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Paccmotpen meton u paspaboTaH aJropuT™M IUCTAHLUIMOHHOTO OOHAapy>XEHUsI 3BYKOPaCCEMBAIOLLIUX CJIOEB B
MOPSIX Y OKeaHax I10 JaHHBIM IT0JIOCOBOM ChbeMKM pefibea nHa nHTepdepoOMeTPUIECKUM IMIPOIOKATOPOM 00-
koBoro o63opa (MI'BO). Ha ocHoBe MaTemMaTnueckoro MojaenupoBaHus hazopa3zHOCTHBIX uaMepenuii UI'bO
711 MHOTOCJIOMHBIX pacCeMBaIOIIMX TJIOCKOCTEN B MOPCKOM BOIE, MPOJEMOHCTPUPOBAHBI BOBMOXHOCTH 00-
Hapy>XKeHMsI 3ByKOPACCEMBAIOLIMX CIIOEB Y U3MEPEHUS NIYOUH MX PACIIOJIOXKEHHS C MOMOLLBIO MPE1JIaraeMoro
anroputMa. [IpoBeneHa olieHKa TOUHOCTH BBIYMCIICHUS ITyOMH 3ByKOPACCEUBAIOIIMX CJIOEB MTPU MOCTOSTHHOM
3HAYEHUU CKOPOCTU 3ByKa U onpeesieHbl TpeboBanust K MT'BO mjia obecnieueHrst HEOOXOAMMOI TOYHOCTH 00-
Hapy>XeHUsI OTAETbHBIX CJIOEB, PACIIONIOKEHHBIX Ha pa3InyHbIX ITyornHax. [IponeMoHcTpupoBaHa ahdekTrn-
HOCTb IPEJIOKEHHOTO METOIa Ha TpuMepe 00pabOoTKHU MO pa3paboTaHHOMY aJITOPUTMY 3KCITEPUMEHTAIbHBIX
JTAaHHBIX, TTOJYIeHHBIX IIPU UCCIIeNOBaHUSIX pelibeda nHa ¢ moMoinbio MI'BO muamazona 85 xIiI.
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BBEAEHWE

AKyCTUYECKHE METOIbI HAIILIN IITUPOKOE MprMe-
HEHUE JUIsi U3YYEHUs 3BYKOPACCEUBAIOIIMX CJIOEB
(3PC) B Bomax MupoBoOro okeaHa, OTKPHBITBIX B KOH-
e 1940-x rr. [1]. [TepBoHavanbHo 3PC usyuyanuch B
JIMana3oHe OTHOCUTEIbHO HU3KUX YaCTOT 3BYKOBBIX
curHajnoB 2—20 kI11 [2], moka3zaBIIMX, YTO OHU UMe-
10T Ouosiornueckyto npupony. Mcnonab3oBaHue cre-
LIMAJIMBUPOBAHHBIX  BBICOKOYACTOTHBIX  HAaYYHbBIX
9X0JIOTOB ¢ 6opTta cynHa ¢ 1980-x rr. mokasasno, 4To
3PC MoryT Takxe (GopMHUPOBATBCSI HEOTHOPOIHO-
CTSIMU BOJHOM CpeJibl, B YACTHOCTU HEOAHOPOIHO-
CTSIMU COJIEHOCTU, Temmepatypbl U np. [losiBieHue
norpyxHoro tnpuoopa (SVP), ucnonssywoliero mist
U3MEPEeHUST BEPTUKATBLHOTO MPOMUIISi CKOPOCTH 3ByKa
(BIIC3) npsiMoii KOHTaKTHBIN MeTon, [3], TTO3BOJIMIO
OOHApYXWUTh B MOPSIX M OKeaHax CJIOK Ha oIpenesieH-
HOI NIyOWHE, CBSI3aHHBIN CO CKAYKOM CKOPOCTU 3BYKa
M3-3a CKauka TeMrepaTypbl. 151 TOBBILLIEHUS TIPOU3-
BOIUTEJILHOCTU OOHAapyKeHMUsI CJOsl cKauyka B [4]
MPEMTOXEH aKyCTUYEeCKUI MEeTOA C MPUMEHEHUEM
MPOMEPHOTO 3X0JI0Ta, TTO3BOJISIIONIMI TPOU3BOIUTD
IUcTaHIIMOHHBIe u3mMepeHuss BITC3 Ha xony cymHa.
C HayaJloM KOMMEPUYECKOTO BBIITYCKa aKyCTUUEeCKUX
JIOTIEPOBCKUX TpoduioMeTpoB TeueHuit (ADCP),
U3MEPSIONIUX OJHOBPEMEHHO KakK MpoduiIin CKOpO-
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CTU TEUYEHUIA, TaK U MPOPUIN UHTEHCUBHOCTHU 3XO-
CUTHAJIa, OSIBUJIUCh HOBbIE BO3MOXHOCTU B MCCIIE-
JIOBAaHMM aKyCTUYECKMX CBOMCTB BoJ M1POBOIO OKe-
aHa, MPOAEMOHCTPUPOBAHHEIE, HANpPUMEpP, IIPpU
nszyyenuu 3PC B UepHom Mope [5, 6].

