
of our regularization is fixation of the time
parameter governing the wave function in
addition.

For this purpose we propose to use the
additional condition of the wave-function’s
phase stationary state relative to variations of
the time parameter. The condition of the phase
stationary state is a quantum equivalent of the
classical principal of the least action in the GR.
The equations resulting from this condition
fix the lapse and shift functions. Solving the
stationary equations, we determine the no-
boundary wave function of the universe up to a
constant multiplier.

In the present paper, we consider this
regularization procedure in the case of a simplest
minisuperspace model of the universe with a
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conformal invariant scalar field. Although this
example is far from an appropriate description
of reality, it is suitable for its simple model
[6]. In our framework the resulting regularized
no-boundary wave function will be a non-
trivial solution of the Wheeler-DeWitt (WDW)
equation of the model, and so it will be
stationary.

Minisuperspace with the conformal invariant
scalar field

In the case of the homogeneous Robertson-
Walker metric (Euclidean signature) which has
the form

ds’ = 6’[N*(v)d7* + a*(1)dQ3], (D)

where o’ = (2 /3n)m,, and dQj is the metric
of the 3D sphere with the unit radius, and the
conformal invariant scalar field ¢(t), the clas-
sical action of GR may be written in the form
of Ref. [6] as follows:

I=1,+1, Q)
et (1 da)
Ia :—EE')-dTN|:[ﬁEJ +a }, (3)

1 - ld\y2 )
[ =—[dN|ll =22 + 4
¢ 2'([T I:(Ndrj v @

where N = Na, v = ({2 /n)ac.
The Wheeler-DeWitt equation of the model
has the form

1 o(,0 , 0 2
L L e - 2 W (a,0)=0.(5
LP oa (a aaj . oy’ T (@) )

We have introduced a regularization pa-
rameter ¢ in Eq. (3) whose “normal” value
is +1. Further, for simplicity we will take the
parameter of operator ordering p = 0.

Following Ref. [3], let us consider the con-
figurations of the scale factor a on a disc with
boundary conditions: a(0) = 0 (the South Pole)
and a(l) = b at the final spatial section.

For the initial configurations of the con-
formal scalar field ¢ at the South Pole let us
consider two cases:

(i) ®0)=0 (wyis smooth in the South
Pole);

(i) ¢(0)=0 (¢ is smooth in the South
Pole, but y(0) =0).
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Indeed,

T

W(t) o d + ap = T (Ina)y +ad. (6)

It follows from here for the second case:
vy o @ in the limit 1 — 0.

In both cases we take (1) =y at the final
spatial section. Since the integration over the
(renormalized) lapse function N(t) will not be
performed from this point on, we obtain the
dependence of the universe’s state at the final
spatial section on an additional real Euclidean
time parameter C:

C= jdtN(t). (7)

In the ordinary covariant quantum theory,
the integration over the interval C e [0,) with
corresponding measure is supposed [7]. We
have chosen another possibility: this parameter
will be fixed by the QAP at the final stage of
our definition of the no-boundary wave func-
tion of the universe.

Regularization of the Hartle-Hawking
no-boundary wave function

Let us consider a functional integral over the
field configurations (a(t),y(t)) with the given
boundary values at the final spatial section (b, y)
and the corresponding smoothness conditions at
the South Pole (setting here 7 =1):

¥(b,1,C) = [ DaDyexp(-1). ()

For the integral (8) to be finite we set the
regularization parameter & equal to —1 at this
stage. Then the Gauss integral (8) can be cal-
culated without effort. The following simple
example illustrates the regularization procedure
proposed here (for £ =1):

|, drexp(ex?) = im0

J-€

The only irritant in our regularization pro-
cedure is an occurrence of the constant multi-
plier (=i)*, which arises in Eq. (8) after inte-
gration over a(t). But this multiplier does not
depend on the dynamical variables, so it can
be omitted.

Notice that the regularization parameter &
in the integral (3) can be inserted into the lapse
function N(t), so that we derive two indepen-
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dent variables Na(T),N¢(T) and, correspond-
ingly, two parameters C,,C, which should be
identified at the final stage.

Let us consider the results of integration in
two cases mentioned above.

In the former case (i) the Gauss integral
(8) equals

(=)" exp(=1)), (10)

where the action in the exponent is calcu-
lated on the classical trajectory (a,(?),y,(?)),
t €]0,C] with the corresponding boundary
condition:

b X
(1) = ——sht, y.(r) = —~%—cht. 11
a,(1) shCS > vi() chCC (1)

As a result, the action is equal to

I - %(—gbzthc +y2cthC).  (12)
In the latter case (i),
b x
(1) = ——=sht, v, (1) = —%—sht 13
a;(1) e’ > v, (7) she She (13)
and
I, - %(—gbz +)hC. (14)

Let us now restore the “normal” value of
the regularization parameter § = +1, and return
to the real time C =iT. As the result, the Eu-
clidean action in the exponent of formula (10)
becomes an imaginary phase function, which
defines a real phase which we consider as a
quantum action corresponding to the birth of
the universe. In the former case (y is smooth
in the South Pole) the quantum action is

S = %(b2th +x*ctgT). (15)

At the last step in our definition of the wave
function, we fix the time of birth 7 using the
additional condition of the extreme value of
the quantum action:

oS, b x

e 2 - . 2 = 0’

oT cos"T sin°T
from which

(16)

er =%, (17)

The solution of Eq. (17) can be interpreted

as the time of the universe’s birth in the inti-
mated state from “nothing”. The correspond-
ing stationary value of the quantum action is

S, =by. (18)

1
It is easy to check that the stationary wave
function

¥, = Aexp(iby) (19)

is one of the solutions of the WDW equation
(5) with p=1.

In the latter case (¢ is smooth in the South
Pole) the corresponding quantum action is

Sy =3B el Q)

The condition for it to be stationary with
respect to the variation of the time of birth 7'
implies —b* +y* = 0.

Therefore, the stationary wave function
would be taken as

Wi = AS(bZ - Xz)- (21)

It is also a solution of the WDW Eq. (5).
The time of this state’s birth is not defined.

Conclusion

In the present paper a regularized definition
of the universe’s Hartle-Hawking no-boundary
wave function being divergence-free has been
proposed. The regularization was achieved
by abandoning integration over the lapse and
shift functions, the wave function being in
the functional-integral representation. This
adaptation violates the covariance of the
initial theory, so in general, the obtained wave
function is not a solution of the Wheeler-
DeWitt equation.

This procedure can be interpreted as a
complex amplitude of the universe’s birth from
“nothing” with the time parameter not defined
yet. Considering the phase of the complex
amplitude as a quantum equivalent of the
classical action, at the last step in our definition
of the wave function we proposed to fix the time
of birth 7 using the additional condition of the
parameter extremum of the quantum action.

In the present paper, two variants of initial
conditions (conditions of smooth) for the scalar
field were considered for the uniform model of
the universe with the conformally invariant scalar
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field. The no-boundary wave functions of the
universe were obtained in the both cases. These
functions were solutions of the WDW equations.

Hence, both solutions have turned to be
stationary for the simple model of the universe

considered here.
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ON THE INITIAL STATE OF THE UNIVERSE IN THE THEORY
OF INFLATION
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A toy quantum model of the inflationary universe is considered in which the
role of cosmic time is played by the inflaton scalar field (its logarithm). Based on a
variant of the positive energy theorem in General Relativity for the case of a closed
universe, a strictly positive energy of space is introduced. The principle of minimum
of the energy of space is proposed which determines a ground state as well as the
excited states of the universe in quantum cosmology. According to this principle, the
Beginning of the universe does exist as a state of minimal excitation of the energy of
space. The initial proto-inflation quantum state of the universe is defined as a state
of minimal excitation of the energy of space provided that the potential energy of the
inflaton scalar field is large at the Beginning. Simultaneously, quanta of space energy
excitation are introduced and the expansion of the universe can be considered as the
birth of these quanta. Quantum birth of the ordinary matter becomes significant when
the potential energy of the inflaton scalar field comes down to zero value.
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PaccMoTrpena kBaHTOBass Moaeslb MHQISIIMOHHON BceneHHOit, B KOTOPOil poJib
KOCMHMYECKOTO BpPEeMEHU UTpaeT MH(MJIATOHHOE CKaJISIpHOE Iojie (ero jorapucdm).
Ha ocHoBaHuMM BapuaHTa T€OPEMbI ITOJIOKUTEIBHOCTM 3HEPrMU B OOIIEil Teopuu
OTHOCUTEJIbHOCTU IS CJIydasl 3aMKHYTOM BceleHHO#T BBOAWTCS CTPOTO ITOJIOXKM-
TeJIbHAsl SHEPrusl MmpocTpaHcTBa. [IpemioxeH MPUHLIUI MUHMMYMa 3TOM DHEPTrUU
JUISL OompenejeHUuss OCHOBHOIO M BO30YXIEHHBIX COCTOSIHWMI BcejleHHOI B KBaH-
TOBOI KocMmosiornu. CoTiacHO 3TOMY TIPWHIIUITY, CYIIECTBYeT Hadaysio BceieHHOit
KaK COCTOSSHME€ MWHMMAJIbHOTO BO30YXIEHMSI DHEPruu mnpocrpaHcTBa. HauanbHoe
KBaHTOBOE cocTOsiHMe BceseHHOI nepen MH@IIsALIMEN onpenensieTcsl Kak COCTOSIHUE
MWHUMAJIBHOTO BO30Y:KIEHUSI IMPOCTPAHCTBA TIPU YCIIOBUU, YTO MH(MIATOHHOE CKa-
JISIPHOE T10JI€ MMeeT OO0JIbIIIYIO MOTeHIMAIbHYI0 SHEPIUIO B CBOeM Hauajie. Bmecte ¢
OCHOBHBIM COCTOSIHMEM BBOJISITCSI KBAHTBI BO30YXXICHMSI SHEPIMU IIPOCTPAHCTBA, TaK
YTO paciimpeHne BeeleHHO MOXET paccMaTpUBaThCS KaK POXICHUE KBAHTOB BO3-
OyxneHus. KBaHTOBOe pokIeHUE OOBIYHOIM MaTepUM CTAHOBUTCSI CYLUECTBEHHBIM,
KOI/a IOTeHILMAlIbHAs SHePrusl MH(GIATOHHOIO CKAJISIPHOTO ITOJIS TafaeT 10 HyJIs.
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Introduction

The modern cosmological paradigm includes
(as an inevitable part) the existence of an infla-
tion stage with the exponential expansion of
the universe [1 — 4]. A quantum epoch takes its
own place substantially at the beginning of the
universe in just the same way. Inflation theories
do not explicitly specify the initial state of the
universe and its size before the inflation. For
instance, the inflation may be supposed to be-
gin exactly following the quantum epoch with
the Planck initial size [5]. On the other hand,
in different quantum theories of the Beginning
[6, 7] the classical inflation stage is considered
as a natural continuation of the history of the
universe. According to the Vilenkin tunneling
theory [6], the de Sitter stage of the exponen-
tial expansion of the universe is sewn together
with the de Sitter instantion at a definite radius
determined by a vacuum energy density p, in
the framework of the Grand Unified Theory.
In order to accommodate the tunneling theory
with inflaton theories where an effective scalar
field (inflaton) is present, the vacuum energy
density should be identified with an initial val-
ue of the inflaton potential energy. In Ref. [§],
the classical stage of the inflation in the quasi-
classical approximation of the Hartle-Hawking
no-boundary wave function of the universe was
obtained as well.

In both approaches the dynamics of the
scale factor of the universe at the inflaton stage
was considered as a classical one. However,
quantum effects, for instance, the ordinary
matter creation, are important at the final stag-
es. This also concerns the dynamics of the scale
factor of the universe. In order to formulate
quantum dynamics of the scale factor, a cosmic
time should be defined in the quantum uni-
verse. In Ref. [9], a canonical time parameter
related to the slow-rolling inflaton scalar field
was introduced in the minisuperspace model of
the universe. As a result, the Wheeler-DeWitt
(WDW) equation for quantum geometry [10]
took the form of the Schrodinger equation with
that cosmic time. This equation implies the ex-
ponential growth of the average volume of the
universe, provided the initial state of the scale
factor is a Gauss wave packet. The width of
the packet is an arbitrary parameter in that ap-
proach.
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In the present work a principle of minimal
energy of space is used in order to determine
the ground state of the universe and to fix the
width of the initial wave packet.

In fact, in recent years a heated argument
based on the chaotic theory of inflation [11]
has developed on the debated topic wheth-
er there was a beginning of the universe or
whether it did not exist at all [12, 13]. Taking
into account the positivity of the energy of
space in a closed universe [14] we have come
to conclusion that a ground state with mini-
mal excitation of the energy of space does
exist and it can be taken as a Beginning of
the universe. At the same time, the ground
state is a state of maximal (Planckian) vac-
uum energy density. It is similar to Planck
energy density in the loop quantum gravity
[15], which serves as a “quantum bridge” be-
tween large classical universes, one contract-
ing and the other expanding. The minimal
energy principle was used first for definition
of the ground state of the universe in Ref.
[16]. Notice that this state is not stationary
and evolves with time. For instance, it admits
quantum fluctuations in which a universe
with high initial value ¢, of the inflaton sca-
lar field may be nucleated. The space energy
in such a proto-inflation quantum state re-
mains minimal admitted by the Hamiltonian
constraint in a closed universe.

In this paper we propose a toy model for
determination of the proto-inflation quantum
state of the universe and its subsequent quan-
tum dynamics on the condition that a cosmic
time related to the inflaton scalar field is intro-
duced [9]. Together with the initial ground state
of space, excited states are introduced as well,
in terms of which the exponential expansion
obtained in Ref. [9] is represented as quanta
of space birth. It is pertinent to note that these
quanta are not the same as those of a spatial
volume obtained in the loop quantum gravity
[17]. Here, we call quanta the excitations of
the space energy.

Minisuperspace quantum inflationary model
of the universe

Let us consider a homogeneous Friedman-
Robertson-Walker (FRW) model of the universe
with the metric
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ds* = NX(t)dt* — a*(t) x
x (dy* + sin’x(d0” + sin’0d¢?)),

and a scalar field ¢ with the four degree po-
tential

(1)

V(9) =nrp* /4
described by the action

1 =J‘d{i[d2—a—aNj—,
2¢\ N
s £
2N 4 )|

Here N is the lapse function [18], a is the
scale factor of the universe, g =2G /3rn (G is
the Newton gravitational constant).

By varying the action / with respect to the
lapse function N, we obtain the Hamiltonian
constraint equation

2
H:l(&Jﬁj_
2\ a g

()

where p, and p, are canonical conjugate mo-
menta to a and ¢, respectively.

In conventional quantum theory Eq. (3) is
replaced by the WDW equation for a quantum
state

~

Hy =0
with

p,~ (0 /D)o [oa, p,— (h /i) [0h.

A problem of ordering of non-commuting
multipliers (in the first round brackets) will
arise in the definition of the operator H. It
will be solved below.

We are interested in the slow-roll regime
with the slowly varying scalar field ¢. So, we
shall consider the momentum

p, = 20a* & ¢ (4)

to be small, and, followmg Ref. [9], replace
the kinetic energy of the scalar field in the
constraint (3) by

-3 E¢P¢- ®)

Then, a formula

t= 3[ nd . (6)
Aod

gives an appropriate canonical time param-
eter [9], where ¢, is an initial value of ¢.

