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AHOTAIIA

Iupozoeécvbka T.B. Metoau Ta mporpamMHi 3acoOu IiJIBUIICHHS €(EKTUBHOCTI
MOJICTFOBAHHS T1POAKyCTUYHOTO CUTHAJy Ha OCHOBI BBEJICHHS BaroBUX KOE(QIII€HTIB. —
Kamidikariitna HayKoBa Ipails Ha MpaBax PyKOIHCY.

Huceprairist Ha 3M00yTTS HayKOBOTO CTyINeHs MOKTOopa ¢igocodii 3a cremniaabHICTIO
121 «Imxenepisa nporpaMHOTo 3a0e3nedeHHs». — HallloHaIbHUN TEXHIYHUM YHIBEPCUTET
VYkpainu «KuiBcekuii monitexuiunuii iHcTUTYT iMeHi [ropst Cikopebkoroy», Kuis, 2024.

AKTyanbHICTb TE€MH. AHalli3 ICHYIOUOTO CYYacHOTO MPOrPaMHOTO 3a0e3MeYeHHS
MOJICITIOBAHHS TiPOaKyCTUYHUX CHUTHAJIB JOBOJWTH, IO TaKE MOJCIIOBAHHS MOTpeOye
JETANBHOTO JIOCHIKEHHS (DI3UYHUX TPOIECIB PO3MOBCIOKEHHS 3BYKY Y BOJHHUX
CepeoBUILAX JIJISl TOCATHEHHS MAaKCUMAJIbHOTO MOKJIMBOTO HAaOIMXKEHHSI Ta TOYHOCTI JI0
peanbHUX MOKA3HMKIB, 1110 MOXE BUKOPHCTOBYBATHUCH y PI3HOMAHITHUX Cepax JIIOICHKOI
HismbHOCTI. OCHOBHI BHUKJIMKM CYYaCHUX METOJIB MOJIETIOBAHHS Ta IX MPOrpamMHOL
peanizallii BAHUKaIOTh ITPU MOJICITIOBAHHI PO3MOBCIOJKEHHS 3BYKY Y BOJHUX CEPEIOBUIIAX
y MPOMDKKaxX 4acy Ta pyXy JKepelia 3ByKy Ta mpuiimMada. Take MoJeNtoBaHHS BUMAarae
CKJIaJIHUX Ta PECypco3aTpaTHUX PO3PAXYHKIB, 110 3HAYHO YCKJIAJHIOE pOOOTY HAYKOBIIIB.

[luTaHHAM MOJENIOBAaHHS MOPCHKOTO CEpPEJOBUIIA Ta PO3MOBCIOHKEHHS 3BYKY Ma€
BEJIUKY KIUTBKICTh JIOCHIJKEHb, 30KpeMa II€ MUTAHHS JOCHIKYyBadM TaKi HAYKOBII SIK
bpimoen JI., bpexoscekux JI., Mann . A., Tiui A., Pomano A. JIx., Mo6apaxke II. C.,
I'pinuenko B. T., ITormoB B. B., Conrtanns b., 3paxescekuii I'. M., Kopxuk O., Haiina C.,
Kypmroxk C., Hixxuncska B., Kopxkuk M., Haiina A., JIsio C., Csio B., Ban 0., Ban JI., [lunb
0., JIi 3., Jlro A., Pacner P., I'peitsc P., Harn A., Yoepann I'., 3apyp I'., Bectyn E.K.,
Tiagn K. T., Yenmen H.P., bornens Xronpen, ®maman Xronwsen, JJamr'Ocro [ein, Jle bian
Hixonsa, Hans [TiTep Ta iHmi.

JlocimKeHHsT yTBOPEHHS T1APOaKyCTUYHHIX KaHAJiB, po3po0Ka MiBOHOTO 3B’ SI3Ky Ta
TeJIeMETpii BUMararoTh OUIBIIOI JeTami3allii B 3aaHHl BXiqHUX mapaMmeTpiB. [locTaHoBKa
XBUJILOBOTO PIBHSAHHS Ma€ TiepemdadaTvl IMPOIEC TMOIIMPEHHS aKyCTUYHHX 30ypeHb 3
BpaxyBaHHHSIM BIUTMBY BiIOUTOTO Ta po3cisHoro mnossi. OgHuM 3 Ccrmoco0iB BUPIIMIECHHS

JaHOT'O IMUTAHHA € MOJCIIOBAHHA 3BYKOBOI'O ITOJISI MCTOAOM HOPMAJIbHUX XBUJIb. Po3po61<a,



MOJICITFOBAHHS Ta BUKOPUCTAHHS TaKOTO MAXOAY MOTpeOye BBEACHHS YacOBOI 3aJI€KHOCTI
MDK 3MIHHUMH JUHAMI4HOI cucTeMH. lle 03BOJIUTH MPOBOJAMTH OUIBII TJIHOOKE
TOCITIKEHHS TTPOIIECY TOMUPEHHS 3ByKOBUX XBHJIb B T1ABOTHOMY KaHaJl, iX aKyCTHYHHUX
TUCK B BEPTUKAJIbHUX MEPETUKAX CEPEOBUIIA Ta BCTAHOBIEHHS KOE(IIIEHTIB 30ypeHHs
OJI1 i Yac poOOTH 3 KEPETIOM.

HaiiGinemn  eexkTuBHE 3acTOCyBaHHS METOAY HOpPMajJbHUX MO €  JJIA
BUIPOMIHIOBAYiB, III0 TEHEPYIOTh 3BYK Ha HU3bK1H 4acToTl. B po6oTax moka3aHo, 110 mym
KOpalJisa, MO BiITATSIETHCS, MOXKHA BITHECTH 10 HHU3bKoudacToTHOTO. Ilim wac momiOHmMx
JOCIIIKEHb 3BYKOBUX XBHJIb Ta X BUIIPOMIHIOBAaYa, TIOCUTh YaCTO BUKOPUCTOBYETHCS TUCK
Ta aKyCTHYHA €HEepris, 110 BU3HAYCHI B KOXHIW Toulll cepeaoBuina. CIEKTpU CYJI0BOTO
IIyMy Ta IIyMy TIEPEBE3CHHS 3 BUKOPUCTAHHSM METOAY HOPMAJIbHHUX XBHUJIb, JJIS OIlIHKH
TOYHOCTI METOJly BUKOPUCTOBYIOThCSA JaHl oTpuMaHi s npodutno Mynka. [IHO
PO3TISAAETHCA K IIap 3 PI3HOK IIBUJKICTh Ta MIUIBHICTIO, TOX METOJ[ MOKJIMBO
3aCTOCOBYBATH JJIs OLIBII IIUPOKOTO CHEKTPY 3a4ad.

B OunbmiocTi po3rasHYTHX 3aj7ad, MepexiJ A0 TPUBUMIPHOT MOJENI METOIY
HOpPMAJIbHUX XBWUJIb Ma€ TNEBHY MpOOJEMAaTUKy IOB’S3aHy 31 CTIMKICTIO HEJIHIMHHX
HOpMaJIbHUX MOJI. TpuBUMIpHA MOJIENb, PU 3aCTOCYBaHH1 METOY, HE BPaXOBY€ B SBHOMY
BUTJISI/I 3MIHHY Yacy. BBaxkaeThcs, 110 3aCTOCYBaHHSI METOy HOPMAJIbHUX MOJ MOKITUBE
MpU YMOBI, IO MOJIM € HE3MIHHUMU MPOTITOM MEBHOro yacoBoro mnepioay. Ilpore, npu
JOCITIDKCHH]  BUIPOMIHIOBAHHS TOYKOBOTO JoKepeNna IIIIHAPUYHOTO XBHIICBOJY,
BpaxyBaHHs 4aCOBO1 3MIHHOI € HEOOX1JHUM.