PaccMoTpeHHble MeTombl MCCAeNOBaHUM CIIOU-
CTOCTU Cpel MMEIOT KaK OIpeacaeHHbIe TOCTOMH-
CTBa, TaK U HEJOCTATKM, YTO 3aCTaBJIsIET MPOA0IKATh
Hccaea0BaHus U pa3paboTKu I co3maHus Oosee
COBEPIIEHHBIX U TPOU3BOIUTEIBHBIX CPEICTB IHA-
THOCTUKU CJIIOUCTHIX cpen [7, 8]. B mocneqHue roabl
0oJIbllIoe BHUMAaHUE McciienoBaTesieil yaensieTcsi uH-
TephepOMETPUUECKOI TUATHOCTUKE TUAPOAMHAMU-
YeCcKUX BO3MYIIeHUit B Mopckoii cpeme [9—12]. B
9TUX UCCJIEAOBAHMSIX TIO TIeJIEHTOBAHUIO IITMPOKOTIO-
JIOCHOTO M3JIydaTessi aKyCTUUEeCKUX CUTHAJIOB TToKa-
3aHO, UTO MHTephepoMeTpuIeCKrue METOAbI MO3BO-
JISIIOT OOHAPYXUTb, OMPENEATh PACCTOSTHUE U CKO-
POCTb IBUXKEHUSI UCTOYHUKA C BHICOKOIT TOUHOCTbBIO
C BBICOKOI 3alIMIIIEHHOCTBIO OT moMeX. JIJist aetanb-
HBIX UCCIEIOBAHUMN MPOTSKEHHBIX 0OBEKTOB (MOp-
CKOTO JIHA) IIUPOKOE MPUMEHEHUE HAIIUIA TUIPOJIO-
KallMOHHBbIE KOMILIEKCHI TLIOIIAAHOTO KapTUpOBa-
HUS TpyHTa U peabeda MOPCKOro nHa, C
HCITOJIb30BAHUEM BBICOKOOHEPIreTUYECKNX CUTHAJIOB
¢ JuHeliHol 4yacToTHo#t Monymsinueir (JIYM) [13,
14]. B cocTaB KOMITJIEKCOB BXOISIT MHTEpPEPOMET-
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Puc. 1. [mgponokanmoHHOE n300paXkeHe yJyacTKa THA B
3aBUCUMOCTM OT HAKJIOHHOW HAJbHOCTU IIO0 JaHHBIM
cpemku TBO.

puyecKkue ruapoJoKaTopbl 60KOBOTO 0030pa, mpe-
Ha3Ha4YCHHEIE IJISI U3yYeHUs penbeda THa Ha OCHOBE
U3MEpEHUs] B JIYYEBOM MPUOIMXKEHUU HAKIIOHHOI
JaJIbHOCTY 0 PACCEUBAIOIINX 3JIEMEHTOB AHA U BbI-
YUCJICHUSI YIJIOB IPHUXOJAa 3XOCUTHAJIOB C yYETOM
npoduIsT BEpTUKAJIbHON CKOpOCTH 3ByKa [15—17].
IIpu HanMuMU TIPOTSDKEHHBIX B TOPU3OHTAJIbHOM
IJIOCKOCTU YAaCTUYHO IIPO3PAYHBIX IJIsI aKyCTU4e-
ckux BojiH 3PC B BOmHOI TOJIIE OHM TakKKe, KaK 1
JKECTKOe JHO, PACCEUBAIOT 30HAUPYIOIIE CUTHAJIbI U
MPU JOCTATOYHOI MHTEHCUBHOCTH 9XOCUTHAJIOB MO-
I'yT OBITh OOHAPYXEHBI M CTAHOBUTCS BO3MOXKHBIM
BBIYMCJICHUE TIIYOUHBI UX PACTIOJIOXKEHUS.