According to Ref. [9], let us choose the fol-
lowing prescription for the operator ordering:

P 2 1 61 0 , &
< —h s 7
\/_6a\/_8a ox? )

where the new variable
x =42 /3)a’?,

being a square root of the volume V /2z?, will
be considered as arbitrary real x € (—o0,0).
Now, according to our choice of the cosmic
time (6) which is canonically conjugate to
the kinetic energy of the scalar field (5), the
WDW equation in the slow-roll regime can be
replaced by the time-dependent Schrodinger

equation:
oy 1 2 o 27“1)2(’)9 2
—ih— == — - 2pt /=== , (8
" 2{ g v ®
where
t 1 A
o) = o™, p== |~ )

3\g

Here, following Ref. [9], we have neglected
the spatial curvature term in Eq. (8).

Proto-inflation quantum state of the universe

Of concern to us is the quantum state of
the universe at the moment ¢ = 0 of the cosmic
time, when the inflaton scalar field takes its
maximal value ¢,. In the classical theory, the
initial proto-inflation scale factor of the uni-
verse should be taken as the end point of the
Vilenkin tunnel path determined as the non-
zero solution of the equation

U(a) == —-4rn*a’V(¢p,) = 0 (10)
The spatial curvature term is important
in this definition of the initial radius of the

universe before inflation:

(11)

2 2
L
2 2n\gV ()
According to Eq. (11), the initial pre-infla-
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tion radius of the universe is inversely propor-
tional to the square root of a gravitational en-
ergy density gV (¢,) related to the initial scalar
field value ¢,. Therefore, the initial value ¢,
of the inflaton scalar field is related both to the
beginning of the cosmic time and to the energy
found for the universe before the inflation.

One can read Eq. (10) as a balance between
the gravitational energy of the vacuum conden-
sate of the initial scalar field and an “elastic
energy” of the spatial curvature of the universe
[18] in the initial state. This simple classical
energy balance is a capsule version of the gravi-
tational constraints in a closed universe. In the
general case, it can be formulated as a variant
of the positive energy theorem for a closed uni-
verse [19], which has the form of an equality of
two strictly positive quantities. One of them, the
square of an eigenvalue of a 3D Dirac operator
in a spatial slice, which includes the “elastic
energy” of the curvature, we relate to an energy
of space. The second one is a positive definite
energy of all physical degrees of freedom of a
closed universe, including the transversal de-
grees of freedom of gravitational field. In Refs.
[14, 16] this positive energy theorem is used
to define the ground state of the universe in
quantum cosmology, with a minimal energy of
space and, respectively, a minimal energy of
its matter content. It is this ground state that
we will take in the present work as a proto-
inflation initial state of the universe.

In the simple minisuperspace model given by
the Hamiltonian constraint (3) the first term rep-
resents the energy of space, and the second one
does the energy of the scalar field. In the classi-
cal theory, the constraint implies that both ener-
gies compensate each other. In the definition of
a ground state of the universe, given in Refs. [14,
16], the equality of the quantum average values
of these energies takes into account an additional
condition in the minimal principle.

Returning to the inflation scenario with the
only slow-rolling inflaton scalar field, consid-
ered here as a classical one, now we formulate
the following principle.

Principle of the space energy minimum. 7%e
quantity

(v|H,|v)

(12)
(v|w)

+L(y|H|v)
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must be extremal with respect to the variations
of a quantum state of the universe y(x) and the
Lagrangian multiplier L.

Here
o~ o~ 2
i El[m o M 2x2j (13)
2 2 4
and
H w < (14)
i~

is the operator of the energy of space.

The kinetic energy of the inflaton scalar
field is taken here to be equal to zero.

Being a positive definite, the operator of
the space energy (14) has a minimal positive
average value. The corresponding state of
minimal energy can be approximated by a probe
function, which would be taken as a Gauss
wave packet (as well as that in Ref. [9]):

o) = Aexp[_f_ij, (15)

Xo
where y, is a variation parameter.
For this state, <x2 = ya. This parameter
is determined by the quantum constraint
equation

7 1 gh2 2 7‘«¢2 9,5
H =—|— _2pr =022 =0 (16
(v | H|vy) 2[2% w2 (16)
which gives an estimation of the pre-inflation
volume of the universe:

4 2
5= (@), = Z e,
where /, = VGh is the Planck length.
As usual, apart from the ground state, there
exists a set of extremal solutions, which obey
the equation

[(L+1)H, - L9V (¢,)x*ly = Wy (18)

where

(17)

L=L{y|y),
plus the quantum constraint Eq. (16) for the
Lagrangian multiplier L.

Solutions of Eq. (18) are ecigenstates of a
quantum harmonic oscillator, on the condition
that -1< L <1:

1

0 w
—|-gh* = + 9’V 2} =—"_y (19
2{g 52 o (9)x" |y, 1 L\vn( )
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L

1=

From Eq. (19), we obtain the energy
spectrum of space

W, = %nh gV(dy) [n+%j,

n (19)

B~

(20)

and the corresponding values of the universe’s

volume:
n L, ( lj
-] -
(@), = L+

with [ =1 /2, which implies the constraint
Eq. (16). Corresponding eigenfunctions are the
following [20]:

X x?
v,(x) = Aan[\/E—XOJ exp (— 4_X<2)j (22)

Inflation as the birth of the space quanta

(21)

So then, we suppose that the state of mini-
mal excitation of space (15) is the initial proto-
inflation state of the universe. It is not station-
ary for the Hamiltonian (13) and, therefore,
will evolve with time. Let us consider the evo-
lution at small times when the inflaton scalar
field can be considered to be constant (¢ = ¢,).
The kernel of the evolution operator in this
case would be calculated in the same way as
that for the ordinary harmonic oscillator [21].
It becomes as follows:

K(x,,T;x,,0) = F(T) exp[% I, j
F(T)= |5t
2nghsinh(yT)

15,
o =52 [ O 7, 77 = 98V (9y). (29
0

(23)

where

Here [, is the action of the geometrical
variable x(f) calculated on a classical trajec-
tory with the end points (x,,0) and (x,,7);
it equals

[a :.___T_Z_____X
2gsinh(yT)

x [(xg + x}) cosh(yT) - 2x,x,].

(25)

Evolution of the initial ground state with
time is described in the form

W(T,x) = [K(x,, T; %y, 00w (x,)dx,.  (26)

Some simple, but rather great calculations
in volume give the following:

(T, x,) = AF(T)IT) x
exp{— xf +ix—‘21“},
42(T) 2

X2(T) = Xé [coshz(yT) + (gth(yT)] ],
4y,

(27)

I= Lcoth(yT) X
gh
(28)
1

: 7|
cosh’(yT) + (gh smh(yT)j
4y,

x|1-

According to Eqgs. (27), the packet width
grows at large times exponentially with high
accuracy:

D(T) =2 \/

T . (29)
1 - 2iyy, coth(yT) / gh

Such behavior also results in the average
volume of the universe:

(@) = expyT),

which confirms the inflation scenario, but it
is of interest to describe this behavior in the
context of the birth of space quanta introduced
earlier.

Here we shall restrict ourselves to calculating
the probability of the universe to remain at the
initial ground state with time 7. The amplitude
of the outcome equals

Sy = A*F(T)I(T)Q(T) (30)
where
om = |22,
R(T) a1)
R(T) :%{1 4 }3 }rzl"
24 % (T)

The last multiplier Q(T) in Eq. (30) re-
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mains limited with time, as well as the third
one, D(T). It is the second multiplier F(T)
that provides the exponential damping of the
amplitude:

F(T)~e. (32)

Since the space evolution described by
the Schrodinger Eq. (8) is unitary, this result
indicates the fast growth of the space quanta
number. According to Eq. (30), this number
increases exponentially:

(n) ~ exp(2yT).

Having started with an initial state of the
universe of minimal excitation at a given val-
ue of the inflaton scalar field ¢,, we find out
its expansion as the birth of the space energy
quanta.

Now, our interest is in the birth of matter
from the original ground state. The presence of
matter, different from the inflaton scalar field,
can be recorded in our model as an additional
part of the Hamiltonian constraint (3); for ex-

ample,
2 2
H, - l{p—¢ £ 2 %} (33)

210 2n%d’

for a scalar field ¢.

Starting with its ground state, we do not
obtain any sensible birth of its quanta at the
inflation stage, when the potential energy of
the inflaton scalar field ¢ dominates. However,
according to the following quantum constraint
equation

(v|H,|v)=0,

the energy of matter (y|H, |y) is bound to
be sufficiently high at the end of the inflation
stage, when ¢ ~ 0, in order to compensate the
energy of space (y|H, |v).

The process of the birth of quanta of matter
will be the subject of another work.

Summary

In conclusion, a toy model for description
of the early universe in the framework of the

energy approach to the quantum state and its
dynamics has been developed in the present
work. The Hamiltonian representation of
General Relativity as a difference of the two
strictly positive quantities underpinned the
proposed approach.

One of these quantities, the square of the
Dirac operator, relates to the scale factor of
the universe, and we call it the space energy.
The approach provided definite answers to the
problems concerning the Beginning.

First, based on the space energy bounded
below we took its ground state as the Beginning
of the universe. Therefore, according to the
energy approach, the Beginning does exist.
In fact, this state is not stationary and evolves
with time. For instance, the nucleation of
the universe with the observed large-scale
structure can be considered as the result of
a quantum fluctuation of the inflaton scalar
field up to a high value but with minimal
excitation of the space energy. Thereby,
the initial proto-inflation quantum state of
geometry becomes definite for the subsequent
inflation stage with the exponential expansion
of the universe. In the case of a homogeneous
model of the universe, in the present work
this expansion is described by means of a
Schrodinger equation with a cosmic time
determined by the inflaton scalar field (its
logarithm). Apart from the ground state the
principle of minimal space energy determines
aset of excited states with the definite quantum
number of space as well. These states form a
full orthonormal basis in a space of physical
states of geometry. Starting from the initial
ground state, the quantum number of space
grows exponentially with cosmic time. At the
final stage of inflation, when the potential
energy of the inflaton tends to zero, the
energy of the ordinary matter compensates
the energy of space.
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Bsenenne

B Cankr-Iletepoypre c¢ 28 Hos0ps Mo
2 nexadbpsa 2016 roma mporwta XVIII Beepoc-
CUIICKasl MOJIOAEXHasT KOoH(MepeHIUS nmo (Pu-
3UKE IOJYIPOBOIHUKOB M HAHOCTPYKTYP, I0-
JIYIIPOBOJIHMKOBOI OTNITO- U HAHO2JIEKTPOHUKE.
Opranuzatopamy KOH(EpPEeHUUU BbICTYITWIN
Cankr-IletepOyprckuii MOJIMTEXHUYECKUIA
yHuBepcuter Ilerpa Benukoro (CIIGITY),
Cankr-IleTepOyprckuii  HallMOHAJIbHBINA UC-
CJICIOBATEJbCKUI aKaJeMMUeCKUl YHUBEPCHU-
ter (CIIOAY) — HaydyHO-00pa3oBaTebHbII
HeHTp  HaHotexHojorumit  PAH,  CanHkr-
[leTepOyprckuii rocymapCTBEHHBIA YHUBEp-
curer (CII6I'Y) u ®DusuKo-TeXHUYECKUI
uHcturyt (OTU) um. A.®. Hodde PAH.
Kondepenuug mnposeneHa Tipu (pUHAHCO-
Boit mommepxke Poccuiickoro ¢onma dpynma-
MeHTanbHbIX uccienoBaHuii (POPU rpanT
16-32-10244 wmon_1), MuHucTepcTBa 00pa-
3oBaHusg 1 Hayku Poccuiickoit ®Denepaiuu
(ITporpamma «5-100») 1 AKIIMOHEpHOTO 00-
mectBa «I1oaynpoBOAHUKOBBIE TPUOOPHI».

ITporpaMMHBIIf KOMUTET BO3IJIABJISUI aKa-
nemuk PAH, nokTtop r3nKo-MaTeMaTUYECKUX
Hayk P.A. Cypuc (OTU um. A.®. Hodde
PAH). OpraHuzanoHHbIA KOMUTET BO3IJa-

BUJI €ro Ipelacenareslb — OOKTOp (PU3UKO-
Matemaruyeckux Hayk, mnpodgeccop JLE.
BopoObeB; 3aM. mpencemartenst — IOKTOpP

(pusrKo-maTeMaTMUYeCKUX HaykK, mnpodeccop
I.A. ®upcos (06a npodeccopa uz CII6ITY).
B pa6ore xoHpepeHuuu 2016 roma mpu-
Hsui yyactue 0ojiee 200 yemoBex.
OnybnukoBaHo 138 nmokiamoB, mpeacTaB-
JICHHBIX CTYACHTaMM, acUpaHTaMU U MOJIO-
JObIMU YYEHBIMU M3 Pa3HbIX ropoaoB Poccuii-
ckoii @enepaunu, cpean KOTOopbix MOCKBa,
Cankr-IletepOoypr, Boponex, BiammBocTOK,
ExarepunOypr, Kpacnonmap, Hanpuuk, Hux-
Huii Hosropoa, HoBocubupck, Ilensza, Ta-
ranpor, TBepb, fApocnaBib, a Takke u3 be-
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nopyccun (MuHck). Ha neBsaTu IieHapHBIX
3aceIaHUsIX CTYAIEHTaMM U aclTMpaHTaMU OBLIO
caeaaHo 50 yCTHBIX JOKJIANOB.

Cocrosiiach Takxke CTEHIOBasi Ceccusl, Ha
KOTOPO¥ OBIJIO MpeAcTaBAeHO 88 MOKIagoB 1O
paznenaM: «O0beMHbBIE CBOMCTBA ITOJYIIPOBO-
IHUKOB», <«IIpolecchl pocTa, MOBEPXHOCTb,
TpaHUIIBI  pas3aenar, «I'eTepoCTpyKTYpHI,
CBEPXpPEIIETKU, KBAHTOBBIE SIMbI», «KBaHTO-
Bble TOYKM, KBAaHTOBbIE HUTH W JIpPyTUe HU3-
KOpa3MepHBle CUCTeMbl», «[IpubOphI ONTO- U
HAHORJIEKTPOHUKW», «HOBbIE MaTepuabl».

B nporpammy KoHdepeHUUU ObLIN BKJIIO-
YeHbI JBa MpPUIJIALIEHHBIX IOKJIaga BeIyIIUX
poccuiickux ydyeHbix. Boeictymmuim W.C. Byp-
MUCTpOB (MHCTUTYT TeopeTUdecKoil (pU3MKU
nm. JI.JI. JTanmay PAH, r. YepHoromsoska Mo-
CKOBCKOI1 objactu) ¢ aokaaaoMm «Torojorust
B (pu3MKEe KOHJIEHCHUPOBaHHBIX cpel» u H.B.
Kposrkanosckas (CIIGAY PAH) ¢ mokinagom
«MwuKponazepbl ¢ MOJAMU IIEMUYYIIENH Taje-
pewn».

COOpHUK Te3MCOB, a Takxe Iporpamma
KoHdepeHUUHN u3aaHbl THpaxoM 200 sK3eM-
TISIPOB.