MogentoBaHHsl TiIpOaKyCTUYHOIO CEpElOoBUINA TMOTpeOye BHUCOKOI JeTasi3allis
MOJIeJIel, IO MiJIBUIIUTh TOYHICTh PE3yJIbTAaTiB MOJICTIOBAHHS, a TaKOX 3a0e3MeunTh
MOXJIMBICTh 3aJlaHHs crneuu@iuHux yMoB ekcrnepuMmeHTy. IIpore Takuit crocio
MOJIENIIOBaHHS OTpeOye BpaxyBaHHs 0aratbox (Pi3MYHUX MapaMeTpiB, IO B CBOIO Yepry
CTBOPIOE MOTPeOy B 00pOOII BEIMKUX MAaCHBIB JJAHUX, 10 3HUKYE MIBUIKICTh OOUHUCIIEHb 1
BUMarae OLIbII MOTYKHUX OOYHMCIIOBAIILHUX CHCTEM. [HTerpailisi HOBUX MiJIXOJIB [0
MOJICITIOBAHHS TIAPOAKyCTUYHOTO TIOJISA JIO3BOJUTH KOMILIEKCHO BHPIITyBaTH 3aaadi

MozentoBaHHs. [IpoTe HOBI MiX0IM TAKOXK MAIOTh IMiIBUIIYBaTH €()EKTUBHICTh METOTy 0€3



BTpPAaTU TOYHOCTI PO3paxyHKIB. 30KpeMa iICHYye HEOOXiAHICTh B KOMOIHYBaHHI 1CHYHOYHX
METO/11B ISl 3a0€3MeUeHHS M0JIaJIbIIIOr0 PO3BUTKY CUCTEM BU3HAUEHHS MOPCHKUX 00’ €KTIB.

Jis po3B’si3aHHS MOpPOTHpIYYs, sKe Oylo BHU3HAueHE, B JHUCEpTaliiHii poOoTi
PO3B’SI3yEThCS aKTyajbHE HAYKOBE 3aBIAHHS /000 pO3POOKU Memoodie ma npocpamHo2o
3abe3neueHHs MOOeNOBAHHS CUCHANY OAIbHbO20 NOAA HA OCHOBI B8E0EHHS 8a208UX
Koeiyicnmis 6 Memooi HOPMATLHUX MOO OJlsl BPAXYBAHHSA HENTHIUHOCMI MOOENi MOPCbKO20
cepedosuuya.

HuceprariitHe qOCHTIKEHHSI BUKOHAHE BiJIMTOBITHO JI0 MJIAHIB HAYKOBOI Ta HAYKOBO-
TEXHIYHOI JisibHOCTI HarioHanbHOro TeXHIYHOro yHiBepcuteTy Ykpainu «KuiBcbkuit
noJiiTexHiyHUi 1HCTUTYT 1MeHl Iropst Cikopcbkoro» 1 kadenpu iHxkeHepii MporpaMHOro
3a0e3MeyeHHs] B €HEPreTUlll Ta € YaCTHHOIO JOCTIKEHb B PaMKaxX HayKOBO-TOCIIIHHX
poOit: "MeToau 3a0e3meueHHs] PYHKIIOHAIBHOI CTIMKOCTI pO3MOAUICHUX 1H(MOpMAIIITHIX
cucteM mianpuemctB". JlepxaBuuii peectpariiinuit Homep: 0121U108334, K111, 2021-2025
pp. Tepminu BukoHanns: modatrok — 01.03.2021 p. 3akinuenns — 28.02.2025 p;
“JlocaipKeHHS! IHTENEKTyalbHIUX KOMIT FOTEPHUX MOJIENEH Ta alrOPUTMIB aHaJli3y CUTHAIIB
Mopcekoro cepenosuiia”’, goroip Ne J1/020.01/0204.02/58/2020 Bix 23 rpyans 2020 p.
mix KIII im. Irops Cikopcekoro ta [nctutyrom Oxkeanorpadiunoro IpuianoOyayBaHHs
Axkanemii Hayk mposiHiii Hlangyns (KHP) mpo BukoHaHHS HaykoBOi Temu; J0oroBip Ne
DLN-20-DP-01 Bix 15 rpyans 2020 p. (3apeectpoBano B KIII im. Irops Cikopcbkoro 3a No
1/0201.01/0204.02/55/2020 Bix 23.12.2020p.) 3 Hagauus [locayr 3 po3poOKu MporpaMHOTO
3abe3neuendss mix KIII im. Iropss Cikopcekoro Ta ToBapucTBOM 3 0OMEXKEHOIO
BiAnoBiAabHICTIO «HaykoBo—BupooHUUe mignpuemctso «CUMBOJDy.

Mera aucepTartliiinoi poOOTH MOJAraEe B MiABUIIEHHI €()EKTUBHOCTI MPOTrpamMHUX
3ac001B KOMI'IOTEPHOTO MOJEIOBAHHS CHUTHANY JAbHBOTO TIIPOAKYyCTUYHOTO MO 32
PaXyHOK YJIOCKOHAQJICHHS KIACUYHOTO METOAY HOPMAJIbHMX MOJ[ Ta pPO3POOICHHS
y3arajJlbHEeHOTO METO/Y JJIsi MOJICTIOBaHHS CUTHAIY.

OcCHOBHI 3aBIaHHS JOCIIKEHHS BKIIOYAIOTh:

1.  Jocmiautu iCHYIOUYl METOAM MOJEITIOBAHHS T1APOAaKyCTUYHOTO TOJISl, 3 METOIO
BUOOpY METOAY [UJIsl TOJAJIBIIOTO BHUKOPUCTAHHA TIPU PO3POOJICHHI MPOrPaMHOTO

3a0€e3MeYeHHS.



2. IlpoanamizyBaT  iCHyluUe€  mporpamMHe  3a0e3MEeUeHHS  MOJEIIOBaHHS
rAPOaKyCTUYHUX CHUTHAIIB Ta BU3HAYMTH HOTO TMepeBaru Ta HEMONIKA JJI MOIIYKY
C1Ioco0iB MOKPAIIEHHS ICHYIOYMX METO[iB MOJICITFOBAHHSI.

3. VYIOCKOHAIWTH KJIACHYHUI METO HOPMAITBHUX MOJI U MOJICITFOBAHHS CUTHAITY
JANTbHBOTO TMOJSI HA OCHOBI BBEJAECHHS 3MIHM IIBHUJIKOCTI 3BYKY 3 TJIMOMHOIO Ta 4acOBOI
3MIHHOI 3 METOI0 BpaxyBaHHS OCOOJMBOCTEH PO3MOBCIOKEHHS 3BYKY Y BOJHHX
CEpEIOBUIIAX.

4, VYJOCKOHAIWUTH KJIACHYHUN METOJ, HOPMaJbHUX MOJ] BBEJCHHSM BaroBUX
KOe(IIIEHTIB 3 METOIO BpaxyBaHHS HEJIIHIHHOCTI MOPCHKOT'O CEPEIOBHIIIA.

5. Po3poOutu y3arajabHEHUH METOJ HOPMaJIbHUX MOJI Ha OCHOBI PO3POOJICHHX
YJIOCKOHAJICHb: BBEJICHHSI 3aJI€KHOCTI 3MiHU IMIBUIKOCTI 3 MIMOMHOIO, YaCOBO1 3MIHHOI Ta
BAaroBUX KOE(QILIE€HTIB.

6. Ha ocHOBI MOACIBHO-OPIEHTOBAHOTO TIJAXOMYy PO3POOUTH  apXITEKTYPY
IPOrpaMHOro 3a0e3MeUYeHHs] Ta KOPUCTYBAlbKUW  1HTep(deiic MOJEeNIOBaHHS CUTHATY
JANbHBOTO TOJISI HA OCHOBI BBEJEHHS BaroBUX KOE(QILIEHTIB 3 METOK BpaxyBaHHS
HEJITHIMHOCTI MOPCHKOTO CEpEeIOBUIIIA.

7. Po3pobutu nporpamHe 3a0e3MeyeHHs] MOICIIIOBAHHS TAPOaKyCTUYHUX CUTHAIIB
JATBHBOTO TIOJISI TA MMPOBECTU TECTYBAHHS 3 METOIO JIOBEACHHS KOPEKTHOCTI TEOPETUUHHX
pe3yibTaTIB.

OO0'exTOM NOCHIIKEHb € MPOIEC KOMITIOTEPHOTO MOJCIIOBAHHS T1APOaKyCTHYHHX
CUTHAJIB B TAJIbHHOMY IOJII.