ITOCTAHOBKA 3AJAYN

IIpoaHanu3upyeM mOpoLeaypy BBIUMCICHUSI MH-
TepdepoMeTpUUECKOil pa3HOCTH (a3 IXOCUTHAJIOB B
NI'BO ¢ BepTUKaJbHBIM PACIIOJIOXEHUEM aHTEHH
JUJISI AIBYX TOPU3OHTAIBLHO pacmonioxeHHbix 3PC (s
npumepa Ha myouHe 20 u 100 M), UCIOJIb3YsT METO-
WKy, TIpUBeIeHHyI0 B padote [17]. i1 obocHOBa-
HUS 3(PPEeKTUBHOCTU MpeaiaracMoii METOIUKM ISt
nuardHoctuku 3PC npoBeaeM MoaeaMpoBaHUe ajro-
puUTMa TS IBYXCJIOMHOM Cpelibl B yCIOBUSX JIy4€BOTO
MPUOIKEHUs] IPU MMOCTOSTHHOM 3HAaYeHUU CKOPO-
CTU 3ByKa. B mpoliecce MonenbHbIX pacyeToB pac-
CMOTpPHUM MapaMeTpbl, BIUSIONIME HA TOUHOCTh IMa-
THOCTUKMU, U TPOBEPUM pabOTy aJIrOpUTMA Ha DKCIIe-
pUMEHTaJIbHBIX AaHHbIX, MoayyeHHbIXx UT'BO npu
HUCCIeIOBAHUSIX Y4acTKa MOPCKOTO JHA, TPUBEAEH-
Horo Ha puc. 1, 2, B bantuiickom mope.

HccnepoBanus nmpoBoaunuck ¢ nomoibio MO
nurara3oHa JactoT 85 kI M 30HIMPYIOIINM CUTHA-
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Puc. 2. UaTepdepomerpudeckass pa3HOCTb (a3 3XOCUT-
HaJIOB B IMOJYTOHOBOM OTOOPaK€HUU B 3aBUCUMOCTH OT
HAKJIOHHOW TAJIbHOCTH.

JgoM ¢ JIUM [13]. Ha puc. 1 u 2 110 ocu abcumce oTo-
JKeHa JIMHWS TBVKEHUSI CyIHAa, Ha KOTOPOM YCTaHOB-
neno MT'BO. Ha puc. 1 undpoii / 0603HaYeH 3ByKO-
pacceuBaromuii ciaoit. Ha puc. 1, 2 uudppoin 2
o0o3HauyeHa riIyorHa MOpsI MO/ CYTHOM.

PASPABOTKA AJITOPUTMA OBHAPYXEHWA
PACCENBAIOLINX CIIOEB

NutepdepomMeTpryeckyto pa3HOCTh (pa3 CUTHa-
JIOB, PacCesIHHBIX IUIOCKOI TOPU30HTaJbHOII OTpa-
Kalollei MOBEPXHOCTHIO, IUIST JAHHBIX, COOTBETCTBY-
IOIIUX OAHOMY LIMKJTY U3JIyYeHUSI U TpUeMa CUTHaJIa,
MOXHO 3amucaTh B CIIEAYIOIIeM BUJIE:

@, (1) = 2 cos(a, (1), (1)

e
a, (1) = arccos [%j
ct

3necy H, — paccTosiHME OO CJIOS M, ¢ — CKOPOCTb
3BYyKa, ! — BpeMs IPUX0Ja 3XOCUTHAaAa, d — paccTosI-
HUE MEXIy TPUEeMHBIMM aHTEeHHaMU WHTepdepo-
MeTpa, A — IinHa BoHbL. Ha puc. 3, B KauecTBe Ipu-
Mepa, TpUBeIeHbl TpapuKu HHTepdepoMeTpUUIe-
CKOM pa3HOCTH (a3, pacCYUTaHHbIE B 3aBUCUMOCTH
OT BpeMeHHM MpPHUXOda 3XOCUTHAJIIOB OT paccenBalo-
IIUX 3JIEMEHTOB TOPU30HTAJIBHOM IMTOBEPXHOCTH MIPU
BEpPTUKAJIBbHON OpMEeHTAlIMM 0a3bl MHTepdepoMeTpa
(d/A = 20). I'padpuKu ITOCTPOEHHI IS IBYX 3ByKOpac-
ceuBamIUMX cJIoeB Ha miyouHax H, =20 M (Bepx-
Huii) u H, =100 M (HUXHMUI).
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Ha npuBenenHbIx rpaduKax BUTHO, YTO 3aBUCH-
MOCTh WHTepdepoMeTpUYeCKOil pa3zHOCTH (a3 oT
BpEeMEHU IIPUX0JIa SXOCUTHAJIOB, PACCEeIHHBIX KaX-
IBIM CJIO€M, MMEET BHUI CUTHAJIa C YaCTOTHOM MOMIY-
nsueit. @yHkuuo (1) MOXHO paccMaTpuUBaTh Kak
CUTHaJl C YaCTOTHOI MOIYJISIIMEN, pa3peliaroniast
CIIOCOOHOCTDH KOTOPOTO OMPEIEISIETCSI aBTOKOPPEIIsi-
LHUOHHOH (yHKIIMEH, NMeoIei MUK U CrHagaloliie
M0 YpOBHIO O0OKOBbIe JiernecTku [17]. OTMeTuM, 4To
YaCTOTHASI MOAYJISIIMS IJISI pa3HBIX CJI0E€B Ha puc. 3
MMeeT pa3HbIi BU (1Mojiocy yacTtoT). OLieHUM U3Me-
HeHMe paspelialolleil CIIOCOOHOCTU MOJIyYeHHOM
¢yHKIIMKM OT mIyomHsl cinosg. Ha puc. 3 BumHO, 4TO
Mepuoa pa3HOCTU a3 MEHSIETCSI OT HEKOTOPOro Ha-
YaJIbHOTO 3HA4YCHUSI M, B IIPEACIbHOM ciydae, IO
O0ecKoHeuyHOCTH. TaknM 06pa3oMm, MMOJIOCy YaCTOT Ta-
Koro curHaja AF MOXHO OLIECHOUHO CUUTATh paBHOM
MaKCHUMaJIbHOM 4acTOTe, COOTBETCTBYIOIICH MEPBO-
My niepuiony. dust d/A > 1,

AF ~ €4
2H,\

IMoyyeHHOE COOTHOIIIEHME MOKA3hIBAET, YTO I10-
JIOCa 4aCTOT yBEJIMYMBAETCs MPONOPIIMOHAIBHO 0a3e
MHTephEepOMETpPa U YMEHbIIIASTCSl TPOMOPLIMOHATb-
HO TTyouHe cinost. CoOOTBETCTBEHHO, pa3pelleHNE I10
IIyOMHE COCTABUT:

AH ~2H,%
d

Ecaiu paccmarpuBatrh MHTEphEPOMETPUUECKYIO
dasy @(7) Kak CUTHaJI, 3aBUCAIINI OT TIyOuHbl H
KaK OT TapaMeTpa, TO KOppeasuMOHHAass (PYHKIIUS
(K®) curnana @, (t) npu onpeneneHHoM H, u Moze-
Jen (p(t) o0 BCceM IITyOMHaM MOXET ObITh 3alMcaHa
B CJIeayolleM BUJE:

T
0, (H, ) = Z[o(H,@(H)dr, @)
0

roe T — BpeMs riprema otpakeHHoro curHana MT'BO.