AHaMTHYECKHiA 0030p

Cexkmsi «O0beMHBIE CBOWCTBA IOJYNPO-
BOJHUKOB». AHAJIU3 COJAEpXaHMST AOKJIAIO0B,
MpeaCTaBIeHHBIX HA 3TOM CEKIMM, MO3BOJIS-
€T OTMETUTh HEM3MEHHO BBICOKMII WHTEpeC
K IpobiemMaM pa3pabOTKU CBETOM3IYyYarOIINX
CTPYKTYp B IIMPOKOM CITEKTPaJIbHOM [THa-
Ma3oHe: OT YJAbTPaduoJIETOBOTO OO0 AATbHEro
uHdpakpacHoro. [lpeameramMu sKcrnepruMeH-
TaJbHBIX U TCOPETUUYECKUX MUCCICIOBAHUM SIB-
JISTIOTCS:

CIIEKTPHI
Zn0;

MpUPOJAa MHTCHCUBHOM IIMPOKOIIOJIOCHOM
JIOMWHECIIEHIIMM B 3MUATAKCHUATbHBIX CIIOSX
AlGaN, cuIbHO JIerMpOBaHHBIX KPEeMHUEM;

(I)OTOJIIOMI/IHCCL[CHL[I/II/I IIJIEHOK



KoHthepeHuUmn
-

JIIOMUHECLICHTHBIE CBOMCTBA KPUCTALJIOB
AIN B Buae cyOMUKPOHHBIX I'e¢KCaroHaJbHBIX
MPU3M;

MOTJIOIIEHUE TEepPareploBOrO U3IYYCHUS
CBOOOMHBIMU 3JEKTPOHAMU B BMUTaKCHUAb-
HbIX cyiossx GaN B TIPOMONBHBIX BJEKTpUYE-
CKHUX TOJISIX.

IIponoizkeHO TeopeTUIeCKOe U3ydyeHUe 00b-
€MHBIX TUIa3MOH-(POHOH-TIOJISIPUTOHOB B 3ITU-
TaKCUaJIbHBIX c10s1X n-GaN ¢ pa3IuIHBIM YPOB-
HEeM JICTUPOBAHMS, HalleJEHHOE Ha CO3IaHMe
CEJEKTUBHBIX UICTOYHUKOB U3JIy4YEHUST CPEITHETO
U JajJbHETro MH(GpPaKpacHOTO AMANa30HOB.

3aciIyXXuBalOT BHUMaHUSI Pe3yJIbTaThbl HC-
cJelIOBaHMUSl TAYOOKMX YPOBHEH M IMCIIOKa-
LIMOHHON JIOMMHECLUECHLIMY B KPEeMHUM, aK-
TyaJlbHbI€ JUISI CO3JaHUs CBETOM3IIYyYalolInX
CTPYKTYp Ha OCHOBE KPEMHUSI.

BropbiM BaxkHBIM HaIlpaBIeHUEM Pa3BUTUS
COBPEMEHHOI 3JIEKTPOHUKU SIBJISIETCSI U3YyYe-
HUE MAarHUTHBIX CBOMCTB MOJIyITPOBOTHUKOBBIX
MaTepualioB, BKJIIOUarollee IpoOJeMbl CIIMH-
TpoHUKU. Cpeau TMpeAcTaBICHHBIX MO 3TOMY
HaIIpaBJIEHUIO pabOT CleayeT OTMETUTD:

WUCCIIEAOBAHUSI OCOOEHHOCTEW CIUHOBOM
MOJISIpU3alli HOCHUTEJIC 3apsimia B MarHuT-
HBIX TTOJYIIPOBOMHMKAX, BKIIIOYAIOIINE 3KC-
NepUMEHTAIbHbIE HCCJICHOBAHUS 30HHOTO M
MPbIKKOBOTO MEXaHU3MOB TEepeHOca HOCUTE-
Jieii ToKa B TOHKMX IUIEHKaX pa30aBlIeHHBIX
TBepAbIX pacTBopoB Ge:Mn;

KCCIIe0BaHNE CIIOHTAHHOTO IIepeMarHu-
yyBaHUS TOHKMX IUIeHOK GaMnSb, BEI3BaH-
HOTO MATrHUTHBIMM (QIIYKTyalusIMM, U IIPO-
1IECCOB CIIMHOBOM peJlaKcallu B CTPYKTYpax
Si:Bi;

9KCIEPUMEHTAIbHOE HCcCleqoBaHue 3¢-
(bekTa MAarHMTOOTPaXKEHUsI CBeTa B MarHUTO-
CTPUKIMOHHBIX (hPePPOMArHUTHBIX ILIMUHEISIX
CoFe,0,.

Hapsiny ¢ atum 3aciy>XuBalOT BHUMaHMUSI
pe3yabTaThl padoT, MOCBSILEHHBIX MCCIEIO0-
BaHUIO 3JeKTpodusnyeckux cBoiictB PbTe,
nerupoBaHHbIX CdSe, B cBs3u C IIpo0IeMOit
CO3JaHusI TEPMORJIEKTPUUYECKUX Mpeodpaso-
BaTesIell C BBICOKOI JOOPOTHOCTHIO B 00JIaCTU
HUBKUX U CPEIHUX TeMIepaTyp; OTpUIIATEIb-
HOI'0 MarHUTOCONPOTUBIICHUS B TTOJIUKPUCTATI-
Jnyeckux marepuaiax cucteMbol Cu-As-Ge-S;
TEOpUsl YOIApHON MOHM3ALUU B IIPSIMO30HHBIX
MOJYNPOBOIHUKAX.

Cexkumust «IIpomecchl pocra, NMOBEPXHOCTb,
rpaHunbl pasnena». PaboThl, mpencTaBieHHbIe
Ha 3TOM CEeKIMM, OXBAaThIBAIOT LIMPOKUI KPYT
WCCJIEIOBAHU, TIOCBSIILIEHHBIX M3YUYEHUIO Ha
MUMKPOCKOIMYECKOM M aTOMapHOM YPOBHSIX
CTPYKTYPbl MEXaHWYECKUX CBOICTB IIOBEPX-
HOCTHU; METOJOB €€ MOoIM(pUKALMU; OCOOEH-
HOCTeil (popMUPOBaHUS I'paHUIL] paziena U ux
BJIEKTPUYECKUX CBOMCTB B TE€TEPOCTPYKTYpaX;
MEXaHU3MOB O0pa30BaHMSI HAHOKJIACTEPOB,
MAaCCHBOB KBAaHTOBBIX TOYEK.

Hapsiny ¢ yxe cTaBlIMMU TpagulIMOHHBIMUI
TEXHOJIOTMYECKUMU METOAAaMU H3TOTOBJICHUS
HAHOCTPYKTYP (MOJIEKYJISIPHO-TTy4YKOBasl 2MU-
TaKCHsl, Ta30- U XkuakodasHasl SIUTAKCUsA), B
paboTax MpeAcTaBieHbl HOBbIE HAIIPABJICHUS B
TEXHOJIOTUU:

TJ1Ia3MOXUMHUYECKOE
ocaxIeHue;

peakTMBHOE MOHHO-IJIa3MEHHOE MarHe-
TPOHHOE paclblICHUE;

TU1Ia3MOXMMUUYECKOe OCaXIeHue U JIp.

Cpenu paboT, MOCBSIIEHHBIX H3YYCHMIO
MOBEPXHOCTU ITOJYIIPOBOJHUKOBBIX MaTepHa-
JIOB, 3aCIy>XKMBAaIOT BHUMAaHUS CIIEeAyIOIINE:

pe3yabTaThl TEPMOIMHAMUYECKOTO aHaIM3a
ycJIoBU#t (popMupoBaHus MoBepxHocTeil GaAs
C peryJsipHbIMU aTOMHO-IJIAIKUMU Teppaca-
MU, pa3fe/ICHHbIMU CTYICHSIMM MOHOATOMHOM
BBICOTHI;

9KCMEPUMEHTAIbHbIE MCCIIEIOBAHUS YIIO-
pSIIOYEHUST OCTPOBKOB T'€pMaHUsI Ha CTYIICH-
yaroil noBepxHoctu Si(100) B mpoirecce caMmo-
OPraHM30BaHHOIO POCTa KBAHTOBBIX TOUYEK B
cucreme Ge-Si;

WCCIIeI0BaHMS pacIipee/ieHus] aJ1aToOMOB
Ha aKcTpaluupokoi teppace Si(111)-(1x1);

usydyeHue QQOpMUPOBaHUS MOPQOIOruu
MOBEPXHOCTU IIPU OCAXKIECHUM TepMaHMUS Ha
Si(100) B ycnoBusix, 6JIM3KNX K AUHAMUAYECKO-
MY PaBHOBECHIO;

KUCCIICJOBAHUS ITOBEPXHOCTHBIX aedop-
MalMii Ha CTPYKTYPUPOBAHHBIX ITOIJIOXKKAX
KPEMHMSI, BBI3BAHHBIX MEXY3eJbHBIMU Kila-
cTepaMy TepMaHMUSI;

U3y4yeHUEe MEXaHUUYECKNX CBOMCTB MOBEPX-
HocTu GaAs ¢ MOMOIIBI0 aTOMHO-CHUJIOBOTO
MMKPOCKOTIA;

9KCMEePUMEHTAIbHbIE HCCIIeOBAHUS JIBY-
MepHBIX CTpyKTyp AuTi Ha MOBEpPXHOCTSIX
Si(100);

ATOMHO-CJIOCBOC
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pa3paboTKa METOAMKM OIpPEAeICHUS ILIO-
many GpakTaabHOI ITOBEPXHOCTH.

3HAYUTEJIbHOE YHMCJIO pPadOT IOCBSIIEHO
pa3paboTKe U UCCIEeIOBAaHUIO METOIOB MOIM-
(pvkanMy MOBEPXHOCTEM Ha MUKPO- X HAHOY-
POBHSIX. 31eCh CleayeT OTMETUTD:

WCCAeA0BaHUS MPOGWIMPOBAHUS MO IIy-
OMHE XUMHYECKOro COCTaBa CTPYKTYyp, IIO-
JIYUEHHBIX METOJAOM WMIUIAaHTallMM HMOHOB
raJuiusd M a30Ta B KPEMHUM U B KPEMHUM-
COBMECTUMBbIE MaTpPUIIbI;

pe3yabTaThl MOAEIMPOBAHMUS IIPOLIECCOB
OTXKMTa TIOJIYIPOBOAHUKOB A’B3 ¢ 11e/1bI0 BbI-
SIBJICHUST YCJIOBUI IIOJIy4eHUSI MAacCUBOB Me-
TaJJIAYECKUX Kareab Ha MOBEPXHOCTH;

pe3yabTaThl TpaBiIeHUS CHOKYCHUPOBaH-
HBIM MOHHBIM MYYKOM Tajulus ITOMIOXEK
Si,N,/GaN mnsa cyOMMKPOHHO# CeEKTUBHOM
SIUTAKCUM;

M3y4eHHME IIapaMeTpoB IIpoliecca HaHO-
pa3MepHOro MNpOoPUINPOBAHUS MOBEPXHOCTH
KpeMHUSI MeTOA0M (POKYCHMPOBAaHHBIX MOHHBIX
MYYKOB.

TpaguIMOHHO Ha CEKIMM IPeacTaBIECHBI
paboThl, MOCBSILIEHHbIE M3YYEHUIO CBOICTB
TrpaHULl TETEPOCTPYKTYP:

3KCIIepUMEHTAJIbHbIE UCCIeI0BAHUSI METO-
oM (POTOOTpaKeHUSI MeXaHWYeCKnX naedop-
MallMi U TUIOTHOCTU 3apsSI0OBbIX COCTOSTHUMA B
crpykrypax GaAs/Si(100);

n3ydeHne (POTOIFOMUHECLIEHTHBIX CBOMCTB
ABTOSIMMTAKCHUATIBHBIX CJI0eB INAs 1 BIMSHUS
Ha HUX CyJb(OUAN3ALNN TTOMIOXKH;

M3y4EHME OIITMYECKUX CBOMCTB ILJICHOK
GaP na nmomnoxke Si(100);

CpaBHUTEIbHbBIN aHaau3 JeJbTa-
JIETUPOBAHHBIX CJIOEB B ajMa3e U apCeHUJe
rajuius.

IIporpaMMHBIM  KOMMTETOM  OTMEUEHa
npakTUyecKass 3HAYUMOCTb pe3yJbTaTOB MC-
CJIeAOBAaHUI BIMSHMS OTXKUIAa B BOCCTAHOBM-
TeJIbHOI aTMocdepe Ha CTPYKTYpy U CBOMCTBA
rpacdeHa.

Cexkuusi  «['eTepocTpykTypbl, CBepXpemnieT-
KH, KBAHTOBbIE€ SIMBbI». 1pagvIIIOHHO OOJIBIIOE
KOJIMYECTBO IOKJIAI0B ObLIO MpPEeACTaBIeHO Ha
3TOM CeKIMM. 3AeCh K€ MPeACTaBIICHBI U Hau-
0osee sApkue padbOThl. DTO B MEPBYIO ouepenb
OTHOCHUTCS K COOOIIEHUIO O pe3yjbTaTaxX 3KC-
IEPUMEHTAJIbHBIX UCCIEIOBAHUIN KOTE€PEHTHOMN
CIIMHOBOM JTWHAMUWKM IBYMEPHOI BJIEKTPOH-
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HOIi CUCTEMBI BOJIM3U HEUETHBIX (haKTOPOB 3a-
noyHeHUsI B rerepocTtpykrypax GaAs/AlGaAs
C OAMHOYHOM KBAaHTOBOM $IMOM (mokjiad mo-
Jiyawt npeMuio I'pocca).

ITpoGneMam, CBSI3aHHBIM CO CHMHOBBIMU
SIBJICHUSIMU B HU3KOpPa3MEpPHBIX ITOJYIIPOBO-
JTHUKOBBIX CHCTEMax, ITOCBSIIEHO 3HAYUTEb-
HOE KOJIMYECTBO SKCIIEPUMEHTAJbHBIX HUCCIE-
IOBAHUM:

CIIMH- U JOJIMHO3aBHUCUMOro caBura ['yca —
XeHXeHa B CTPYKTypax Ha OCHOBE CUJIMIIEHA U
11eyieBoro rpadeHa;

JBYMEPHBIX JBYXKOMIIOHEHTHBIX CHUCTEM C
adpdexkTom Pamber Ha moBepxHocTu Ge(111);
aro TIPb/Ge(111), TIBi/Ge(111), TISn/
Gelll);

SAEPHBIX CITMHOB M SIACPHOTO MarHUTHOTO
pe3oHaHCca B KBaHTOBBIX siMaxX AlAs MeTomoMm
3JICKTPOHHOTO ITapaMarHUTHOTO PEe30HaHca.

IlpoBenmeH YMCAEGHHBIA pacyeT CIIMH-
opouTasbHOro B3aumonaeicTeus Paudbl u
Hpeccenbxay3a B KBAaHTOBBIX SIMax Ha OCHOBE
TOJIYIIPOBOIHUKOBBIX coequHeHuit A3B3.

ITo-mipexxHeMy OOJIbIIIOE BHUMAHUE YAEISI-
eTCsl IIOJYYEHUIO U MCCIASHOBAHUIO CTPYKTYP
Ha OCHOBE ITOJIYIIPOBOJHUKOBBIX COCIMHEHUI
A3B’ 1 A’B° u TBepabIX pacCTBOPOB HA MX OCHO-
Be. Pan pabor mocesiimeH onruMmu3alvy Ta-
paMeTpOB HAHOCTPYKTYP IJISI Pa3IMYHBIX IIPU-
OOPHBIX MPUIIOKEHUIA.