[IpenmeToM MOCHTIIKEHBb € METOJIU, aJITOPUTMHU Ta MIPOTPAMHI 3aCO0U KOMIT FOTEPHOTO
MOJIETIOBaHHS TJIPOAKYCTUYHUX CUTHAIIB B TaJIbHHOMY IOJi.

JucepraitiiiHi JTOCTIIP)KEHHS TPOBOJUIUCH, HA OCHOBI TiJPOaKyCTUYHOI Teopii.
Teopernyni ocHOBU (DI3UYHUX TIPOLIECIB PO3MOBCIOIKEHHS 3BYKY Y BOJTHOMY CEPEIOBHUIIT
KOMOIHATOPHOI TEOpii, AHATITUYHOTO MOJICJIIOBAHHS Ta TUCKPETHOI onTumizailii. Metoau
Teopii 00pOOKU CTIIOCTEPEIKEHB JIJIs aHAITI3y €KCIIEPUMEHTAIBLHUX JaHUX.

HaykoBa HOBH3HA 0Jiep:KaHUX PE3yJIbTATIB.

1. ViaockoHaneHO KJIACHYHUNA METOJ HOPMAIbHUX MOJA JUJIi MOJICTIOBaHHS

rAPOaKyCTUYHOTO CUTHAIY, SIKAW BIAPI3HSETHCS BiJl ICHYIOUMX BBEJICHHSM 3aJI€KHOCTEN



MIBUAKOCTI 3BYKY BIJ INIMOWHU JIJIS BpaxyBaHHS OCOOJMBOCTEN BOJHOTO CEpEIOBHUIIA Ta
3MIHU aKyCTUYHOT'O TUCKY 3 YacOM.

2. Bmepmie po3pobiieHO y3araabHEHHH METOJ HOPMAalbHUX MOJI Ha OCHOBI
BpaxyBaHHS 3MIHHOI HIBUIKOCTI 3BYyKY, 4aCOBOI 3MiHHO{ Ta BBEJICHHS BarOBUX KOC(IIIEHTIB
JUIS BU3HAUYEHHS K JIHIMHMUX, TaK 1 HEJNHIMHUX BHIIQAKIB, IO JO3BOJHUTH ITIABUIIUTH
TOYHICTh 0OPaXyHKIB aKyCTHYHOTO TUCKY B XBHJICBO/II.

3. Bmepimie po3pobiieHO apXiTeKTypy NpOrpaMHOro 3a0e3rneueHHs MOJETIOBaHHS
TiIpPOAKYCTUYHUX CHUTHAJIIB Ha OCHOBI YJIOCKOHAJIEHOTO Ta Yy3arajJbHEHOTO METO/IB
HOPMAaJIbHUX MOJI, SIKa JIO TOTO 5K BIIPI3HAETHCS BiJl ICHYIOUHX MOXKJIMBICTIO 3a1aHHS P13HUX
napaMmeTpiB CEPEeIOBUIIA MOJICIIOBAHHS, sIKI 301IbIIIy€ MIBUAKICTh 0OpaxyHKiB Ha 30%, Ta
BILUIMBAIOTh HA TOOYJIOBY CIIEHAPIIO pyXy 00’ €KTa CIIOCTEPEIKECHHS.

[IpakTruHe 3HaYEHHS OTPUMAHUX PE3YIIbTATIB.

1. Bmepme po3poOieHo mporpaMHe 3a0€3MEe4YeHHs KOMIUIEKCHOI CHUCTEMH
MOJICJIIOBaHHS T1IPOAKYCTUYHUX CUTHAJIIB Ha OCHOBI 3aIIPOIIOHOBAHUX YJAOCKOHAJIEHOTO
MeToy. 30KpeMa B peaiizallii 0ysio 3ampornoHOBaHO COCIO CIIPOILECHHS Ta IPUIIBUAIICHHS
o0OpaxyHKIB 3a BHMKOPHCTAHHSIM MapajelbHUX OOYMCIEHb 3a 3akoHOM Awmjaia.
BnpoBamkeHHs 3a3Ha4€HOTO MPOTPAMHOT0 3a0€3MEeUEHHS J03BOJISIE 3 OUIBIIOI TOYHICTIO
Ta MBUJIKICTIO OTPUMATH PE3YIbTATH MOJCIIOBAHHS PO3MOBCIOHKEHHS 3BYKY Y BOJHOMY
cepeoBUIII.

2. IlpoBeneno anami3 e(pEKTUBHOCTI 3alMpPONOHOBAHMX METOMIB MOJICTIOBAHHS
TAPOaKyCTUYHUX CHUTHANIIB. AHali3 MOKa3aB, IO, 3a pe3yJbTaTaMH MOJCITIOBAHHS
PO3MOBCIOKEHHS TiAPOAKyCTUYHOTO CHTHATy B MOPCHKOMY CEPEIOBHIII, PO3POOICHUN
y3arajJlbHeHUH MeTOJ| J03BOJIsi€ 3MEHIIUTH 4ac oOpaxyHKy B cepeanboMy Ha 30 % 0e3
MOTIPIIEHHS! TOYHOCTI OTPUMaHUX pe3yibTaTiB. e Hajae MOKIMBICTD CTBEPIXKYBATH, 1110
e(eKTUBHICTh MOJICTIOBAHHS TIAPOAKYCTUYHUX CHUTHAJIB METOJIOM HOPMAJIbHHX MOJ]
T1JIBUIITY€ThCS.

PesynbpTaTi mociipkeHb NPUMHSATI A0 BIPOBaKeHHsS B KOHCTpyKTOpChKOMY OIOpO
«MITopm» KIII im. Irops Cikopcekoro (akt Big 26.02.2025 p.), B HaBUaJbHUN MPOIIEC
Kadeapu imKeHepii mporpaMHoro 3abe3nedeHHs B enepretuili HamoHamsHOTO TEXHIYHOTO
yHiBepcuTeTy YKpainu «KuiBcbkuil momitexHiyHUM 1HCTUTYT iMeHi Iropss CiKopchbKoroy

IIPU BUKJIQJaHHI IUCIUILTIHU «[HX)KeHepis JaHuX Ta 3HAHbY» JJIsl CTYJIEHTIB OCBITHHOTO PIBHS



«Marictp» cnenianbHocTi 121 «[HXeHepis mporpaMHOTo 3a0e3MeUeHHs» JEHHOT Ta 3a09HO1
dbopmu HaBuaHHA(akT Big 26.02.2025 p.).

Peamizariss yJOCKOHAJIGHOTO METOy HOPMaJbHHX MOJI Ha OCHOBI BaroBUX
Koe(irieHTiB 103BOIISE: €PEKTHUBHIIIEC MOACTIOBATH (DI3UTHI MPOIECH, SKI BiTIOYBaIOTHCS Y
BOJAHOMY CEpEIOBHIL MPU TMOIIMPEHHI 3BYKY; 3HM3UTH BHUMOTH JIO0 YCTaTKyBaHHS,
NOTPIOHOTO IS 3aIyCKY MPOrPaMHOI0 3a0€3MeUeHHsT; eKCIIEPUMEHTYBATH Ta MOPIBHIOBATH
Pi3HI MOJIETIi MOUIMPEHHS 3BYKOBUX XBUJIb Y BOJHOMY CE€PEIOBHIIIL.

Meta nocnipkeHb HIO0 MiJBUIICHHI €()EKTUBHOCTI METOIB Ta MPOTPaMHOIO
3a0e3MeUYeHHs] MOJENIOBAaHHSI CHUTHAJIy JallbHbOTO MOJsSi Ha OCHOBI BBEJICHHS BaroBHX
KOe(DIIIEHTIB B METO/II HOPMAJILHUX MO/ JJI BpaxyBaHHS HEMIHIMHOCTI MOJENI MOPCHKOTO
cepeZIoBUIIa JOCSATHYTA 1 yCl1 MOCTABJICHI HAYKOB1 YACTKOBI 3aBJIaHHS BUPIIIICHI TTOBHICTIO.
OTpumaHi HayKOBl1 pe3yJIbTaTh JUCEPTALIMHUX JOCIIKEHb € BHECKOM B PO3BUTOK
iHQOpMAIIHHUX TEXHOJIOTIM JIJIi CUCTEMHOTO aHalli3y, JOCHIHKEHHS, pO3pOOJIeHHS
apXITEKTYpH Ta METO/IIB MO0y 10BU OaraTopiBHEBUX KOMIT FOTEPHHUX CUCTEM MOJICIIIOBAHHS
TAPOaKyCTUYHUX SBHIII, 30KpeMa KOMEPIIIMHOTO TPU3HAYCHHS.