Hns 3amaHHOrO 3HauyeHus H, HOPMUpOBaHHas
K® sasnsgercs ¢yHKLME, 3aBUCSILEN TOJIBKO OT Iy~
Ounbl H :

©(H,.1)o(H,1)dt

]
H)="0

0 ( 7
I(pz (H,.t)dt
0

Ha puc. 4 npencraBieH Moaynb 3TOH (PYHKIINHA
MpU HaJUYMU JIBYX 3ByKOpacceuBaloOIlIMX CJIOEB Ha
nryorHax 20 u 100 M cooTBeTCTBEHHO. J1J151 BEIYKCIIE-
HU Iar mo r1yomnHe B3ST paBHBIM 5 cM. Kak BugHO
MO pe3yJibTaTaM MOJEIbHBIX PACYeTOB, MAKCUMYMBbI
GYHKIUI pacoyioKeHbl TOUHO Ha DIyOMHAX, 3aJ10-
JKEHHBIX B MOJIEJIb, a TIMKU MUMEIOT BBICOKOE COOTHO-
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Puc. 3. I'paduk unrepdepomerpudeckoit pazHoctu das
B 3aBUCMMOCTH OT BPEMEHU MPUX0J1a IXOCUTHAJIOB.

HHIEHUE CI/IFHa.H/U_IyM N JOCTAaTOYHO Y3KHE, YTO IO -
TBEPKIAeT BO3MOXHOCTb pa3pelleHUs CJIOEB MO MITy-
OMHAaM UX PaCIOJIOXCHMUS.

OTMeTHM, 9TO paspelaroniast CIToCOOHOCTD ajiro-
pUTMa YBETUINBACTCS TIPH YBEJIMICHUHN 0a3bl UHTEP-
¢depoMeTpa, UTO TO3BOJISIET HA TMPAKTUKE TMOJIydaTh
TpedyeMoe paspemeHue 3PC no rimyouHam.

IIpuBeneHHblii Ha puc. 4 rpaduk ITOKa3bIBaCT,
YTO 3BYKOpACCEMBAIOIINE ITOBEPXHOCTUM Ha 3aJaH-
HBIX IyOMHAaX XOPOIIO (PUKCHUPYIOTCS U MOTYT OBITh
BBIICJICHBI C BEICOKOI TOUHOCTBIO IIpY IPUMEHECHUU
paccMoTpeHHoro ajaroputMma (1), (2).

ITPOBEPKA PABOTbI AJITOPUTMA
HA SKCITEPUMEHTAJIBHBIX JAHHBIX

PaccMmotpuM pa6oTy pa3paGoTaHHOTO aJITOpUTMAa
0 BO3MOXKHOCTU OOHApY>KeHUS M OLIEHKE TTOJI0XKe-

AKYCTUYECKUM XYPHATT TomM 69 Ne5 2023
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Puc. 4. Moayinibs HOpMUPOBaHHOI KOPPEISILIMOHHON (DYHKIIMY JIJTsI CJTydasi IBYX 3BYKOPAaCCEUBAIOIINX CJIOEB.
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Puc. 5. Pe3ynbraThl 00paboTKy 3KcriepuMeHTanbHbIX n3MepeHuit UT'bO B 3aBucuMocT OT niryouHb! H.