Cpeau sKcnepuMEHTaJbHBIX pabOT Heob-
XOIMMO OTMETUTH CJIEAYIOIINE:

W3y4eHME BIMSHUS  Oe3bI3JIydyaTeIbHOMI
Oxe-peKOMOMHAUMU U  (DOTOTIOMUHECIEHT-
HBIX CBOICTB B KBAHTOBBIX sIMaX Ha OCHOBE
rerepocTpykTyp InGaAsSb/AlGaAsSb ¢ 1ie-
JIbIO YAYYILIEHUST XapaKTePUCTUK MHXKEKIIMOH-
HbIX J1a3epOB;

HWCCeAOBaHWE  JBYXYaCTOTHOW  TIeHe-
paluy  CTUMYJMPOBAHHOTO M3JIyYeHMSI Ha
MEX30HHBIX M TPUMECh-30HHBIX Iepexoaax
B TeTEPOCTPYKTypaX C KBAHTOBBIMHU SMaMU
HgCdTe/HgTe;

HCClIeIOBaHNE YCUJIEHUSI TeHepallud BTO-
poOil TapMOHMKM KpaeBbIMU COCTOSIHUSIMU B
MOHOCJIOSIX IMXaJbKOTEHUIOB II€PEXOMHBIX
METaJIOB;

TEOpEeTUYECKNEe U SKCIEepUMEHTaJIbHBIC
HCCIeA0BaHUS 9KCUTOHOB B HU3KOIOOPOTHBIX
MHMKPOPE30HATOpaX C KBAHTOBBIMU SIMaMMU.

bonrbllioe BHUMaHue yaeaseTcs mpudopaM
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U CTPYKTypaM, paboTalolIMM B TepareploBOM
Iuara3oHe u3aydeHus. B cBs3u ¢ 3T0i1 Ipo-
OJeMOii U3YYEHBI:

OINITUYECKME  CBOICTBA  HAHOCTPYKTYD
GaN/AlGaN B TepareplioBOM Auamna3oHE Ya-
CTOT;

MOJIPU3ALMOHHBIE OCOOEHHOCTH  CIEK-
TPOB ILJIa3MOHHBIX 2D-CTPYKTyp, CBSI3aHHBIX
npuHuuIom babune;

MEXIIOA30HHbIE IIPUMECHBIC IIEPEXOAbl B
KkBaHTOBOI siMe GaAs, CBA3aHHBIC C IIEPEXO-
JaMU IIPUMECh — 30Ha;

Oxe-pekoMOMHALIMS B JIBYMEPHBIX MaTe-
puajiax ¢ KBa3sHUPEIATUBUCTCKUM CIEKTPOM
HOCUTeNel 3apsa.

HMHTtepecHoe HampaBieHHUE CBA3aHO C I10-
MBITKAMM TTOJYYEeHUSI TIPSIMO30HHBIX MOJIYIPO-
BOJHMKOB Ha OCHOBE 3JeMeHTOB IV rpymmbl
nepuoanueckoin cuctemnl .M. MeHneneena.
DTOoi TIpobieMe MOCBSIICHBI:

HUCCeAOBaHUSI TIepexoJa OT HempsIMOi K
MPSIMOWM 3arpelieHHON 30HE B 3IMUTAKCUAIb-
HbIX cnosax Ge,_ Sn ;

MOJyYeHUE M MCCIIeN0BaHNE OMTUYECKUX
CBOIMCTB MHOTOCJIOMHBIX CTPYKTypax C KBaH-
toBbIMU ssMamMu Ge-Si-Sn;

HCClIeI0BaHNE Pa3pbiBOB BAJICHTHOM 30HBI
B HampsikeHHbIX ciogx SiGeSn/Si ¢ pasnuy-
HbIM COAEPXKAHUEM OJIOBA.

JBa nmociegHUX COOOIIEHUS UMEIOT OTHO-
LIeHUe K CO3JaHuI0 TMPUOOPOB KpPEeMHUEBOI
(oToHMKH.

CrnenyeT OTMETUTb pabOThI, CBSI3aHHbIC C
rpacheHOM:

U3y4eHHUe Pe30HAHCHOTO TYHHEJIMPOBAHUS
¢ yyacteM (OTOHOB 1 MMOBEPXHOCTHBIX I1J1a3-
MOHOB B BaH-nep-BaanbCcoBbIX TreTepocTpyK-
Typax Ha OCHOBe rpadeHa;

HCCIIeI0BaHNE 3JICKTPOHHOM CTPYKTYPhI U
MarHUTHBIX CBOMCTB HMU3KOpPa3MEpPHOM CHUCTE-
MBI TpadeH-Keae30-HUKEIb.

Ceknusa <«KBaHTOBbIE TOYKH, KBAHTOBBIE
HUTH U JIpyrie HU3KOopa3MepHble cucTeMbl». [1pu
aHaJIM3e TeMaTUKU padoT, IpeacTaBIeHHBIX Ha
CEKILIMH, IBHO MPOCMATPUBAETCS MOBBILLIEHHOE
BHMUMaHME K CTPYKTYpaM C HUTEBUIHBIMU Ha-
Hokpuctamamu (HHK). DTo oTHocuTcs Kak
K TexHojorusiM uazrorosneHuss HHK, tak n K
M3YYEHUIO X CBOMCTB M BO3MOXHBIX IPAKTH-
YECKUX MPUJIOKEHUMA.

[IpencraBieHbl 3KCIIEPUMEHTAIbHBIE MC-

ciemoBanusi cuHtesa HHK u HaHOTpyOOK
GaN, InN u A’B’ Ha kpeMHuu 1 Ha Moaudu-
nupoBaHHbIX SiC/Si(111) moanoxkax; CUHTe3a
U ONTUYECKUX CBOMCTB HAHOTPYOOK WS,, Mo-
ITUOUIIMPOBAHHBIX HaHOYACTHUIIAMU cepedpa;
cunre3a HHK GaAs MeTomoM MOJIeKYISIpHO-
MYYKOBOM 3MUTAKCUU C UCTIOJIb30BaHUEM KOJI-
JIOUIHBIX YacTull cepedpa. IIpoananusupona-
HBI BO3MOXHOCTH HOBOTO (MHULIMAPOBAHHOTO
IUIa3MoOIi) Mmoaxoga K (OpMUPOBAHUIO HAHO-
nureir Cu(In,Ga)(S,Se),.

C noMollIbl0 CKaHUPYIOLIEH TYyHHEIbHON
MUKPOCKOIIUU W 3JEKTPOHHOW MUKPOCKOMUM
ucciaegoBana crpykrypa HHK Ha paznmyHbix
MOMJTOXKaX, BBIPAILIEHHBIX B paMKaxX pas3iny-
HBIX METOIUK;

SKCIIEPUMEHTAIbHO M3YYEHbI BOJbTaMIIEP-
HbIE XapaKTepUCTUKU U CTaOWJIBHOCTb PE3U-
CTUBHOTO MEPEKITIOUYECHUST BEPTUKAIBLHO OpU-
€HTUPOBAHHBIX YIJIEPOIHBIX HAHOTPYOOK;

HCCJIEA0BAaHbI ONITUYECKME CBOMCTBA MOPU-
CTBIX KPEMHMEBBIX HAHOHUTEH MJISI IIpUMEHE-
HUS B CEHCOPHUKE;

MPOBEACHBI SJUIMIICOMETPUUECKUE HCCIe-
JIOBaHUs B Mpolecce (QOpMUPOBAHUS CaMOOP-
TAaHU3YIOIIUXCS HUTEIOAOOHBIX HAHOCTPYKTYP
Ha OCHOBE MOHOKPHUCTA/UIMYECKOI0 KPEMHMUSI;

M3y4eHbl OCOOCHHOCTM B3aMMOIEICTBUS
CBEPXKOPOTKHUX Ja3ePHBIX HMIIYJIbCOB U IIO-
JIEBBIX TPAaH3MCTOPOB HAa OCHOBE OJMHOYHBIX
YIJIEPOAHBIX HAHOTPYOOK Ha Si/SiO, momnox-
Kax.

ITo-tipexxHEMY BBI3BIBAIOT OOOCTPEHHBII
MHTEpPeC CTPYKTYPHl C KBAHTOBBIMM TOUYKAMM
(KT). ITo maHHOMY HarpaBJIeHUIO MpPEACTaB-
JIEHO 3HAYMTEIbHOE KOJTMYECTBO BKCTIEPUMEH -
TaJIbHBIX M TeopeTudyeckux pador. Cpenu HUX
MOXHO OTMETUTDH CJIEAYIOLINE:

HM3y4eHME IIPOLIECCOB pejaKcaliy HepaB-
HOBECHBIX HOCUTEJEH 3apsia B CTPYKTypax C
KT GeSi/Si rmocie KopoTKOro MOIITHOTO OITH-
YECKOro MEX30HHOTO BO30YXKACHMS;

aHaJI13 OCOOEHHOCTE! 3allOJTHEHMST COCTO-
suuit ancam6as1 KT Ge/Si ¢ HeomHOpOAHBIM
YIIAPEHUEM;

WCClIeI0BaHNE M3ydaTeJbHbIX XapakTe-
PUCTUK MCTOYHUKOB OAMHOYHBIX (POTOHOB Ha
ocHoBe KT CdTe/ZnTe;

nsydyeHue mpoueccoB pocta KT InAs mipu
BBIpAIIMBAHUH METOIOM METAJII-OpTaHNISCKOMN
razodazosoit  srmrtakcuu (MOCI'®3D) B
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GaAs- u meramopdHoit InGaAs-maTtpuiax;

HCCIeAOBaHUEe CaMOOpraHM3aluKu KiIacTe-
POB KpeMHUS U TepMaHus;

aHajau3 sHepreTudyeckoin cTpykrypsl KT
PbS B cTeKISTHHBIX MaTpuLiaXx.

B nmononHeHue K BBHIIEU3TOXKEHHOMY, OT-
METUM CJIEAyIolINe SKCIIePUMEHTAIbHBIM pPa-
OOTHI:

U3y4yeHUe METOJAOM CKaHUPYIOIIEH TYyH-
HEJIbHOI MMKPOCKOIIMU U CIEKTPOCKOIUU
TOIOJOTUYECKUX OCOOCHHOCTEH MPO3payHbIX
rpaceHOBBIX KOHTAaKTOB K CBETOOMOAAM Ha
ocHoBe MaccuBa GaN mupamMun;

ucciaegoBanue 3¢g@exra (GOTOHHOro 3xa
JUIS1 9KCUTOHOB B HAHOCTPYKTYpaXx;

aHaJIu3 TeMIIepaTypHBIX 3aBUCHUMOCTEH
CIIEKTPOB aHTUIEPECEUCHUI 3eeMaHOBCKOIO
paciieIIieHUsI CIIMHOBBIX LEHTPOB B SiC;

pa3paboTKa METOAOB CTaOMJIM3AIUKU TMPO-
LIECCOB OKMCJIEHMSI B IIOPUCTOM KPEMHMUHU,
OCHOBAHHBIX Ha WCMOJIb30BaHUM GyJiepeHa
Cy

Cekmust «IIpudopbl oNTO- W HAHOIJIEKTPO-
HUKW». B nokianax, mpeacTaBieHHbIX HAa CEK-
1M, OTpaxkeH IIUPOKUI CIIEKTP MPUKIIATHBIX
HarpaBJieHUI COBPEMEHHON OMNTO- W HaHO-
anekTpoHuku. Hambonee 3HaYMMBIMU TIpen-
CTaBJSAIOTCS Pa3pabOTKUM W MCCJCIOBAHUS
CBETOM3IyYyalolInX (B TOM YHMCJIE JIa3epHBIX)
CTPYKTYD.

[Ipexne Bcero, HEOOXOAUMO OTMETUTH Pa-
00TBI, OTHOCSIIMECS K IOJYIIPOBOIHUKOBLIM
nuckoBeiM WGM-nazepaM cpenHero nHgppa-
KpacHoro nuarnazoHa (2,28 MKM) Ha OCHOBE
HaHoreTepocTpykryp  GalnAsSb/AlGaAsSb,
pe3yabTaThl KOTOPBIX OTMEYeHBI IIporpamm-
HbIM KomutTeToMm (Tmipemusi I'pocca). B aTor
LIMKJI MOXXHO BKJIIOUMTD:

WUCCIeOBAHNUS BHYTPEHHMX OITUYECKUX
MOTEPh W TOKOB YTEUKM B MOIIHBIX Ja3epPHBIX
OUOIHBIX CTPYKTYpaxX CIEKTpajJbHOro auara-
30Ha 1,4 — 1,6 MKM;

MOJC/IMPOBAaHUE IIapaMeTPOB TeTepoJiase-
pa Cc MacCMBHOM CUMHXPOHM3ALMENd MOI M HX
BJIMSIHUSI Ha XapaKTEPUCTUKHU €r0 BBIXOIHOIO
U3TyYEHMUSI;

pa3paboTKy JIIOMMHECLEHTHBIX M3JIydalo-
1IIKX MpUOOPOB HAa OCHOBE MAacCCHMBOB KOJIJIO-
WUIHBIX KBAHTOBBIX TOYEK;

aHaJIM3 CIIEKTPaJIbHBIX U YIJIOBBIX XapaKTe-
PUCTHUK IUIA3MOHHOTO HaHOJIa3epa Ha OCHOBE
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KOMITO3UIIMOHHBIX CTPYKTYpP OpTraHUYECKUA
KpacuTejb — HaHOKPUCTAJUIbI cepedpa;

W3y4eHHE BOJHOBOAHOW pEKOMOMHAIIUM
B Jla3epaxX C aCMMMETPUYHBIMU OapbepHBIMU
CJIOSIMU GaAs/AIMGaO!gAs METOJOM CKaHUPY-
olIei OMMKHENOJIbHON ONTUYECKON MUKPO-
CKOIUY;

HUCCIeAOBaHNUE JIIOMUHECLICHIIUM CIMHO-
BBIX CBETOAMOIOB C (eppOMarHUTHHIM WH-
xkekropom CoPt;

W3y4CHUE BIUSHUS OU3ailHA CTPYKTYpPhI
JUXPOMHBIX CBeTOAMOA0B Ha ocHOBe InGaAIN
Ha O0COOEHHOCTH (POTO- M 3IEKTPOJIOMMUHEC-
LICHIIUMN.

Cronp ke MaclITabHO Ha CEKUMU Mpea-
CTaBJICHbl NOKJIaAbl 110 IpoOJeMaM IIpUeM-
HUKOB n3aydyeHnsa. OObeKTaMU UCCIIeTOBaHUS
SIBJISIFOTCS:

(boTONIPMEMHMKY JTAa3€PHOTO U3JIYYCHUS Ha
ocHoBe retepocTpykTyp InGaAs/GaAs;

TYHHEJIbHBIE (DOTOOETEKTOPHl Ha OCHOBE
BaH-nep-BaanbCcoBBIX TETEPOCTPYKTYpP, COCTO-
SIINX W3 CJI0eB TpadeHa, pa3meIeHHBIX TOH-
KMMM TIJICHKAMU TUBJICKTPUKOB;

OINTMYECKas yTeykKa W JIIOMUHECIEHTHAs
CBSI3b KaK MCTOYHMKU J0OABOYHOTO (POTOTOKA
B MHOTOIIEPEXOMIHBIX COJTHEYHBIX JIEMEHTAaX.