[lepcieKTUBHUMHU HUIIXaMHU JIOCHIIKEHb € PO3pOO0Ka HOBHX 1 YIOCKOHAJIEHHS
ICHyIOYMX  MojJeJied Ta  METOMIB  MIABUIIEHHA  €(EKTHUBHOCTI  MOJEIIOBaHHS
TAPOAKyCTUYHUX SIBUII, 30KpeMa PpO3IIMPEHHS BpaxoBaHWX (AKTOPIB, SKI MOXYTh
BIUTUBATH HA 0OPaXyHOK.

Kro4oBi cjoBa: iHXeHepis MPOrpaMHOTO 3a0e3MeUeHHs, apXiTeKTypa MpOrpaMHOro
3a0e3MeueHHs, po3poOKa TmporpaMHoro 3abes3neueHHs, 1HGOpPMAIIHHI TEXHOJOTI,
iH(dopMmaliiiHa cucTeMa, aHalli3 JaHUuX, MaTeMaTU4YHE MOJICIIOBAHHS, T1IPOAaKyCTHKA,
MOJICTFOBAHHS T1IPOaKyCTUYHUX CUTHAIIB, MOJICIbHO-OPIEHTOBAHUM MIiaXid, 0aza 3HaHb,

0a3a JaHux.
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ANOTATION

Pirogovska T.V. Methods and software tools for increasing the efficiency of
hydroacoustic signal modeling based on the introduction of weighting coefficients. —
Qualification scientific work in the form of a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 121 “Software
Engineering”. — National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute”, Kyiv, 2024.

Relevance of the topic. Analysis of existing modern software for modeling
hydroacoustic signals proves that such modeling requires a detailed study of the physical
processes of sound propagation in aquatic environments to achieve the maximum possible
approximation and accuracy to real indicators, which can be used in various spheres of
human activity. The main challenges of modern modeling methods and their software
Implementation arise when modeling sound propagation in aquatic environments in time
intervals and the movement of the sound source and receiver. Such modeling requires
complex and resource-intensive calculations, which significantly complicates the work of
scientists.

The issue of modeling the marine environment and sound propagation has been the
subject of a large number of studies, in particular, this issue was investigated by such
scientists as Brillouin L., Brekhovskykh L., Mann Ya. A., Tichy Ya., Romano A. J,,
Mobarake P. S., Grinchenko V. T., Popov V. V., Soltannya B., Zrazhevsky G. M., Korzhyk
0., Naida S., Kurdyuk S., Nizhynska V., Korzhyk M., Naida A., Liao S., Xiao V., Wang Y.,
Wang L., Qin C., Li Z., Liu D., Raspet R., Graves R., Nagle A., Uberall G., Zaroor G.,
Westwood E.K., Tindle K.T., Chapman N.R., Bonnell Julien, Flaman Julien, Dall'Osto
David, Le Bian Nicolas, Dahl Peter and others.

Studies of the formation of hydroacoustic channels, the development of underwater
communication and telemetry require greater detail in specifying the input parameters. The
formulation of the wave equation should provide for the process of propagation of acoustic
disturbances taking into account the influence of the reflected and scattered fields. One of

the ways to solve this issue is to model the sound field using the normal wave method. The
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development, modeling and use of such an approach requires the introduction of a time
dependence between the variables of the dynamic system. This will allow for a more in-
depth study of the process of sound wave propagation in an underwater channel, their
acoustic pressure in vertical intersections of the medium and the establishment of field
perturbation coefficients when working with the source.

The most effective application of the normal mode method is for emitters that generate
sound at low frequencies. The works show that the noise of a moving ship can be attributed
to low-frequency. During such studies of sound waves and their emitter, pressure and
acoustic energy, which are determined at each point in the medium, are quite often used.
Spectra of ship noise and traffic noise using the normal wave method, data obtained for the
Munch profile are used to assess the accuracy of the method. The bottom is considered as a
layer with different speeds and densities, so the method can be used for a wider range of
tasks.

In most of the problems considered, the transition to a three-dimensional model of the
normal wave method has certain problems associated with the stability of nonlinear normal
modes. The three-dimensional model, when applying the method, does not explicitly take
into account the time variable. It is believed that the application of the normal mode method
Is possible under the condition that the modes are unchanged over a certain time period.
However, when studying the radiation of a point source of a cylindrical waveguide, taking
into account the time variable is necessary.

Modeling of the hydroacoustic environment requires high detail of the models, which
will increase the accuracy of the modeling results, and also provide the possibility of
specifying specific experimental conditions. However, this method of modeling requires
taking into account many physical parameters, which in turn creates the need to process
large data sets, which reduces the speed of calculations and requires more powerful
computing systems. Integration of new approaches to modeling of the hydroacoustic field
will allow for a comprehensive solution to modeling problems. However, new approaches
should also increase the efficiency of the method without losing the accuracy of calculations.
In particular, there is a need to combine existing methods to ensure the further development

of marine object detection systems.
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To resolve the contradiction that was identified, the dissertation solves a relevant
scientific problem regarding the development of methods and software for modeling the far-
field signal based on the introduction of weighting coefficients in the normal mode method
to take into account the nonlinearity of the marine environment model.

The dissertation research was carried out in accordance with the plans of scientific and
scientific-technical activities of the National Technical University of Ukraine "lgor Sikorsky
Kyiv Polytechnic Institute” and the Department of Software Engineering in Energy and is
part of the research within the framework of scientific and research works: "Optimization
of the operation of web-oriented systems with a large set of data" (state registration number
0117U004913, Igor Sikorsky Kyiv Polytechnic Institute, Kyiv), "Methods for managing
heterogeneous distributed databases with a dynamic structure based on a network-centric
approach” (state registration number 0121U109260, Igor Sikorsky Kyiv Polytechnic
Institute, Kyiv), which are carried out by the National Technical University of Ukraine "lgor
Sikorsky Kyiv Polytechnic Institute™ in 2020 - 2024.

The purpose of the dissertation is to increase the efficiency of software tools for
computer modeling of the far-field hydroacoustic signal by improving the classical normal
mode method and developing a generalized method for signal modeling.

The main objectives of the research include:

1. To investigate existing methods for modeling the hydroacoustic field, in order to
select a method for further use in software development.

2. To analyze existing software for modeling hydroacoustic signals and determine its
advantages and disadvantages in order to find ways to improve existing modeling methods.

3. To improve the classical normal mode method for modeling the far-field signal based
on the introduction of the change in sound speed with depth and a time variable in order to
take into account the peculiarities of sound propagation in aquatic environments.

4. To improve the classical normal mode method by introducing weighting factors in
order to take into account the nonlinearity of the marine environment.

5. Develop a generalized normal mode method based on the developed improvements:
introduction of the dependence of the velocity change with depth, time variable and

weighting factors.
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6. Based on a model-oriented approach, develop a software architecture and user
interface for far-field signal modeling based on the introduction of weighting factors in order
to take into account the nonlinearity of the marine environment.

7. Develop software for modeling far-field hydroacoustic signals and conduct testing
to prove the correctness of the theoretical results.

The object of research is the process of computer modeling of far-field hydroacoustic
signals.

The subject of research is methods, algorithms and software for computer modeling of
far-field hydroacoustic signals.

The dissertation research was conducted on the basis of hydroacoustic theory.
Theoretical foundations of physical processes of sound propagation in the aquatic
environment of combinatorial theory, analytical modeling and discrete optimization.
Methods of the theory of observation processing for the analysis of experimental data.

Scientific novelty of the results obtained.

1. The classical normal mode method for modeling hydroacoustic signals has been
Improved, which differs from existing ones by introducing the dependences of sound speed
on depth to take into account the characteristics of the water environment and changes in
acoustic pressure over time.