HMSI 3ByKOpPaCCENBAIOIINX CJIOEB B MOPCKoii cpene. C
9TOM 1LIeJTBIO UCTIOIb3yeM pe3yibTaThl padboTel UT'BO,
npuBencHHBIC Ha puc. 1, 2. Ha akycTmyeckomM n300-
paxkeHnu BomHOU Toimu puc. 1 ormetum 3PC Ha
IyonHe 0KoJio 25—50 M 1 aKycThdecKoe n300paxke-
HUE JHA C cJIab0 pacwIeHEHHBIM pelibeOoM, U3MEHSI-
oleecsl 1Mo NIyOWHE B 30HE TEPBOTO BCTYILICHMS
sxocuTHaioB B ripeneiax 100—140 m. Ha puc. 2 xopo-
1110 MpOCMaTpUBaeTCsl MHTepdepoMeTpruuecKas pas-
HOCThb (ha3 CUTHAJIOB, PaCCESIHHBIX ITOBEPXHOCTHIO
JHa, oTpaxarollas xapakTep I0HHOTo pejbeda. Kpo-
M€ TOT'O, B TOJIIIIE BOJBI CJIa0O IIPOCMAaTPUBACTCS MH-
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TepdepoMeTprdeckast pa3sHoOCTh (a3, 0OyCIOBICH-
Hag HaJIMYMEeM IUIOCKOTO 3BYKOPAaCCEUBAIOIIETO CIIOS
(uHTepdepoMeTpUIECKUE JUHUMN PACIIOIOXKEHBI Ma-
payienbHo U 0e3 u3rnoos). CheMKa IIPOBOIMIIACH
nipu d/A = 13. TIpuMeHUM pa3pabOTaHHBINA aJITOPUTM K
NpUBEACHHBIM Ha pUC. 1, 2 3KCIIeprUMEHTaIbHBIM TaH-
HbIM, B paiioHe oTMeTku 100 M. Ha puc. 5 nokazaHbl pe-
3yJIBTATHI pacyeTa ycpenHeHHo 1o 100 ctpokam Koppe-
JISIIIUOHHOM (PYHKIIMH, TIOTydeHHBIE ITPU TTPUMEHEHUU
pa3paboOTaHHOTO aJITOpUTMa K 3KCIEPUMEHTATbHBIM
n3mepernusm UI'BO.
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Puc. 6. [1poduib BepTUKAIBHOM CKOPOCTH 3BYKa.

Ha pucyHke Xopollo HnpocMaTpMBAaeTCsl CJIOMH,
0OyCJIOBICHHBIN TOHHBIM paccesTHMEeM Ha LIyOMHaX
120—140 M, uyTo cBsI3aHO ¢ peabedom aHa. Eciu npo-
aHaAIM3UPOBATh OoJiee C1adble MAKCUMYMBI B BOTHOM
TOJIIEe, TO MOXHO oTMeTuTh 3PC B paitoHe mIyOuH
30—35 M, KOTOpBIit MOXXET OBITH OOYCIIOBJICH KaK M3Me-
HEHMEM Teo(U3NYECKUX IapaMeTPOB BOMTHOM CpEIbl
(puc. 6), Tak 1 OMOJIOTMUYECKUMU OOBEKTAMU, CKaTLI-
BaIOIMUCS B 00JIaCTHU CJIOSI CKayKa CKOPOCTHU 3BYKa.

3AKJIIOYEHHME

IpemtoxeH crmocod u pa3paboTaH aITOPUTM, OC-
HoBaHHBIN Ha npuMeHeHn UT'BO 1 mo3Bostionini
JUCTAaHIIMOHHO Ha XOIy CyJHA OOHapyXWBaTh IIPO-
TSDKEHHbBIE MTOJTYTIPO3pavyHbIe 7151 3BYKOBBIX BOJIH HC-
noJjb3yeMoro auamna3zoHa 4actoT 3PC u omnpenensaTh
IyOMHY MX MOJIOXXeHUsI B MOpcKoii cpene. [IpoBene-
HO ompoOOBaHUE alrOpMTMa HAa MaTeMaTUYECKUX
MOJIeJISIX, MOATBepAuBIIee ero 3(hOEeKTUBHOCTD IS
peLIeHMs TIOCTAaBJIEHHOM 3amadr. AJITOPUTM IIPOBE-
pEeH Ha mpumepe oO0pabOTKU 3KCHEePUMEHTATbHBIX
IaHHBIX, mojrydeHHBIX MT'BO nnamazona 85 kI mpu
CheMKe peiibehba Ha ydacTKe MOpCKoro aHa B bai-
THUiickoM Mope. O60cHOBaHa BO3MOXKHOCTD ITPUME-
HeHMsI pa3pabOTaHHOIO aJirOpUTMAa JJISI OOHapyKe-
HUSI 3ByKOPaCCEeUBAIOIINX CJIOEB U UX CTPYKTYPHI ITPU
HUCCIIEAOBaHUSIX MOPEil 1 OKEaHOB.

PaGora BEITIOJTHEHA MO TOCYIapCTBEHHOMY 3aia-
Huio PO uMm. B.A. Korensuukosa PAH Ne 075-
01110-23-01.
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