IToMuMoO yKa3aHHBIX, Ha CEKILMM Mpei-
CTaBJICH IIUPOKUI CHEKTP MPUKJIATHBIX pas-
pabOTOK COBpPEMEHHOMN 3JEKTPOHUKU. ITO
CO3IaHMe U TECTUPOBAHUE PA3IMYHBIX IIPUOO-
POB U YCTPOMCTB:

OTEYECTBEHHBIX CBEPXIIPOBOIHUKOBBIX OJI-
HO(OTOHHBIX AETEKTOPOB HAa OCHOBE YJIbTpa-
TOHKUX IVIeHOK NbN;

HAHOBJICKTPOMEXaHMYECKON CHCTEMbl Ha
OCHOBE MOJBEIIEHHOTO HAHOMPOBOA;

0MCTaOMIBHOIO MUKPOIpPUBOAA IS MU-
KPOMEXaHNYECKUX TUPOCKOIIOB.

IIpoBeneHo wucciemoBaHUE BO3MOXKHOCTU
WCIIOJIb30BaHUs pa30aBIECHHBIX MarHUTHBIX
nouyrnpoBogHukoB GaMnSb, GaMnAs B au-
olaXx CO CIMHOBOM WHXXEKIIMEi. BrIrmoaHeHO
MOIeJIMpOBaHUE TepareploBoro auoaa I'aHHa,
PE€TM30BaHHOTO HA OMMHOYHOM HUTEBUIHOM
HaHokpuctae InN.

PazpaboTaH MOJYIPOBOAHUKOBBIA  Me€-
tamMmopdHbBIil Oydep miasg usroroBiaeHus CBY
TPaH3UCTOPOB, a TakKXe OIHOARJEKTPOHHBIN
CEHCOp BOIOpOJAa Ha OCHOBE CTPYKTYPbI
Pd—oxcung—n-InP.
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CrenpasibHO OTM€YeHa paboTa, IO-
CBSILICHHAS  M3YYEHUIO  MUKOCEKYHIHOIO
MPOCTPAaHCTBEHHO-HEOAHOPOIHOIO IIEPEKITIO-
YeHHUSI BBICOKOBOJIBTHBIX AUOMOHBIX CTPYKTYP;
OHa akKTyajibHa IS pa3pabOTKU TMOJYIIPOBO-
JTHUKOBBIX MHpPHUOOPOB HMIIYJIBCHOI CHUJIOBOI
3JIEKTPOHUKM MMMKOCEKYHAHOTO AMAaIla30Ha.

CrnenyeT OTMETUTh BBICOKOE KadyeCTBO
U TIPaKTUYECKYI0 TNEPCHEKTUBHOCTb paborT,
MpeacTaBAeHHBIX Ha CEKILIMU: IBE PaOOTHI IO -
Jiep>KaHbl TPaHTaMU I10 pe3yJibTaTaM KOHKypca
B paMKax MpOrpaMMbl «YYaCTHUK MOJIOAEK-
HOTO Hay4YHO-MHHOBAIIMOHHOTO KOHKYypca»
(«<YMHHK») B HOomunHauuu «HayuHbie pe-
3yJbTaThl, O0JIafaloNIMe CYIIECTBEHHON HO-
BU3HOU UM CBEPXCPOYHOU MEPCIIEKTUBOU UX
KOMMepIraan3alun»; ecTh padoT Momaep-
kaHbl rpaHTamMu PO®U, necsatb — rpaHTamu
MuHoOpHayKU U Ap.

Cexkuusi «HoBble matepuanbl». PabGoThl,
MpeacTaBIeHHbIE Ha 9TOU CeKIINU, TTOCBIIIEHBI
M3YYEHMIO CBOMCTB HOBBIX HETPaIMLIMOHHBIX
MaTepUaIOB C OPUTHHAJIBHBIM COYETAHUEM
CBOUMCTB M TIEPCIEKTUBOM MX UCMOJb30BAHUS
npu pa3paboTKe YCTPONCTB 2JIEKTPOHUKU. Ha
HacCTosIIIel KOH(GEepeHLIMN IIPEACTaBICHEI ClIe-
TIYIOIINE PE3YJIbTaThl UCCICIOBAHUIA;

TpaHCHOPTHBIE CBOMCTBA U (hOTORJIEKTPO-
MarHUTHBIA 3(h(HEKT B TOMOJOTUYECKUX U30-
JATOpax Ha ocHoBe coenuHeHuit (Bi,_ In),Se,
u (Bi_In),Te,;

aTOMHasl M D2JIEKTPOHHAsl CTPYKTYphI II0-
BEPXHOCTM MOHOKPUCTAJIJIOB YepHOro oc-
(¢opa — cioucroro mMarepuana ¢ CUJIbHOM 3a-
BUCUMOCTBIO IIMPUHBI 3alIPEIIEHHON 30HBI OT
YHClIa CJIOEB;

CBOICTBa W3JydyaTejel Ha OCHOBE HOHOB
Liepusl B TpaHaTax, akTyaJbHbIe JIJI1 pa3padoT-
KM OBICTPOACHCTBYIOIINX CHUHTWIISITOPOB B
MEIULIMHCKON OUAarHOCTUKE W (PU3UKE BBHICO-
KHUX DHEPIUi;

XapaKTEePUCTUKM ITOJIYIIPOBOIHMUKOBBIX Ha-
HOCTPYKTYp MOJUTUOGEHA;

KoJiebaTeJIbHbIE CBOMCTBA MOJEKYJISIPHBIX
BETBSIIMXCS CTPYKTYP.

3akmoueHue 003opa

Takum 06pazom, TpoOIEMBI, KOTOPBIM TO-
CBslllleHa KOH(MepeHII1sl, OXBaTbIBAIOT OCHOB-
Hbple o00OJlacTM (PU3UMKKM  TOJYIPOBOJHUKOB,
MOJYIPOBOJHUKOBOW OMNTO- M HAHOJIEKTPO-

HUKU. B HacTosiee BpeMs HAauOoJIblliee BHU-
MaHHe yIeIsIeTCsl KBAHTOBOPAa3MEPHBIM CTPYK-
TypaM, reteporiepexoiaM M MpuOopaM Ha UX
ocHoBe. [1OBBIIICHHBII MHTEPEC MPOSIBIICTCS
K mpobjeMaMm cnuHTpoHukU. MM Xe ceiiuac
OTHAeTCsS B MUPE IPUOPUTET B 00JIACTU MOJY-
MPOBOJHUKOBOM 3JIeKTpoHUKU. Hanbombiiue
yCcIeXyu JOCTUTHYTHI B BOIIPOCaX, CBSI3aHHBIX C
OITOBRJIEKTPOHUKOM, B YACTHOCTHU C pa3padboT-
KOM, M3y4eHMEM U HKCIIOJb30BaHUEM JIa3epOB
Ha KBAHTOBBIX SIMax M KBAHTOBBIX TOYKaX.

Hapsioy ¢ aTum nipeacTaBieHbl pabOThI, OT-
paxaroliyue TEeHASHLUU Pa3BUTHSI COBPEMEH-
HOIl ONTO- WM HAHOZJEKTPOHUKHU. Bo-mepBhIX,
5TO CO3MaHME U MCCJICAOBaHME HOBBIX Mare-
pUajoB, TaKUX KaK OpPraHWYeCKHE IMOJIYIpPO-
BOOHMKMU, TpadeH U €ro NPOM3BOAHBIC, Ha-
HOIIOPUCTBhIE MaTepualibl. Bo-BTOpBIX, 3TO
pa3paboTka W CO3JaHWE HOBBIX NPUOOPOB.
[TpoGaemaTika MPOEKTOB, MOAACPKAHHBIX
PODOU, 1o KOTOPBIM TIpeACTABICHBI JOKJIAIbI
Ha KOH(MEPEHIINIO, COOTBETCTBYET IIEPEUHIO
aKTyaJbHBIX MPOOJEM COBPEMEHHOUN (U3MKU
NoJaynpoBoaAHUKOB: 30 MOKJIamOB IIpeIcTaB-
JIEHBI IO pe3yJibTaTaM padoT, MOAAePKaHHBIX
36 rpantamu PODU, 8 pabor momaepsKaHbI
rpantamu Ilpesunenrta P®, 3 pabotel 101-
JIepXaHbl IpaHTaMu PoccuiicKkoro Hay4HOIo
¢onma, 14 pador — rpantamMmu MuHOOpPHAYKU
P®. Pan yyacTHMKOB KOH(MEpPESHIUU MOy~
T (UHAHCOBYIO ITOANEPXKKY 3a CUYET IPYTUX
(boHIOB, MMPaBUTEILCTBEHHBIX M BEIOMCTBEH-
HBIX IporpamM (6 pa6or).

Joknanpi,
orMedeHHbie IIporpaMMHBIM KOMHTETOM

[TporpaMMHBIIi KOMUTET OTMETUJ AMILIO-
MaMM U IPEMUSIMHU CIICAYIOIIe pabOThl acIu-
PaHTOB U CTYIEHTOB.

IMpemueit um. E.@. I'pocca 3a Jydinyio
paboTy B 00JACTU ONTUKHU TOJYINPOBOAHUKOB
Harpaxmnatorcs (rpemust 5000 pyo6.):

Crenanen-Xycceitn Dapaap, cryaeHT Mo-
CKOBCKOI'O (pM3MKO-TEXHUUECKOTO WHCTUTY-
Tta (pykoBoauteab A.B. JlapuoHOB, KaHauaat
(pu3nKo-MaTeMaTUIECKUX HayK, CTapIllIdil Ha-
YUHBIN COTPYAHUK J1abopaTOpuu HEpPaBHOBEC-
HBIX IIpoueccoB MHcTUTyTa (pU3NKU TBEPIOTO
tesnia PAH), 3a noknan «KorepeHTHast cimHoOBast
JIUHAMWKaA JTBYMEPHOW 3JIEKTPOHHOW CHUCTEMBI
BOJIM3M HEUETHBIX (DAKTOPOB 3aMOJHEHUS»;
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Poiiz Muxaun AjeKCaHIpPOBHY, acCIlU-
pant ®TU um. A.®. Uopde PAH, Cankr-
ITerepoypr (pykoBoauteiab A.H. HMMeHKOB,
JOKTOp (PU3MKO-MaTeMaTMYeCKUX HayK, Be-
Iymmii HaydyHblii corpynHUuK ®PTU nm. A.D.
Hodde PAH), 3a noxian «IlomxyrnpoBomHUKO-
Bble auckoBble WGM-nazepnl cpenHero MK
nuamnazoHa (A ~ 2,28 MKM)».

Humiomamu I crenenu u npemueit (5000
py0.) HarpaxXmeHsbI:

NBanop Muxann CepreeBud, CTYICHT
CIIoIlY (pykoBomutenr H.W. Ilomonb-
ckasg, KaHaugaT (U3MKO-MaTeMaTUYeCKUX
HayK, Hay4dHblii coTpymHUK OTU um. A.D.
HMobde PAH), 3a noknan «IlnkocekyHaHOe
MPOCTPAHCTBEHHO-HEOIHOPOJAHOE  TEePeKJIIo-
YEHUE BBICOKOBOJILTHBIX TUOAHBIX CTPYKTYP»;

Becenos Imutpuii AnekcaHapoBwy, acliu-
pant ®TU um. A. ®. Nodde PAH, Cankr-
Iletepoypr (pykoBomutenr H.A. IluxTtus,
KaHauaar (GU3MKO-MaTeMaTUYeCKUX Hayk,
cTaplivii HaydHblii coTpynHuk OTU wum.
A.®. Nodpdpe PAH), 3a mokian «BHyTpeH-
HUE ONTUYECKHE IOTePU U TOKOBBIE YTECUKU
B MOIIHBIX JIA3€PHBIX OUOIAX CIIEKTPAIHHOTO
nuanaszoHa 1400 — 1600 Hm».

Hurmomamu 11 crertenn u mpemussmu (4500
py0.) HarpaxKaeHbI:

Asmuenko Ilasen CepreeBmd, CTyACHT
Cankr-IleTepOyprckoro rocy1apCcTBEHHO-
ro  9JIEKTPOTEXHUYECKOTO  YHHMBEPCUTETA
(CIIoI'®DTY) «JIBTHU» (pykoBoautenabr O.C.
KomkoB, kxanaugat (pu3nKo-MaTeMaTU4eCKMX
Hayk, goueHT CIIGI'DTY «JIDTU»), 3a nmo-
kian «OrnpeaeneHyue mapaMeTpoB IPUIIOBEPX-
HOCTHOI 00JIaCTM apCeHMIa TaJliis METOIOM
CIIEKTPOCKOMUU (POTOOTPAXKEHUS»;

Xa0apo Kupuian MuxaiijoBumd, CTYICHT
MocKOBCKOTO (PU3MKO-TEXHUUECKOTO WHCTU-
TyTa (pykoBoauteab A.B. bapebliieB, KaHauaat
¢u3mKo-mMareMaTuuecKux Hayk, Bcepoccuii-
CKUIl HayYHO-UCCJIEA0BATEIbCKUIM MHCTUTYT
apromatuku uMm. H.JI. JlyxoBa, Mocksa), 3a
noknan «[lonsipu3alinoHHBIE  OCOOEHHOCTHU
CIEKTPOB IJIa3MOHHbIX 2D CTPYKTYp, CBSI3aH-
HBIX NpuHUUIIOM babuHe»;

IMonyoaskuna FOmmsa CepreeBHa, acriupaHT-
ka CIIoAY PAH (pykoBoautenb A.E. XKykos,
JOKTOp (PU3UKO-MaTeMaTUYEeCKUX HAyK, IIpO-
deccop CIIGAY PAH), 3a nokinan «Mccneno-
BaHME BOJHOBOJHOI pEeKOMOMHALIMU B Jia3e-
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pax ¢ aCUMMETPMYHBIMU OapbepHBIM CJIOSIMU
metonoM CBOM»;

Paxmun Makcum  BaagumupoBuy, acnu-
pant ®TU um. A.®. Nodbde PAH, Cankr-
ITerepOoypr (pykoBoautenb A.A. Topomnos,
JOKTOp  (pU3MKO-MaTeMaTUYeCKUX  Hayk,
IIaBHBIA HaydHBIM coTpygHuK DOTU wuwm.
A.®. Nodde PAH), 3a nokman «M3myuaresn-
HbI€ XapaKTePUCTUKU MCTOUHUKOB OIMHOY-
HBIX (POTOHOB HA OCHOBE KBAaHTOBBIX TOYEK
CdTe/ZnTe».