2. For the first time, a generalized normal mode method has been developed based on
taking into account the variable sound speed, time variable, and the introduction of
weighting factors to determine both linear and nonlinear cases, which will allow to increase
the accuracy of calculations of acoustic pressure in the waveguide.

3. For the first time, a software architecture for modeling hydroacoustic signals has
been developed based on the improved and generalized normal mode method, which also
differs from existing ones by the possibility of specifying various parameters of the
modeling environment, which increase the speed of calculations by 30% and affect the
construction of the scenario of the movement of the observation object. Practical
significance of the obtained results.For the first time, a software for a complex system for
modeling hydroacoustic signals was developed based on the proposed improved method. In

particular, a method for simplifying and accelerating calculations using parallel calculations
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according to Amdahl's law was proposed in the implementation. The implementation of the
specified software allows for more accurate and faster results of modeling sound
propagation in the aquatic environment.

An analysis of the effectiveness of the proposed methods for modeling hydroacoustic
signals was conducted. The analysis showed that, according to the results of modeling
hydroacoustic signal propagation in the marine environment, the developed generalized
method allows reducing the calculation time by an average of 30% without deteriorating the
accuracy of the results obtained. This makes it possible to state that the effectiveness of
modeling hydroacoustic signals using the normal mode method increases.

The results of the research have been accepted for implementation in the Scientific and
Methodological Center for Personnel Policy of the Ministry of Defense of Ukraine in the
Design Bureau "Storm" of the Igor Sikorsky Kyiv Polytechnic Institute, in the educational
process of the Department of Software Engineering in Energy of the National Technical
University of Ukraine "lgor Sikorsky Kyiv Polytechnic Institute"” when teaching the
discipline "Data and Knowledge Engineering” for students of the "Master" level of
education in specialty 121 "Software Engineering" of full-time and part-time study.

The implementation of the improved normal mode method based on weighting
coefficients allows: to more effectively model physical processes that occur in the aquatic
environment during sound propagation; to reduce the requirements for the equipment
required to run the software; to experiment and compare different models of sound wave
propagation in the aquatic environment.

The goal of the research to increase the efficiency of methods and software for
modeling the far-field signal based on the introduction of weighting coefficients in the
normal mode method to take into account the nonlinearity of the marine environment model
has been achieved and all the scientific partial tasks have been fully solved. The obtained
scientific results of the dissertation research are a contribution to the development of
information technologies for system analysis, research, development of architecture and
methods for building multi-level computer systems for modeling hydroacoustic phenomena,

in particular for commercial purposes.
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Promising research paths are the development of new and improvement of existing
models and methods for increasing the efficiency of modeling hydroacoustic phenomena,
in particular the expansion of the factors taken into account that can affect the calculation.

Keywords: software engineering, software architecture, software development,
information technology, information system, data analysis, mathematical modeling,
hydroacoustics, modeling of hydroacoustic signals, model-oriented approach, knowledge

base, database.
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BCTYII

AKTYaJILHICTh TEMH.

AHami3 ICHYIOYOTO Cy4aCHOTO MPOTpaMHOTO  3a0e3MedYeHHS  MOJSITIOBAHHS
TAPOAaKyCTUYHUX CHUTHAIIB JIOBOAMTH, II0 TaKe MOJCIIOBAHHS NOTpelye IETaIbHOIO
JOCTKEHHST (PI3UYHUX MPOIIECIB PO3MOBCIOXKEHHS 3BYKY y BOJHHUX CEPEIOBHUIIAX IS
JOCSITHEHHSI MaKCHUMaJIBHOTO MOJKJIMBOTO HAOMMKEHHS Ta TOYHOCTI J0 peaJbHUX
MOKa3HHUKIB, 1110 MO’KE BUKOPUCTOBYBATUCH Y PI3HOMAHITHUX cdepax 0 IChKO1 T1sUTbHOCTI.
OCHOBHI BUKJIMKMA CyYaCHHX METOIB MOJENIOBaHHA Ta iX MPOrpaMHOI peasizamii
BUHUKAIOTh TPU MOJEIIOBAHHI PO3MOBCIOJKEHHSI 3BYKY Yy BOJHHUX CEpEIOBHILNAX Y
IPOMDKKAX 4Yacy Ta pyxy JpKepenia 3ByKy Ta npuiimada. Take MoJenqroBaHHsS BHMarae
CKJIaJIHUX Ta PECypco3aTpaTHUX PO3PAXYHKIB, III0 3HAYHO YCKJIaJAHIOE pOOOTY HAyKOBIIIB.

BinpmricTe TpaguIiiHUX METOJIB HE BPaXOBYIOTh 3MIHHICTH CEPEJIOBHINA, TAKy 5K
TEMIIEpATypHI TPaJi€HTH, HIUIBHICTh Ta COJOHICTH BOJU, IO 3MIHIOIOTHCS 3aJICKHO BIJ
rMOMHK Ta reorpagiyHOro moJioKeHHs. lle mpu3BOAUTH A0 3HAYHMX MOXHOOK Yy
IPOTrHO3YBaHHI IUIAX1B PO3MOBCIOIPKEHHSI 3BYKOBUX XBWJIb.

VY OUIBIIOCTI KJIIACMYHUX MOJENel He OepeThcs J0 yBard BIUIMB 4acy Ha PO3MOALI
3BYKOBOTO IIOJIS, IIO 3HMXKYE TOYHICTh MPOTHO3YBAaHHS MJIs JUHAMIYHMX YMOB, JI€
BXJIMBUH BIUTUB (DAKTOPIB SIK-OT 3MIHU TEMIIEPATYpH Ta TUCKY.

[TommpeHHsT 3BYKOBHX XBWJIb y BOJHOMY CEPEIOBHIII, SKE Mae 0OaraToliapoBy
CTPYKTYpPY (HampuKiaj, 3 pi3HOI IIUTBHICTIO BOJM Ha PI3HUX TJIMOWHAX), BHKIUKAE
CKJIQIHONIl JJI1 TPAAMI[IHHUX METOJIB, AKI YacTO HE MOXYTh TOYHO 3MOJEIIOBATH
B3a€EMO/III0 XBHJIb 13 JOHHUM IIAPOM 1 TTOBEPXHEIO.

Kmacuuni Metogu moOraHo MIAXOOSTH A9 HHU3BKOYACTOTHUX  XBHIb, SIKI
BUKOPUCTOBYIOTHCA B OUIBLIOCTI MIABOAHMX KOMYHIKalIMHUX cucteM. Hu3bpki yacTotu
MaroTh Crieni(igHi 0COOIMBOCTI MOMUPEHHS, AKI MOTPEOYIOTH OUIBII CKIAHOTO MiIXOIy
JUTSI TOYHOTO MOJICTFOBAHHS.

bararo icHyrouMX METONIB, 30KpeMa TPUBHUMIPHI MOJENI, BUMAraimOTh BEJIUKHUX
OOYHUCITIOBAILHUX PECYpCiB NIl JOCATHEHHS HEOOXIAHOI TOYHOCTI, IO OOMEKYe

MOXJIMBICTH 1X 3aCTOCYBaHHSI B peaJibHOMY 4aci.
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[{i mpoGiemu CTBOPIOIOTH MOTPeOy B HOBUX MiAXOJaX JO MOJIECTIOBAHHS, TAaKHX SK
BUKOPHCTAaHHS HOPMaJIbHMX MoJ Ta KoedimienTiB YeOuiioBa, 10 JT03BOJSIOTH
BpaxoBYBaTH OLTBIIIE TAPAMETPIB CEPEAOBHINA, 30KpEeMa HOTO YacCOBY JUHAMIKY.