Hummomamu Il cremeHu u mpeMussMu
(3500 py6.) HarpaxkaeHbl:

JIutBsak Banentuna MuxaiiioBHa, CTYICHT-
ka CII6I'Y (pykoBomutenb P.B. YepOyHuH,
KaHauaaT GpU3NKO-MaTeMaTUICCKUX HayK, J0-
ueHt CIIGTY), 3a moknag «DHepreTuuyeckast
CTPYKTypa KBaHTOBBIX TOYeK PbS B cTeKIISH-
HBIX MaTpUIIAX»;

OpaoB  Epremmii  IOpbeBuu, CTYICHT
CII6ITY, coaBtop I'.A. MeneHTbeB, accu-
crent CIIOITY (pykoBomutenbr B.A. Illambr-
TUH, JOKTOp (PU3MKO-MaTeMaTUYeCKUX Hayk,
npodeccop CIIGITY), 3a mokian «O0beMHEBIE
M1a3MOH-(OHOH-TOJSIPUTOHBI B n-GaN»;

Camii Poman AjekcaHapoBud, acnu-
pant ®THU um. A.®. Nodde PAH, CaHkr-
IletepOypr (pykoBomutenb C.A. MUHTaupoB,
KaHauaar (GU3MKO-MaTeMaTUYeCKUX Hayk,
OTU um. A.®. Uopde PAH), 3a mokiman
«InAs KBaHTOBBIE TOUKM, BbIpAIllCHHBIC Me€-
tonoM MOCI®D B GaAs u metaMopdHOI
InGaAs marpunax»;

CemBaHoB Anatoymii BukropoBumu, acmu-
pant CIIGITY; coaBroper U.C. Maxos, acnu-
paut CIIGITY m M.fJl. BunHn4yeHKO, KaHOV-
JaT (pU3MKO- MaTeMaTUYECKUX HAyK, CTapIIni
HayuHbIlt corpynHuk CIIGITY (pykoBoauTeab
O.A. ®DupcoB, J0KTOp (PU3NKO-MaTeMaTH-
YyecKMX  HaykK, 3aBenyloliuii  Kadenpoit
CIIGITY), 3a nokian «®OTOJIOMUHECLIEHLIVS B
KBaHTOBBIX siMax InGaAsSb/AlGaAsSb B ycio-
BUSIX O€3bI3JydaTe/IbHOM PEKOMOMHALIUNY.

IToompuTeTbHBIMA AUTUIOMAaMU  Harpax-
JICHBI:

AkmMaeB Mapk AJieKCaHIPOBHY,
MTI'Y nm. M.B. JloMmoHOCOBa;

Batenko fIna AnekcaHapoBHAa, CTYIEHTKa
CIlIol'y;

Bapaamosn
CIlIol'y;

CTYOCHT

Aprem CepreeBud, CTYIECHT



I'omanbko Makcum AjleKceeBHY, CTYACHT
MIY;

Jlanbmmn Cepreii AJIeKCAHAPOBUY, CTYAECHT
CIIol'Y, coasrop Tpudonos A.B., nHxeHep-
uccaeponareap CIIOIY;

Jlo6anosa Esrenns IOpbeBHa, CTyIcHTKa
CIIGITY; coaBrop Muxainenko K.E., acnu-
pant CIIOITY;

MypamoB BukTop BukropoBud, CTyIeHT
HoBocubupckoro rocygapcTBEHHOTO TEXHU-
YeCKOIro YHUBEpPCUTETa; coaBTOp TyKTaMbllleB
A.P., acnmupant WHctutyra PU3MKU IOJY-
npoBogHukoB (MUDIT) um. A.B. Pxanosa CO
PAH, r. HoBocubupck;

ITammeB Jdanuna AneKcaHapoBHY, CTYACHT
CIIGoITY; coaBrop bamaryna P.M., mnammwmit
HayuHbIlt corpyaHuk CIIOITY;

Yennos Cemen Hropesmu, ctyneHT Ha-
LIMOHAJIBHOTO MCCJIEIOBATE]bCKOIO SIAEPHOIO
yHusepcurera «MUDPU», Mocksa;

IITapop BaamucnaB AuapeeBWd, CTYAECHT
CIIcAY PAH;

ApreeB  JImurpmii  CepreeBmy, acmnu-
pant ®TU um. A.®. Uopde PAH, Cankr-
ITetepOypr;

AdanacbeB Anekcanap Hukomaesnmu, acmu-
pant ®THU num. A.®. Nopdpe PAH, Cankr-
[leTepOypr;

Enannues Baagumup BukropoBuuy, Mmiai-
LW HAay4dHBIM COTPYAHUK MHCTUTYTA pamuo-
TEXHUKU U 2JIEKTPOHUKU UM. B.A. KoTenbHu-
KoBa, MOCKBa;

Nnbkus Urops BiaaauMupoBHY, acUpaHT
CIIcAY PAH;

Kazanos /Imutpmii PoOeproBuy, acrimpaHT
DOTU um. A.®d. Nodbde PAH; coasrop Ilo-
mwaknHcknit A.B., actupant @TU um. A.O.
HNoddpe PAH, Canxkr-IletepOypr;

Ocunnbix Hrops BacuibeBHy, WHXeEHeEp
HU®DIT um. A.B. Pxxanosa CO PAH, r. HoBo-
CUOUPCK;

Cyposeruna Ekarepmna AJjieKcaHIpOBHA,
acrnupaHTka MHCTUTYTAa U3MKU MUKPOCTPYK-

KoHthepeHuUmn
-

typ (MPM) PAH, r. Hxuwnit HoBropon;

Danees Muxamn AjleKCaHAPOBUY, AaCTIu-
pant U®M PAH, r. Hizxauit Hosropog;

Tpu poxkiama peKOMeHOOBaHBI ST yda-
CTUSI B KOHKypce 1o Ilporpamme «Y4acTHUK
MOJIOJEKHOTO Hay4HO-MHHOBALIMOHHOTO KOH-
Kkypca» («YMHMUK») B HomuHauuu «Hayu-
HbIe pe3yJIbTaThl, 00JIanalolIe CYIeCTBEHHOMN
HOBU3HOUW M CBEPXCPOUYHON TEPCIIEKTUBOM MX
KOMMEPLUAIN3ALUN» € ITOCIAENYIOINM (bU-
HaHcupoBaHueM MOHIOM COACHCTBUS MAaJbIX
dopM TIpennpuATHIl B HAYYHO-TEXHUYECKON
chepe. [Hanee mpeacraBieH MepeyeHb TOKIa-
JIOB.

Koznosa Mapua BacuibeBHa, CTyIeHTKaA
CIIoITY, noknanm «BnusgHme oTkmura B BOC-
CTaHOBUTEJIBLHOI aTMocdepe Ha CTPYKTypy U
CBOICTBa TpadeHa»;

MoxapoB Aunekceii MuxaijJoBu4, acru-
panT CIIOAY PAH, noxinan «MonenupoBaHue
TepareploBoro auoaa I'aHHa, peaJrn30BaHHOTO
Ha OJMHOYHOM HMTEBUIHOM HAHOKPUCTaJLIEe
HUTPpUIA TaJUTUS»;

Poiia Muxaun AJileKCaHAPOBUY, AaCIU-
pant ®THU um. A.®. Nodde PAH, CaHkr-
IMerepOypr, nmoxman «ITomyrmpoBOIHUKOBBIE

nuckoBele WGM-nazepnl cpeaHero MK agua-
nazoHa (A ~ 2,28 MKM)».

BaaromapHocTu

OpranuzaTopbl KOH(MEpPEHLMU BbIpaxKa-
0T 0JIarofapHOCTh CcOTpyaHuUKamM HayuHo-
obpaszoBareabHoro komiuiekca «CIIOPTHOILL
PAH» 3a co3naHue Bcex YCJIOBUI JJ11 pabOThI
KOH(EepEeHLIUH.

Ouepennyto Becepoccuiickyto MOI0IEKHYIO
KOH(EepeHLIHIO 1Mo (PU3MKe TOJYIIPOBOIHNKOB
¥ HAHOCTPYKTYP, TMOJYNPOBOIHUKOBON OMNTO-
¥ HAHODJIEKTPOHUKE IIPEAIoNaraeTcsl MmpoBe-
ctu B Cankr-IlerepOypre, B Hosiope 2017 rona.
Caiir KoHepeHLuM: http://www.semicond.
spbstu.ru/conf2017.
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A

XPOHUNKA

NMAMATU ANNEKCAHAPA UJTbUYA CNTYLKEPA
IN MEMORY OF ALEXANDER ILYICH SLUTZKER

27 ¢espang 2017 roma Ha 87 romy Xus-
HU  CKOHYAJCSd  BBIJAIOIIMUCSI  POCCHUIA-
CKMMA Y4YE€HBIM, TJaBHBIA HAy4YHBIU COTPYI-
HUK Du3uKO-TeXHUYECKOTO WHCTUTYTA
(®THU PAH) um. A.®. Hodde, moKTOp
(pn3rKo-MaTeMaTUUYECKUX HAYK, 3aCayKEHHbIN
npodeccop Cankr-IleTepOyprckoro mojanuTex-
Huveckoro yHuBepcutera Iletpa Benukoro
(CIIoITY) Anekcannp Unbnu Ciymkep.

A.W. Cnyukep pomuicst 9 okrtsaops 1930
roga B JlenuHrpage. OKOHYUI PaguOTEXHM-
yeckuii ¢akyabreT JITIM no creuuaibHOCTU
«Texunueckasgs ¢usmka» B 1954 romy. Ilocie
OKOHYAHMSI MHCTUTYTa OH TIpuIle] Ha pado-
Ty B ®TU PAH («Pusrex»), B 1adbopaTtopuio
(pu3MKM MPOYHOCTH, KOTOPYIO B TO BpeMs
Bosrnapisn akageMuk C.H. 2Kypkos. C srtoii
JlabopaTopuei Obl1a CBsI3aHA BCS KM3Hb AJleK-
canapa Mipuyaa: on mpopaboTai B Heli 63 rona,
a ¢ 1989 mo 2010 rom ObUT ee PyKOBOIUTEIIECM.
3aech OH Mpollea JOJATUI TyTh OT aclupaH-
ta mo Kanaumata (1959) wu moktopa (1967)
(pusuko-matemarnuecknx Hayk. OH ObLT OJ1H-
KaimmM copaTHMKoM akagemuka C.H. XKyp-
KOBa, €ro Hay4YHbIM €AMHOMBIIUICHHUKOM U
OMHUM W3 co3faresiel (IyKTyalluOHHOU KU-
HETUYECKON KOHULEMUMUU MPOUYHOCTU TBEPIBIX
ten. A.W. Cinyukep pa3BuBaj NPUHIMITHATIEHO
HOBBII MOAXOA K pa3pylleHUI0 MaTepuajoB,
COrJIaCHO KOTOPOMY pa3pyllieHue paccMaTpu-
BaJIOCh HE KaK KPUTUYECKOE COOBbITHE, a Kak
MpoliecC, KOTOPhIi pa3BUBACTCS BO BPEMEHM.

Briepsbie B MupoBoii npaktuke A.M. Chyii-
Kep HayaJ MPUMEHSTH IS MCCIAeNOBAaHUS KU-
HETHUKM pa3pylieHs BeCch apceHasl (pU3NIeCcKrx
metonuk. Heorenum Bkian A.M. Chayikepa B
pa3BuTHe IU(PPAKIMOHHBIX METOMOB TMPU MC-
CJIeIOBAHUSIX KaK CTPYKTYPbI TBEPABIX TeJl, TaK 1
npolecca MMKpOpas3pylieHrs IMPOKOro Kpyra
MaTepuagoB: OT METAJIOB U MOHHBIX KPUCTAJI-
JIOB 710 TIOJIMMEPOB U KepaMuku. B pesynbraTe
3TUX paboT OBUIM MOJyYeHbl HOBbIE AAHHBIE O
3aKOHOMEPHOCTSIX MOBEACHUST KPUCTAJUTMUECKOM

CTPYKTYPhbI MOJMMEPOB U METAJLJIOB MO/ HArpy3-
KOM, a TakXXe YHUKAJIbHbIE CBEACHMSI O 3aPOXK-
JNEHUU U Pa3BUTUM MUKPOTPELIWH B HATPY>KEH-
HbIX Tenax. C IMOMOIIBI0 PEHTICHOCTPYKTYPHBIX
WMCCJIEIOBAHUN  KPUCTAJUIMYECKOU  CTPYKTYpPbI
MOJIMMEPOB MPU OPUEHTALMOHHOM YIIPOYHE-
HUU UM ObLIO ITOKA3aHO, YTO IIPM OpUEHTALIM-
OHHOW BBITSDKKE MPOMCXOOUT HE IOCTPOEHUE
OPUEHTHUPOBAHHOI CTPYKTYPhl U3 «00JIOMKOB»
pa3pyllIeHHOH MCXOOHOM CTPYKTYPhI (KakK ObLIO
NPUHATO OOJBIIMHCTBOM HCCJIeNOBaTeNeil), a
WCTUHHBIN TBepmoda3HbIil Tepexon OT CTPYK-
TYpbl CO CJIOKEHHBIMM LICMISIMU K CTPYKTYpe C
pacrpsMJIEHHBIMM LIEISIMU.  DTO II03BOJIAJIO
pa3paboTaTh HOBYIO KOHIICIILIMIO OPUEHTALIMOH -
HOM BBITSDKKM KaK MHOTO3TAITHOTO IIpoliecca,
MNPEUIOKUTh HAyYHO OOOCHOBAHHBIE PEXKMMBI
VOPOYHEHUSI HA KaXIOM STafne W IOJY4YuTb B
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JJa0OPATOPHBIX  YCJAOBUSIX OPUEHTUPOBAHHBIC
HUTU U BOJIOKHA Pa3JMYHbBIX MOJUMEPOB C pe-
KOPAHBIMU 3HAYEHUSIMM MEXaHMUYECKOW ITpOY-
HOCTU M MOZYJISl YIPYTOCTH.

OCHOBHBIE MAEM W 3KCIEPUMEHTAIbHOE
o0ocHOBaHNE TepMOMIYKTYallMOHHON TeOpuun
paspyllueHus MaTepuaaoB ObLUIM 00O0O0LIEeHbI
A.N. Cayukepom (B COaBTOPCTBE C COTPYIHMU-
kamu nabopatopuu B.P. Perenem u B.E. To-
MallleBCKMM) B KOJUIEKTMBHOII MOHOrpaduu
«KunHetnueckast mpupoaa MpoOYHOCTU TBEPIBIX
te» (Mocksa: Hayka, 1974). A.1. Cnyukepom
ObLIM TTPOBEACHBI MHOTOCTOPOHHUE IKCIIEPH-
MEHTaJbHbIC U TEOPETUYECKUE MCCACAOBAHUS
npoliecca pa3pylleHus: MaTepuanaoB B pa3iny-
HBIX TEMIIEPAaTypHBIX AMAINa30HaX, HAYMHas OT
TeJIMEBBIX TeMIIepaTyp.

OH OCYIIECTBUJI CUCTEeMaTUUYECKOE U3yYe-
HUE aTepPMUYECKON KWHETUKM paspyllieHUsT U
npeacKas3an BO3MOXHOCTD MPOSIBJIEHUST B 3TOM
npoliecce TyHHeJIbHOro MexaHusma. Iloa ero
PYKOBOJCTBOM OBLIO BBHITTOJTHEHO KOMIBIOTEP-
HOe MoJeaupoBaHue (QIyKTyaluii SHepruu
aTOMOB B TBEPJbIX TeJIaX U BBISICHEH MEXaHU3M
MX 00pa3oBaHUsl.

3HauuTesbHOe uncio pador A.M. Crnyuke-
pa TOCBSIIEHO MOCTPOCHUIO MOJAEIU TEPMO-
yrpyroro agdekra (M3MeHeHUe TeMIlepaTypbl
TBEPAOTO Tejia MPU aaradaTUIeCKOM ITPUIOXKe-
HUM MeXaHW4YecKoi cuibl). OH U3y4dus Bius-
HUE Harpy3Ku Ha BEJWYUHY HYJEBOIl SHEPruu
U €€ COCTABIAIONIMX B 00JacTU TemIlepatyp,
3HAYUTEJbHO HIUXKE Ne0aeBCKUX.

Hayunrbie pabotei A.M. Cinyukepa no uc-
CJICIOBAaHMIO MPOLIECCOB Pa3pyIIEHUS TBEPIbIX
TeJ IIMPOKO M3BeCTHBHI B Poccuu u 3a pyde-
KoM. OH ObUT OJECTIINMM OOKJIAAYMKOM M
YacTo BBICTyHaad KakK MpUIJAlleHHbINA JIEKTOP
C TUICHApHBIMU JOKJaJaMU Ha MPECTUXKHBIX
MEXIYHApPOIHBIX U POCCUHCKMX KOHGEepeH-
LUIX U CUMIIO3UYyMax.

Anexkcanap Maenu  Cnyukep  pabotan
MO0 COBMECTUTEILCTBY mpodeccopom B Jle-
HUHTPAACKOM TMOJUTEXHUYECKOM MHCTUTYTE
(c 1982 roma), Ha kKadenpe (GUMKKU AUDIICK-
TPUKOB U TMOJMMEPOB (haKyJbTeTa pPaarod-
JIEKTPOHUKM (B HacToslllee BpeMs — Kadeapa
WHTErpajJbHO# 2JIeKTpOoHUKU MHcTUTyTa hu-
3UKU, HAHOTEXHOJIOTUI U TEIEKOMMYHUKAIIUIA
(UDHwMT)). 3meck oH pa3paboTan ¥ B TeUeHUE
MHOTMX JIET YMTaJl KYpChl JIEKIIMIA B paMKax

nporpamMbl «PU3MKa TIOJMMEPOB W HEYIO-
PSITOYEHHBIX AUBJEKTPUKOB»: «CreluaabHbie
BOMPOCHI (PM3UKU MOJUMEPOB», «Dr3MKa MO-
JmMepoB», «DyKTyanmMoHHast fnHamMuKar». I1o
STUM MaTepuajaM MM HalMCcaHO U OMyOJMKO-
BaHO HECKOJIbKO YYEOHBIX MOCOOUIA.

ITon ero pykoBoacTBoM Ha Kadeape ObLT
BBIMOJIHEH W 3allMIICH UK KBaTM(pUKALIM-
OHHBIX pabOT M KaHAMAATCKUX AUCCEepTaLMit
MO UCCJEAOBAHUIO MPUPOIbI MEXaHUUECKUX U
TEIJIOBBIX CBOMCTB MOJIMMEPOB.

A.N. Cayukep B Te4eHHE MHOTUX JIeT ObLIT
OeccMeHHBIM pyKoBoauTejaeM [ocymapcTBeH-
HOI arTecTtalilMoHHON Komuccuu u l'ocymap-
CTBEHHOM 35K3aMEHAIlMOHHONH KOMHUCCUHU IIO
MPUCYKACHUIO KBaTU(UKALUU <«UHXEHEP»,
«bakanaBp» U «MarvcTp» BBITYCKHUKaM (pu3u-
YeCKMX HaIMpaBJIeHUI MOATOTOBKU HA paauo-
dusnueckoM daxynprete 1 MOHUT.

A.WN. Cnyukep OblT MpeKpacHbIM JIEKTOPOM,
BEJIMKOJICITHBIM ~ MOIYJISIPU3aTOPOM  HAYYHbIX
WACH W 3HAHMI, YCTICILIHO COBMeEILIasi HAyYHYIO U
Meaaroruveckyro aeateibHoCcTh. OH HUKOTIA He
OTKa3bIBaJI MOJIOJCKH B TIOMOIIM U TIOIEPKKE,
TTONTOTOBWIT 26 KaHIUIATOB U 6 TOKTOPOB HayK,
OKAa3bIBAJT OOJIBIIYIO TTOMOIIb PA3BUTHIO HAayKU
B pecnyoavkax ObiBiuero Coerckoro Corosa,
MOATOTOBMII OOJIBIIIOE YUCJIO CIIELIMAIMCTOB, KO-
TOpbIE YCMEIIHO paboTaioT He ToJbKo B Poccun,
HO U B 3apyOeXXHBIX CTpaHax.

A.N. Cnyukep — aBTop 6osee 250 Hayu-
HBIX TyOMMKalUMii B POCCUUCKUX M MEXIYy-
HaApOJHBIX XypHajaX, WieH TpeX JOKTOPCKUX
JIMCCEepTAallMOHHBIX coBeTOB. Ha mpoTstkeHuun
JUTUTEILHOTO BPEMEHM OBbLT YJEHOM YYEHOTO
coBeta ®TU PAH u YueHoro coBeTa otraele-
Hug pusnkm tBepaoro teiaa ®TU PAH.

Anexkcanap Minbud ObLT1 HA PEAKOCTb ACIN-
KaTHBIM 4YeJIOBEKOM, 00janaji OONbIIMM TaK-
TOM U TIPUCYILIMM TOJBKO €My TOHKUM IOMO-
poM. OH ObLT TTYyOOKMM, MYIPbIM U B TO K€
BpeMsI CKPOMHBIM UeJIOBeKOM. [ TaBHBIM esIoM
ero Xu3Hu Obula HaydyHas padora. Hecmotps
Ha TsoKeayo 0oyie3Hb, AnekcaHap Mnbuu He
MnpeKpalajl WHTEHCUBHYIO HaydyHYIO paboTy
JI0 caMbIX TIOCJIEIHUX AHEN CBOEH >KU3HMU.

Bce, kTo BeTpeyan Anekcanapa Miabuua u
o01Ia/Icsl ¢ HUM, TIOTEepsiI B €ro Juiie Apyra,
Kosutery u yuutens. Ero cemiblii oOpa3 Ha-
BCETJa COXPAaHUTCA B cepaliax U IMaMsITU BCEX,
KTO ero 3Hall.

© CaHkT-Tetepbyprcknim nonmtexHnuecknim yHmpepcutet MNetpa Benunkoro, 2017
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NMAMATU TAPETUHA OTAHECOBUYA KAPANMETAHA
IN MEMORY OF GAREGIN OGANESOVICH KARAPETYAN

2 ¢espang 2017 roga yuien u3 xxu3Hu [a-
perun OraHecoBu4 KapameTsiH — JOKTOp Xu-
MMUYECKHX HayK, 3aCJIy>KeHHBI IesTesb Hay-
kn Poccuiickoit ®enepaunu (1998), naypear
locynapctBennoit npemun CCCP B ob6na-
ctu Hayku (1974), 3aciayxXeHHbIA mpodeccop
Cankr-IleTepOyprckoro  MoOJUTEXHUUECKOTO
yHuBepcutera Ilerpa Benukoro (CITOITY).

IO. Kapanersn pomuics 23 ampens
1931 rona B JIeHUHIpaae B ceMbe MHXKEHepa-
cymoctpoutenst. B 1955 rogy on oxonuun Jle-
HUHTPaACKUI TOCyIapCTBEHHBbI YHUBEPCUTET
10 CIIELNAIBHOCTA «AHATUTUYECKAs XUMUS»,
3aTeM acIuUpaHTypy ['ocymapcTBEeHHOTO ONTH-
yeckoro nHctutyta um. C. M. Basunosa (TON)
(1956 — 1959), u ¢ 1959 roma oH crajg KaHIu-
JIaTOM XMMUWYECKMX HayK. B mporecce paboThl
Haa KaHIMIATCKOW Aucceprauueili UM ObLIO
BBICKA3aHO TIPENAIIOJIOXEHUE O HeCIydailHOM
MPOCTPAHCTBEHHOM paclpenejeHUd MOHOB
penKO3eMeIbHBIX 3JIEMEHTOB B XUMUYECKH HE-

OOHOPOJHON CTEKJIOOOpPa3HOM MaTpMle, 4YTO
MOJYYWJIO BIOCJEACTBUM HAa3BaHME «Cerpera-
nus aktuBatopa». I[losmnee (1971) ObuLiu mo-
JIydeHbl (PUBMKO-XUMUYECKUE TTOATBEPXKIACHUS
3TOTO SIBJICHUSI.

I.0. Kapaneran padoran B I'OW mnan-
mum (1959 — 1962), a 3arem crapium
(1962 — 1971) HayuyHBIM COTPYIHUKOM. B ero
HUCCIeA0BAaHUSIX TOIO BpPeMEHU U B JIaJIbHEi-
1IeM SIPKO MPOSIBWICS CTWJb PabOThI, KOTO-
pbiii 061 Tpucyil yueHsIM 'OW: mocraHoBKa
Takux (pyHIAMEHTAJbHBIX 3aJa4, B pelleHUuU
KOTOPBIX HYXIaJIaCh OT€YECTBEHHAsI TIPOMBIIII -
JIEHHOCTb.

B 1967 ronmy I'.O. KapaneTsiH ctaj JOKTOpP-
OM XMMHWYECKMX HayK. Pe3yabTaThl ero mok-
TOPCKOM AuccepTauusi ObUIM MCHOJIb30BaHBI
NpUu pa3paboTKe W MPOMBIIUIEHHOM BBIITyCKe
MEPBBIX COBETCKUX JIa3€PHBIX CTEKOJ. 3a 3T
uccaenoBanus KapaneTsiH (B cocTtaBe TpyIbl
Beaymmx yuyeHblx 'OW u JIsITKapmHCKOTO 3a-
BOJIa OIITMYECKOIro cTekiaa) B 1974 romy ObLT
ynoctoeH T'ocymapctBenHoit npemuun CCCP B
00J1aCTU HayKMU.

C 1971 mo 1980 rom I'.O. KapamnersiH pa-
0oTajq IITaTHBIM MpodeccopoM M 3aBeaylo-
muM Kadeapoit ¢usumku B JIeHMHTpagCcKOM
TEXHOJIOTUYECKOM WHCTUTYTE LEJII0I03HO-
oymaxkHoit mnpombinvieHHoctu (JITWM LIBIT).
B 1972 romy oH ¢ TpynIioil MOJIOABIX COTPY-
HUKOB Kadeapbl HauMHaeT padboThl B HOBOM
HampaBJIieHUU — HCCIeI0BaHME MOHOOOMEH-
HBIX IPOLIECCOB B CUCTEME CTEKJIO — pacIliaB
COJIM, 4YTO TIO3BOJIMJIO BITOCJEACTBUMM pa3pa-
0oTaTh MaTepUalbl U TEXHOJOIMU IIPOMBIIII-
JICHHOTO BBIMYCKAa OMNTUYECKUX 3JIEMEHTOB C
rpaIueHTOM MoOKa3aTeslsl IpeaomMeHus: (rpa-
JTAaHOB).

IIpomomxast ¢ 1972 roma padory B I'OU
MO COBMECTUTEJbCTBY, l'apermHom OraHeco-
BUYEM C HEOOJIBLION TIPYINOW COTPYAHUKOB
MOJIy4eHbl TPUOPUTETHBIC PE3YIbTAThl O CBSI3U
3 (HEKTUBHOCTU KOOIMEPATUBHON CEHCUOMIIM-
3allMU JIOMUHECLIEHLIMU B CTEKJIE C €ro COoCcTa-
BOM, 1 pa3paboTaH KOHBEPTOP MH(PpPAKpPaCHO-
To U3JYYEHUSI B BUIMMOE.

C 1980 mmo 2014 rom I'.O. KapamnetsiH pa-
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0oTajl B HallleM YHUBEPCUTETE MpPodeccopoM
M 3aBedylolluM Kadeapoil (U3MKKU IU3JICK-
TPUKOB W MOJUMEPOB pPaaropU3NIEeCKOro
dakynbrera (1980 — 1986), a ¢ 1986 roma —
npodeccopoM Toit ke Kadeapsl (B HacTosllee
BpeMsl — Kadeapa MHTerpajJbHON 3JEKTPOHU-
Kk MHCTUTYyTa (DU3UKKM, HAHOTEXHOJOTUI M
TEJEKOMMYHUKAIIWA).

C npuxogom Ha kadenpy I'.O. Kapamnets-
Ha U TPYMOIIbl €ro COTPYOIHMKOB HAYMHAIOTCSI
paboTHl MO TpaIWEeHTHON OITHMKE Ha OCHOBE
MHOTOKOMIIOHEHTHBIX CTE€KOJI, a TakKXe IIO-
JIydaeT pa3BUTHE HOBBI METOJ UCCIIEIOBAHUSI
MUKPOHEOTHOPOAHOTO CTPOEHUSI HEOpraHU-
YEeCKUX CTEKOJ W SBJICHUS CEeTperaluyd akTu-
BaTopa — MaHnenbluTaM-bpuiroaHOBCKasI
CTIEKTPOCKOITHSI.

I'.0. KaparnetsiH pa3paboTan U yuTall Kyp-
cbl jekumii «Teopusi XMMMYECKOIl CBSI3U B
TBepAOM Tenie», «Dusndyeckas XMMus U TEXHO-
JIOTUSI TBEPIOIO Tea», «PU3KMKa HEKPUCTAI-
JIMYECKUX TBEPAbIX Tel», «CHEeKTPOCKOIMS
KOHJIEHCUPOBAHHBIX cpelly, «PU3nKa U XUMUS
KOOPIMHALIMOHHO-KPUCTAJUIMYECKNX COEIM-
HEHU». Y4JacTBOBAI B pa3pabOTKe Y4eOHBIX
IUTAaHOB TI0 crennanbHoCcT «Du3mka momy-
MIPOBOTHUKOB M IUAJIEKTPpUKOB». Ilom ero py-
KOBOJICTBOM Ha Kadeape ObIJIM MOATOTOBJICHBI
M 3allUIIeHbl 13 KaHAWAATCKUX U OJHA JOK-
TOpPCKasl AuccepTalms.

Ha 1990-e ronpl mpuxoauTcst Hayajao 00Jib-
IIUX UCIBITAHUI IS YYCHBIX Hallleil CTpaHBbI,
U TIpeXIe BCET0 — IS YYeHBIX OOOPOHHO-
MPOMBIIIJIEHHOTO KOMILIeKca. B aToT mepuon
(yHmaMeHTaJbHbBIE CIIEKTPOCKOIIMYECKHIE MUC-
CJIeJOBaHUSI CTPOCHMSI HEOPraHWYECKUX CTe-
koJ, pykoBogumele I'.O. Kapamersanom, Obutn
nomaepxkaHbl  MeXAyHapoOHBIM  HayYHBIM
donmom (pounmom Copoca) u INTAS.

B nepuon ¢ 1986 mo 1996 ronm mom pyko-
BoxactBoMm [.0O. KapanmersgHa, B paMKax JIOTO-
BOpOB ¢ BcepoccuiickuM HaydyHBIM ILIEHTPOM
I'OM, rpanToB no nporpamMmaM «TexHUYECKHE
yHuBepcuTeThl Poccni», «®u3mKa ja3epoB U
Jla3epHBIE CUCTEeMbl», «Jlazepbl B HapOIHOM
X034iicTBe», a Takxke TrpaHTOB ¢oHga Copoca
u INTAS, ObutM mpoBeaeHBI MCCAESA0BAHUS B
00J1aCTU MOHOOOMEHHBIX M JA3€PHBIX TEXHO-
JIOTWi, a TaKXe BBIIIOJIHEHBI paOOTHl MO IBYM
KoHTpakTaM ¢ pupmamu CIIA.