Sk mpaBuII0, JOCITIAKYETHCS PO3MOBCIOIKEHHS HE CAMUX 3BYKOBUX XBUJIb, 4 JUHAMIKA
ix mapameTpiB. B 3B’S3Ky 3 YMM JOIIJIbHO BCTAHOBUTH JHCKPETHY Ta HEMEPEPBHY
3aJIeKHOCTI MK PIBHSHHSIM HOPMaJbHUX MOJI CUTHANY, KM T€HEPYeETbCA IMIYJIbCHUM
HEPYXOMHM JIKEPESIOM 3 IIMHOM 4acy. B poOoTi po3kpuBaeThcst mody0Ba JTUCKPETHOT
MOJICITi MPOIIECY YTBOPEHHS Ta MOIIMPEHHS 3BYKOBUX XBWJIb ITiJT BOJOKO Ta JTOCIIKEHHS
JaHOi MOJieNll Ha aJeKBaTHICTh MpH 31ACHEHHI KOMII IOTEPHOTO MOJICTIOBAHHS 32
BUKOPUCTAHHSM MPOTPAMHOTO KOMIUIEKCY MOJICTIOBaHHS T1APOaKyCTUYHUX CHUTHAJIB, a
TaKOX OIIHIOETHCSI TOYHICTh alpOKCUMaIllii o0y J0BaHOT MOJIENI.

Kpim Toro, 3poctanHs iHTEpecy 10 po3pOOJIEHHS €KOJIOTTUHO O€3MEeUHUX TEXHOJIOT1H
CTUMYJIFOE BHKOPHCTAHHS TIIPOAKyCTHYHUX JIOCTIDKEHb JUISi MOHITOPHHTY CTaHY
MOPCHKHX €KOCHCTEM 1 BUSIBIICHHS BIUIMBY aHTPOIIOTEHHOTO IIyMy Ha MOPCBKY (ayHy. Y
[IbOMY KOHTEKCTI MOJICIIOBAHHS CUTHAJIB CHpPUSE HE JIUIE BUPIMICHHIO MPUKIATHUAX
3aBJaHb, a ¥ MOTJIMOJICHHIO HAYKOBUX 3HAHb y raiy3l MiABOJHOI aKyCTUKH.

Takum 9YMHOM, aKTyaJIbHICTh JOCTI/DKCHB Y 1M cepl BUZHAYAETHCS SIK HAyKOBHUMHU,
TaK 1 MPaKTUYHUMHU MOTpedamu, CIPSIMOBAHUMH Ha PO3BUTOK CYYaCHUX TEXHOJOTIH 1
30epexeHHS TPUPOTHOTO CEPEIOBHIIIA.

[lutaHHAM MOJENIOBAaHHS MOPCHKOTO CEpEOBUIIA Ta PO3MOBCIOHKEHHS 3BYKY Mae
BEJIMKY KUTBKICTh JOCIIJKEHb, 30KpeMa I1€¢ MUTaHHS JOCTIHKYBaIM TaKl HAYKOBII SK
bpimmoen JI., bpexoscskux JI., Mann . A., Tiui i., Pomano A. JIx., Mo6apaxke II. C.,
I'pinuenko B. T., [TonoB B. B., Conrtanns b., 3paxescokuii I'. M., Kopxuk O., Haiina C.,
Kypmroxk C., Hixkuncska B., Kopxuk M., Haiina A., JIsio C., Csio B., Ban 1O., Ban JI., [{unb
II., JIi 3., JIro ., Pacner P., I'petisc P., Harn A., Y6epamn I'., 3apyp I'., Bectyn E.K.,
Tiagn K.T., Yenmen H.P., bourens Xronpen, ®naman Xronwen, Jlamn'Octo [ein, Jle bian
Hixonsa, Hans [TiTep Ta iHmi.

JlocmimkeHHsT YTBOPEHHSI TiIPOAKYCTHYHUX KaHAIIB, PO3POOJICHHS IiIBOJHOTO
3B’SI3KY Ta TeJIEMETPii BUMArarTh OUIBIIOI AeTaji3allli B 3a/laHH] BX1THUX MapaMeTpiB [2].

B po6otax [3-4] po3risiHyTO TeHepallito iMIyJibCiB cHepuaHUM JHKEpEToM OIS 171eaTbHOT
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IpaHuIll Ta MUTAaHHA IHTEpepeH i B3aeMOAIT MIIOCKUX Ta chepuuHux xBuib. [locTaHoBKa
XBUJILOBOTO PIBHSHHS Mae€ TiependadyaTdl Mpolec MOIIMPEHHS aKyCTUYHHX 30ypeHb 3
BpaxyBaHHHSM BIUIMBY BiIOUTOTO Ta po3cisHoro mois. OgHuM 3 cmoco0iB BHPIMIEHHS
JAHOTO THTAHHS € MOJICNIOBAaHHS 3BYKOBOI'O IIOJISI METOJAOM HOPMAJIbHHUX XBWJIb.
Po3pobnenHs, MOJenoBaHHS Ta BUKOPUCTAHHS TAKOTO TMIAXOMy TOTpeOye BBEICHHS
9acoBOi 3aJIeKHOCTI MK 3MIHHUMH AuHaMidHOi cuctemu [4]. Lle m03BOIUTH MPOBOAUTH
O1IBII TTTMOOKE JOCIIPKEHHS IIPOIIECY MOITUPEHHS 3BYKOBUX XBWJIb B M1JBOJHOMY KaHalll,
iX aKyCTHYHUX THCK B BEPTHUKAIBHUX TIEPETHKAX CEPEIOBUINA Ta BCTAHOBIICHHS
Koe(dirieHTiB 30ypeHHS MO 1] Yac pOOOTH 3 JKEPEIIOM.

Takux maxia 10 MOJCIIOBaHHS MOTpeOye aHali3y KJIACHYHUX MOJCIICH TOCTIKEHHS
XBUJIBOBUX TpoueciB. B poboti [5] po3risaaerbcss ABOBUMIPHA aHAJITUYHA MOJEIb
XBUJILOBOTO PIBHSIHHS B IIWUIHAPUYHOMY XBUJIeBOAl. OIliHKA MOXMOKK TaKOro MiAXOdy
HaBeJeHAa aBTOpamMu B poOoTi [6]. ABTopamu [7] BHU3HA4yaeThbCs OIIHKA BIJCTaHI BiJl
BHIPOMIHIOBaYa JO IOYATKy KOOPJWHAT Ta ONMUC aKyCTHYHOTO TIOJIA, JIMIIE dYepes
JTUCKPETHI CTPYKTypu. B xomi pobotu [7] pO3TIsHYTHH aHATITUYHUN PO3B’S30K IS
HEOTHOP1THOTO T1APOAaKyCTUYHOTO MOJIsl HA OCHOBI METO Ty HOpMaJIbHUX MO, Takui miaxis
BPaxOBY€ BILUTUB JOHHOTO MPOIIAPKY HA XapaKTEPUCTUKH MOJISI.

HaiiGinpmr  edexTuBHE 3acTOCyBaHHA METOAY HOpPMajbHUX MOJ €  JUIA
BUIIPOMIHIOBAUIB, 10 FT€HEPYIOTh 3BYK Ha HU3bK1HM yacToTi. B po0oTi [§] mokasaHo, 1o nrym
KopalJIs, 10 BiIIAIS€ThCsI, MOXKHA BIAHECTH 10 HHM3bKoudacToTHOro. Ilim yac momiOHUX
JOCITIIKEHb 3BYKOBHX XBHJIb Ta X BUIIPOMIHIOBAaYa, JOCUTh YaCTO BUKOPHUCTOBYETHCS THUCK
Ta aKyCTHYHa eHeprig [9],mo0 BH3HAueHI B KOXHIH Touli cepenoBumma. B [9]
PO3IIISIAI0THCS CIIEKTPH CYJIOBOTO IIyMY Ta IIYMYy TIEPEBE3CHHS 3 BUKOPUCTAHHSIM METOY
HOPMAaJIbHUX XBWJIb. J{JIs1 OLIHKK TOYHOCTI METOJly BUKOPUCTOBYIOTHCS J1aHl OTPUMAaH1 JJis
npodimro Mynka. JIHO po3TasgacThes K map 3 Pi3HOI MIBUAKICTH Ta MIUIBHICTIO, TOX
METOJT MOJIMBO 3aCTOCOBYBATH TSI OLTBII IIIUPOKOTO CIEKTPY 3aad.

B OingpmiocTi po3rsIHYTHX 3ajad, Mepexi 10 TPUBUMIPHOI MOJEI METOIy
HOpPMaJbHUX XBWJIb Ma€ NEBHY NpoOJEeMaTHKy TMOB’s3aHy 31 CTIAKICTIO HENTIHIMHHUX
HopManibHUX MoJ [10]. TpuBUMIpHA MOJENb, IPU 3aCTOCYBAaHHI METOY, HE BPAaxOBY€ B

SBHOMY BUTJIAII 3MIHHY 4acy. BBakaeThcCs, 1110 3aCTOCYBaHHSI METOIY HOPMAJbHUX MOJ
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MO>KJIUBE MPH YMOBI, IO MOJY € HE3MIHHUMHU MPOTSITOM NEBHOTO 4acoBoro nepiogy [11].
[Ipote, mpw [OCHIIPKEHHI BUIPOMIHIOBaHHS TOYKOBOIO  JDKepesna LHJIIHIPUYHOTO
XBUJIEBOY, BpaxXyBaHHs YaCOBOi 3MIHHOI € HEOOX1THIM.

3 onucaHuX poOIT BYCHUX MOXKHA BU3HAYUTHU HACTYIHI MPOTUpIY4Ysi. MoeatoBaHHs
T1APOaKyCTUYHOTO CepeIOBHUINA OTPEOY€E BUCOKOI JeTai3alliss MOACIICH, 0 TiABUIIUTH
TOYHICTh PE3YyJIbTATIB MOJICTIOBAaHHS, a TaKOX 3a0e3MeUnTh MOKIIUBICTh 3aJaHHS
crienuiyHUX YMOB ekcriepuMeHTy. IIpore Ttakuii cmoci® MojemoBaHHS TOTpeOye
BpaxyBaHHsl 0araThboX (HI3MUHUX MapaMeTpiB, M0 B CBOIO YEPry CTBOPIOE MOTpeOy B
00poOIll BEIMKUX MAacCHBIB JaHUX, II0 3HUXKYE MIBUAKICTH OOYMCIICHb 1 BUMAarae OijIbII
MNOTYXHUX OOYHMCIIOBAIbHUX CHUCTEeM. [HTerpaiis HOBHX MIAXOAIB 10 MOJCIIOBAHHS
T1IPOAaKyCTUYHOTO MOJISI JO3BOJIUTH KOMIUIEKCHO BUPIITyBaTH 3a7a4i MojentoBanHs. [Ipore
HOBI MIJXOJM TAaKOXX MAalOTh MIJBUINYBAaTH €()EKTUBHICTb METOJy 0€3 BTpaTH TOYHOCTI
po3paxyHkiB. 30KpemMa ICHye€ HEOOXIJHICTh B KOMOIHYBaHHI ICHYIOYMX METOMIB JJIsi
3a0€e31e4eHHs MOJaIbIIOr0 PO3BUTKY CUCTEM BU3HAYEHHSI MOPCHKUX 00’ €KTIB.

Jlist po3B’s3aHHS MPOTUPIYYs, siKe OyJI0 BU3HAauYeHEe, B JAHUCEpTaliiHiil poOoTI
pPO3B’SA3Y€ThCS aKTyaJlbHE HAayKOBE 3aBJAaHHS IMIOJ0 PO3POOKH METOJIB Ta MPOrPaMHOrO
3a0e3MeUYeHHs] MOJICNIOBAaHHSI CHUTHATy JallbHbOTO TOJSi Ha OCHOBI BBEJIEHHS BaroBHUX
KOe(DIIIEHTIB B METO/II HOPMAJILHUX MO/ JJI BpaxyBaHHS HEMHIMHOCTI MOEJI MOPCHKOTO
CepeOBHIIIA.

3B's130K po00TH 3 HAYKOBHMM MPOTrpPaMaMu, IJIAHAMU, TEMAMM.

JlucepTariiiine OCiIKEHHSI BUKOHAHE BUIMOBIAHO JI0 IJIAHIB HAYKOBOI Ta HAyKOBO-
TEXHIYHOI AISUTbHOCTI HallioHaabHOrO TEXHIYHOTO yHiBepcuTery Ykpainm «KuiBchkuit
nomitexHiyHui 1HCTUTYT 1MeHi Iropst Cikopchkoro» 1 kadeapu iHXEHepii MPOrpaMHOTO
3a0€3MEYEHHS B €HEPreTUlll Ta € YaCTUHOIO JOCTIPKEHb B paMKaX HayKOBO-AOCIIAHUX POOIT:
"Mertonu 3a0e3neueHHs (YHKIIOHATBHOI CTIMKOCTI PO3MOAUICHUX 1H(GOPMAIIHHUX CHUCTEM
mianpuemct". [epxaBuuil peectpauiinuii Homep: 01210108334, KIII, 2021-2025 pp.
Tepminu BukoHaHHs: noyatok — 01.03.2021 p. 3akinuenns — 28.02.2025 p; “HocmimkeHHs
IHTEIEKTyaTbHUX KOMIT FOTEPHUX MOJIENIC Ta aJirOpUTMIB aHaji3y CUTHAIIB MOPCHKOTO
cepenouia’, norosip Ne /1/020.01/0204.02/58/2020 Bix 23 rpyaus 2020 p. mixx KIII im. [rops

Cikopcekoro ta [actutyrom Oxeanorpadiunoro [punanoOyayBanas Axkanemii HayK MPOBIHITIT
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Manayns (KHP) npo BukonanHust HaykoBoi Temu; noroBip Ne DLN-20-DP-01 Bin 15 rpyans
2020 p. (3apeectpoBano B KIII im. Iropst Cikopcbkoro 3a Ne 1/0201.01/0204.02/55/2020 Big
23.12.2020p.) 3 mapauns [ocayr 3 po3pobku mporpamuoro 3abesmedenHs Mk KIII im. Irops
Cikopcbkoro Ta ToBapuCTBOM 3 OOMEXKEHOI BIANOBIIANBHICTIO «HaykoBo—BHUpOOHUYE
mianpuemctBo «CUMBOJD»

Merta i 3aB1aHHSA 10CJIiIKEHb.

MeTto10 qucepraniiiHoi po6oTH € MiJABUIICHHS €(EeKTUBHOCTI MPOrpaMHUX 3ac001B
KOMITFOTEPHOTO MOJICIIIOBAaHHS CUTHANY JATBHBOTO TiAPOAKyCTUYHOTO TOJIS 32 PaXxyHOK
yJIOCKOHAJICHHSI KJIACHYHOTO METOJYy HOPMAaJbHUX MOJ Ta PO3POOJICHHS y3araJlbHEHOIO
METOY JJI1 MOJICJTFOBAHHS CUTHAIY.

OcHo6Hi Haykosi 3a80aHHsi O00CHIO0NCeHb, BIANMOBIAHO JI0 METH, TMOJISITAlOTh B
HACTYITHOMY:

1. JIoCHIANTH 1ICHYIOY1 METOAU MOJIETIOBAHHS T'1IpOaKyCTUYHOIO T0JISI, 3 METOIO
BHOOpPY METOAY JUIsl MOJAJBIIOT0 BUKOPUCTAHHS TMPU PO3POOJICHHI MPOrpamMHOTO
3a0e3MeYeHHs.

2. [IpoanamizyBaT  iCHyrO4Ye€ MpOrpaMHe  3a0e3MEeUeHHS  MOJEIIOBAHHS
TAPOAaKyCTUYHUX CHUTHAIIB Ta BU3HAYMTH HOTO TEpeBaru Ta HEMOMIKUA JIS TOIIYKY
Croco0iB MOKPAIIEHHS ICHYIOYMX METOIIB MOJICITIOBAHHS.

3. YIOCKOHAIUTA KIIACHYHUK METOJ HOPMAJIBHHX MOJ JJII MOJCITIOBAHHS
CUTHAJIy JallbHbOTO TOJII HAa OCHOBI BBENICHHS 3MIHU IIBUJIKOCTI 3BYKY 3 TJIMOMHOIO Ta
4acoBOi 3MIHHOI 3 METOI0 BpaxXyBaHHS OCOOJMBOCTEN PO3MOBCIOKEHHS 3BYKY Y BOJHMX
CepEeIOBUIIAX.