Hakonen, pesynbrarhl
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HUOOATHBIX CTEeKOJ, mpoBeaecHHbIX B T'OU
non pykoBoacTBoM IapermHa OraHecoBuya
U B COTPYAHMUYECTBEe C ydyeHbiMu [‘epMaHum,
®panuvu, HUrtamuu u Benukobputanuu, B
paMkax mpoekTa MeXIyHapoaHOro Hay4YHO-
texHudyeckoro ueHrpa (MHTILL), co3manmmu
OCHOBY TEXHOJIOTMU MOJYYEHUS JTEKTPOOIITH -
YecKUX (KEPPOBCKUX) BOJIOKOH.

I'O. KapanmersHoM Takxke pa3BUBaJINCh
HaHOAMCMEPCHbIE TEXHOJOTUU B arpodusunye-
ckoM MarepuasioBefeHur. OH HOBAaTOPCKU MC-
MOJIb30Bajl OOJIBIION HEAOCTATOK OMNTUYECKUX
CTEKOJ Ha OCHOBEe okcuiaa docdopa (rmpu ux
NPUMEHEHUU TI0 TPaaWIIMOHHOMY Ha3Haye-
HUI0) — HU3KYI0 XMMMYECKYIO YCTONYMBOCTDH
MO OTHOLICHMIO K BOJE, pa3paboTaB CTEKIA,
pacTBOPMMOCTb KOTOPBIX C TEeMIIepaTypoi
MEHsSUIaCh TaK, YTO B 3MMHUI Iepuon ObLla
0M3Ka K HyJ110. B uTore Ha phIHKE MOSIBUINCH
SKOJIOTMYECKM YUCThIE YIOOPEHUsI IIPOJIOHTH -
POBAHHOIO AEHCTBYS NPUHLIUITMAIBHO HOBOTO
THTIA.

B panpneitiiem I'.O. KapanetssH mpemio-
KUJT pa3paboTaTh CTEKJI000pa3Hoe ynodpeHue
C MUKPOOpPraHuU3MaMM [JIs1 BOCCTAHOBJICHUS
TEPPUTOPUIA OBIBIINX YTOJIbHBIX KAPEEPOB, UTO
ObLJIO pean30BaHO B paMKax npoekta MHTI]
KOJIUICKTUBOM POCCHUICKMX M TePMAHCKHUX YUe-
HBbIX.

B pa3nuyHbIX HaydYHBIX U YYEOHBIX YUPEK-
menusx (Bkmwouasa CIIGITY) TI'.O. Kapane-
TSH TOATOTOBMJ Oosee 50 KaHAMIATOB HayK
U SIBJISIICS HAYYHBIM KOHCYJIBTAHTOM I10 3
JOKTOpCKMM auccepTauusiMm. HeomHokpaTHO
yyacTBOBaJl B MEXIYHApPOIHBIX KOH(MepeH-
usax, B ToM umucie B XV MexayHapogHOM
KoHrpecce no crekiy (Jlemmnrpan, 1989), 1
u I MexnyHaponHbiX KOHGEPEHIMSIX MO BO-
JokoHHoi1 ontuke (Cankr-Iletepoypr, 1991 n
1992 rr.), B IV EBpomeiickoii KoHpepeHLIMU
«BocTok — 3amam» mo mMarepuajgaM M TEXHO-
norusMm (Cankrt-IletepOypr, 1993), B Mexny-
HapoaHOM KoHrpecce mo crekiay (CrtpacOypr,
®pannus, 2007).

I.0. KapanersH ObL1 JEHCTBUTEILHBIM
YJIeHOM AKaJeMUM WHXEHEPHBIX HayK P® u
Poccuiickoil akamemMuy €CTeCTBEHHBIX Hayk
(1992); umenom I'onoBHOro comera «IIpmbo-
poctpoenne» 'K P® 1o Beiciiemy o0pa3zo-
BaHUIO, YJICHOM JOKTOPCKMUX U KaHIMIATCKUX
JuccepTallMoHHbIX coBeToB npu CIIOITY.
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OH gBJsICS TTIOYETHBIM WieHOM ONTUYEeCKOTo
obmecrBa Poccuu, nmaypeatom mpemuu MeH-
neneeBckoro obdmecta (1960), maypeaTom
npemuu u Menanu um. A.Jl. YmkeBckoro. bt
HarpaxaeH Menansamu BJIHX CCCP: 3onotoit
(1964), 6pon3zoBoii (1980), cepedpsiHoii (1983);
3HakoM «M3o06peratenp CCCP» (1979). Kak
MEePEeXUBIINI CTPALIHbIE peauy OJIOKAAbl, OH
ObLT oOJlagaTesieM HarpyIHOTo 3Haka «2Kure-
o 6iokagHoro Jlenunrpana» (1989).

OO011Iee YMCIO ero HaydyHbIX MyoJuKauui —

6osee 300, oH coaBTOp OoJiee 70 M300pETEHUIA.

Iupokast s>pymuiiydsi, YyBCTBO HOBOIO,
TBOpUECKasi BJHEPrvs, He3aypsaHOE OpaTop-
CKO€ MacTepCTBO — 3TU KadyecTBa JMYHOCTU
I'.O. KapanetsiHa ObLIM Ype3BbIYAAHO TIPUBJIE-
KaTeJIbHBIMU JJI51 BCTYIAIOLIEH B HAyKy MOJIOJIE-
ku. OH ObLT Xapu3MaTUYHBIM U PEILUTETbHBIM
YeJI0BEKOM, BBIIIE BCETO LIEHUBIIMM B JIIOISIX
MPeAaHHOCTD Jiely U PaboTOCIIOCOOHOCTD.

TakuMm OH ¥ OCTaHETCS B IIaMSTHU BCEX, KTO
€ro 3Hal.

© CaHkT-letepbyprckui nonmMtexHnueckmnim yHmuepcutert Metpa Bennkoro, 2017
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LM HAa COUCKAHUE YUEHOH CTeNeHU JOKTOpa HayK U KaHIUAATa HayK 10 CIEAYIOIMM OCHOBHBIM Hay4YHBIM HAIIPaBICHUAM:
®dusuka, Maremarnka, Mexanuka, AcrpoHomusi. Hay4unbie HanpaBieHus )KypHaia yuutbiBarorcsi BAK MuHoOpHayku
P® npu 3amure JOKTOPCKUX M KaHIUAATCKUX JUCcepTaluii B cooTBeTcTBUU ¢ HoMeHKIaTypoll crienuanbHOCTEN HayuHbIX
pabOTHHKOB.

Kypuan npencrasnen B Pedeparusnom xypraane BUHUTH PAH u BkimtoueH B (oHA HayYHO-TEXHUUECKOH JIUTEpa-
typsl (HTJI) BUHUTU PAH, a Takke B MeKayHapoIHO# cucteme 1o neproandeckuM uznanusm «Ulrich’s Periodicals
Directory». Munexcupopat B 6a3e naHHbIX «Poccuiickuii nunexe HayyHoro nutuposanusny (PHIT).

[IepronnvHOCTh BBIXOAA KypHANIa — 4 HOMEpa B TOf.

Penaxuust sxypHana coOM0AaeT papa UHTEUIEKTYaIbHONM COOCTBEHHOCTH U CO BCEMH aBTOpaMH Hay4HBIX cTaTell 3a-
KITFOUaeT U3/1aTelIbCKUH JINIIEH3MOHHBIN 10T0BOD.

2. TPEBOBAHMUS K TIPEJACTABJSIEMBIM MATEPUAJIAM
2.1. Oopmiienne MaTepuaIoB

1. Pekomenyemsiii 00beM crareit — 12-20 crpanui ¢popmarta A-4 ¢ ydetom rpaduueckux BioxxkeHuid. KomnuecTBo
rpaduuecKux BIOKEHUH (auarpamM, rpaKoB, pUCYHKOB, (oTorpaduil u T.11.) He JOJKHO IPEBbINIATh LIECTH.

2. Yucno aBTOPOB CTaThH, KaK IPaBUIIO, HE JIOJDKHO MPEBBINIATH IIATH YEJIOBEK.

3. ABTOpBI JOJDKHBI IPHICPIKUBATHCSA CIEAYIOIEH 000OIIEHHONW CTPYKTYphI CTAaTbU: BBOJHAS 4acTh (AKTyallb-
HOCTb, CyHIECTBYIONIHE MpobieMsl — 00beM 0,5 — 1 ¢Tp.); OCHOBHAs YacTh (TIOCTAHOBKA M ONHCAHUE 3aJ1a4d, METOANKA
HCCIIEA0BAHUs, U3JI0XKEHHE U 00CYXKICHHEe OCHOBHBIX PE3yJIbTATOB); 3aKIIOYUTEIbHAS 9acTh (IIPEATI0KEHHUS, BBIBOBI —
oobvem 0,5 — 1 c1p.); cimcok sutepatypsl (opopmirerne mo [OCT 7.0.5-2008).

B crnmcku nuTepaTyphl peKOMeHAyeTesl BKIIOUaTh CCHUIKM Ha Hay4dHble CTaThbd, MOHOrpaduu, cOOpHUKU CTaTeH,
cOOpHUKH KOH(EpeHIIHNHl, 2TIEKTPOHHBIE PECYPCHI C YKa3aHUEM JIaThl OOpaIeHUs], TTATEHTHI.

Kaxk npaBuiio, Heskes1aTeIbHbI CCHUIKM Ha AUCCEPTALUK U aBTOpedepaThl TUcCepTaLUii (TaKhe CChUIKH IOy CKAI0T-
Csl, €CJIM Pe3yJIbTaThl UCCIIEIOBAHUM ellle He OITyOIMKOBAHBI, HJIH HE TIPECTaBICHbI JOCTATOYHO MOPOOHO).

B cnicku nuTeparyphbl He peKOMeHayeTcsl BKII0OUaTh CChbUIKM Ha YyU4eOHHUKH, y4eOHO-MeToquYecKue ocoOusl, KOH-
crextbl jekuuit, TOCTBI 1 p. HOpMAaTUBHBIE JOKYMEHTBI, HAa 3aKOHBI ¥ TOCTAHOBJICHHS, a TAK)KE Ha apXHUBHBIE JIOKYMEH-
ThI (€CJIM BCE K€ He0OX0IMMO YKa3aTh TAKHE HCTOYHHUKH, TO OHH OQOPMIISIFOTCS B BHJIE CHOCOK).

PekoMeHtyeMblii 00beM CIHCKa JATEpaTyphl I O030pHBIX cTaTeil — He MeHee 50 HCTOYHHMKOB, JUIS OCTABHBIX
crareil — He Menee 10.

Jloy1st HICTOYHHMKOB JaBHOCTBIO MEHEE 5 JIET JOJDKHA COCTABIIATh HE MEHEe MOJIOBUHBI. J[OMycTHMBII POLIEHT caMo-
utupoBanus — He Bbime 10 — 20. O0beM cChUIOK Ha 3apyOeskKHbIe HCTOYHUKH JOIKEH ObITh He MeHee 20%.

4. YIK (UDC) odopmisiercst u popmupyercst B cootBerctBun ¢ [OCT 7.90-2007.

5. Habop Texcra ocymectsiserca B pegakrope MS Word 2007 — 2010, ¢popmyn — B penakrope MS Equation uin
MathType. Tabmuipl HabuparOTCs B TOM ke (hopMmarte, 4TO ¥ OCHOBHOM TEKCT.

Mpudt — Times New Roman, pa3mep mpudra ocHoBHOro Tekcra — 14, nurepsai — 1,5. Tabnuis! 6onbioro pa3mepa
MOTYT OBITH HaOpaHb! KersieM 12. [lapaMeTpbl CTpaHUIIBL: TIOJS caeBa — 3 CM, CBEPXY U CHU3Y — 2 cM, cmpasa — 1,5 cm.
TexkcT pa3meniaercs 6e3 nepe- HOCOB. AG3aIHbI OTCTYI — | CM.



2.2. IIpeacraBiieHHe MaTePUAJIOB

1. TlpeacraBneHue BceX MaTEepUaloB OCYILECTBISIETCS B OJIEKTPOHHOM BHJE 4Yepe3 HJIEKTPOHHYIO DPERAKINIO
(http://journals.spbstu.ru). ITocne perucrpanuu B cucreMe 3JeKTPOHHON peJaKMi aBTOMAaTHYECKH (OPMUPYETCS [1epCo-
HaJBHBIA TPO(UIIE aBTOPA, TIO3BOJISIONINN B3aMMO/ICHCTBOBATh KaK C PEAAKIIUCH, TaK U C PELIEH3ECHTOM.

2. BMmecTe ¢ MatepraiaMy CTaTbU TOSDKHO OBITH MPECTABICHO IKCIIEPTHOE 3aKIIIOUYECHHE O BO3MOXKHOCTH OITyOJINKO-
BaHMS MaTEPHAIOB B OTKPBITOH IEYaTH.

3. daiin craTby, MOJaBaEMBbIil Yepe3 EKTPOHHYIO PEIAaKIHUIO, TOJDKEH COJepKaTh TOIBKO caM TEKCT Oe3 Ha3BaHus,
CIIHCKA JIUTEPATyphl, aHHOTALMK M KIIIOUEBBIX CJIOB, haMuiInii 1 cBeeHuH 00 aBTopax. Bee aTn mons 3anmomHsroTces OT-
JIEITEHO Yepe3 AICKTPOHHYIO PelaKIHIo.

2.3. PaccmoTpenne MaTepuaioB

IpenocrarnenHpie MaTtepuaisbl (1. 2.2) NepBOHAYAIBHO PACCMATPHBAIOTCS PEAAKIIMOHHON KOJUICTHEH U TIepeIatoTCs IS
peuensuposanus. [Tocne on1oOpeHus MaTepHaoB, COINIACOBAHUS PA3IMUHBIX BOIIPOCOB € aBTOPOM (IIPH HEOOXOJUMOCTH) pe-
JIAKIIHOHHAsSL KOJUIETHSI COOOIIAET aBTOPY pelieHne 00 OIyOIMKOBAaHMH CTaThH. B ciiydae 0Tkasa B MyOIMKAIMK CTaThU PEaK-
1IHs] HATIPABJSIET ABTOPY MOTUBUPOBAHHBIN OTKa3.

[Ipy OTKITOHEHNH MaTEPHAJIOB W3-32 HAPYIISHHSI CPOKOB MO/IauH, TPEOOBAHUI 110 0OPMIICHHIO MITH KaK HE OTBEYAOIINX
TEMAaTHKE JKypHaJa MaTepHaITbl He MYOIUKYIOTCS U HE BO3BPAIIIAIOTCS.

PenakimoHHast KOJJIETUs HE BCTYIAET B IUCKYCCHIO C aBTOPAMHU OTKJIOHCHHBIX MAaTEpHAJIOB.

Ipy MOCTYIUICHUH B PENAKIMIO 3HAYMTEIHLHOIO KOJMYECTBA CTATEH MX MPHUEM B OYESPETHON HOMEP MOYKET 3aKOHUUTHCS
JOCPOYHO.

BoJiee moapoduyio nHGOpMALUI0 MOKHO NOJYYUTH 10 TesledoHy pegaKuuu:
(812) 294-22-85 ¢ 10.00 10 18.00 — Hatanbsa AJlekcaHAPOBHA
win no e-mail: physics@spbstu.ru