4, YIOCKOHAIUTH KJIACUYHUN METOJI HOPMAJIbHUX MOJI BBEJICHHSIM BaroBHX
KOe(IIIEHTIB 3 METOIO BpaxyBaHHS HENIHIHHOCTI MOPCHKOIO CEPEAOBHILIA.

d. Po3pobutn y3araJibHEHHI METOJ HOPMAJIBLHUX MOJI Ha OCHOBI PO3POOJICHHX
YAOCKOHAJIEHb: BBEJCHHS 3aJIC)KHOCTI 3MIHM IIBUAKOCTI 3 TIMOMHOIO, 4YaCOBOi 3MIHHOI Ta
BaroBUX KOEQIiIi€HTIB.

6. Po3pobutn MeToIMKy TPOCKTYBaHHS KOMIT FOTEPHOT MOJIEI1 JIJIsl IPOTPAMHOTO
3a0e3neUYeHHS MOJICITIOBAHHS CHTHATY Ha MPUKJIAAl METOAy HOPMaJIbHMX MOJI Ha OCHOBI

METO/IIB.
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1. Ha ocHOBI MOAENbHO-OPIEHTOBAHOTO MIAXOAY PpO3POOUTH apXITEKTYpPy
IpOrpaMHOro 3abe3nedyeHHs Ta KOPUCTYyBalbKUM  1HTep(deiic MOIENIOBAHHS CUTHATY
JAIbHBOTO TIOJIA Ha OCHOBI BBEACHHSA BaroBUX KOEQIIIEHTIB 3 METOI0 BpaxyBaHHS
HEJIIHIMHOCT1 MOPCHKOTO CEpEeIOBHUIIIA.

8. Po3pobutn mporpamHe 3abe3medeHHS MOJEIIOBAHHS —TiAPOaKyCTUYHHX
CUTHAJIB NajJbHBOTO TOJISI Ta MPOBECTH TECTYBaHHS 3 METOIO JOBEIEHHS KOPEKTHOCTI
TEOPETUYHUX PE3YJIbTaTIB.

O0'ekTOM HOCITIIKEHb TPOIEC KOMITIOTEPHOIO MOJCIIOBAHHS TiAPOAKYCTUIHHUX
CUTHAJIIB B 1aJIbHbOMY TOJII.

IIpenmeroM gocaizkeHb METOH, AITOPUTMHU Ta IIPOrPaMHI 3aCO0M KOMIT FOTEPHOTO
MOJIETIOBaHHS TIPOAKYCTUYHUX CUTHAIB B JJaJIbHOMY ITOJI.

MeTtoau nociimkenns. JlocnipkeHHST HA OCHOBI T1JIPOAKyCTHYHOT TEOPii, TEOPETHUYHI
OCHOBH (DI3UYHHMX IMPOLIECIB PO3NOBCIOJKEHHS 3BYKY VY BOJHOMY CEpEIOBHIIIL,
KOMOIHATOPHOI TEOpli, aHATITUYHOIO MOJIEIIIOBAHHS Ta IMUCKPETHOI onTuMizauii. Metonu
Teopii 0OPOOKU CIIOCTEPEIKEHD AJIsl aHANI3Y €KCIIEPUMEHTAIBHUX JTaHUX.

HaykoBa HOBH3HA 0/1epKAHUX Pe3YJbTATIB JOCTiTIKEHb

1. VagockoHaneHO KJIaCMYHUM METOJ HOPMAaJbHUX MOJ JJs MOJENIOBAaHHS
TAPOaKyCTUYHOTO CUTHAIY, SIKAW BIAPI3HSIETHCS BiJl ICHYIOUMX BBEIICHHSM 3aJI€KHOCTEH
IIBUJKOCTI 3BYKY BIJl IIMOMHM [Jis BpaxyBaHHsI 0COOJMBOCTEN BOJHOIO CEpENOBHUIIA Ta
3MIHHM aKyCTUYHOT'O THCKY 3 YaCOM.

2. Bmepme po3po0ieHO y3arajdbHEHWH METOJ HOPMaJIbHMX MOJ Ha OCHOBI
BpaxyBaHHs 3MIHHOI IBUIKOCTI1 3BYKY, YaCOBOi 3MIHHOI Ta BBEJICHHS BArOBUX KOE(IIIEHTIB
JUIS. BU3HAYEHHS K JIHIMHMUX, TaK 1 HEJMHIMHUX BHUIIAAKIB, IO JO3BOJUTH IIABUILIUTH
TOYHICTh OOPAXYHKIB aKyCTHYHOI'O TUCKY B XBUJIEBO/I.

3. Bmepie po3po6ieHO apXiTeKTypy MNpOTpaMHOTO 3a0€3MeUYeHHS MOJCITIOBAHHS
rAPOAKyCTUYHUX CHUTHAJIB Ha OCHOBI YJOCKOHAJIEHOTO Ta Y3araJlbHEHOrO0 METOIB
HOPMAJIbHUX MO/, SIKa 10 TOT'O 3K BIPI3HAETHCA B1Jl ICHYIOUHUX MOMJIMBICTIO 33JJaHHS PI3HUX
napameTpiB CepeIOBHINA MOJIEITIOBAHHS, SIK1 301IbITYy€ MBUIKICTH 00paxyHKiB Ha 30%, Ta
BIUTMBAIOTh Ha MOOYAOBY CIIeHapil0 pyxy 00’ekTa crocTepexeHHs.IIpakTnuHe 3HaYeHHS

OTPUMAaHMUX PE3yJIbTaTIB.
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IIpakTUYHe 3HAYEHHS OJleP:KAHUX Pe3yJIbTaTiB.

1. Bmepme po3poOieHO mporpaMHe 3a0€3MEYEeHHs] KOMIUIEKCHOI  CHUCTEMH
MOJICITIOBAHHS T1APOaKyCTUYHUX CHUTHAIIB Ha OCHOBI 3aIllPOIMIOHOBAHUX YIOCKOHAICHOTO
MeToy. 30KkpeMa B peaiizailii 0yJo 3alponoHOBaHO CIIOCIO CIIPOILEHHS Ta MPUILIBUAICHHS
oOpaxyHKIB 3a BUKOPHCTAaHHSM TapajelibHUX OOUYMCIeHb 3a 3aKoHOM Awmjana.
BrnipoBamkeHHs 3a3HAYEHOTO MPOTPAMHOTO 3a0€3MeueHHs TI03BOJISIE 3 O1IBIIOI0 TOYHICTIO
Ta MBUJIKICTIO OTPUMATH PE3YIbTAaTH MOJEIIOBAHHS PO3MOBCIOHKEHHS 3BYKY Y BOJHOMY
CEPEIOBHIII].

2. IlpoBeneno anami3 e(GEKTUBHOCTI 3alpONOHOBAHUX METOJMIB MO/ICIIOBAHHS
TAPOaKyCTUYHUX CHUTHANIB. AHami3 MOKa3aB, IO, 3a pe3yJbTaTaMd MOJCIIOBAHHS
PO3MOBCIO/IKEHHS T1IPOAKyCTUYHOTO CUTHATY B MOPCHKOMY CEpEIOBHII, PO3POOICHUIN
y3arajibHEHUI METOJ| J03BOJISE€ 3MEHIIUTU 4Yac oOpaxyHKy B cepeanbomy Ha 30 % 06e3
MOTIPLIEHHSI TOYHOCTI OTPUMAHUX pe3yJibTaTiB. Lle Hagae MOKIMBICTh CTBEPIXKYBATH, 110
€(PEeKTUBHICTh MOJICIIOBAHHS TIAPOAKYCTUYHUX CHUTHAJIIB METOJIOM HOPMAJIbHHX MO/
I1JIBUIITY€THCS.

Pe3ynbTaTi nochipkeHb NPUMHATI A0 BIOPOBaKeHHS B KOHCTpyKTOpChKOMY OIOpO
«ropm» KIII im. Iropst Cikopcekoro (akt Bim 26.02.2025 p.), B HaBYaIbHHIA MPOIIEC
kadenpu 1Hx)eHepii mporpaMHOro 3abe3nedeHHs B enepreruill HamioHaasHOTO TEXHIYHOTO
yHiBepcuTeTy Ykpainu «KuiBChbKMI MOMITEXHIYHUNA THCTUTYT iMeH1 Irops CikopcbKoro»
IIPY BUKJIQJaHHI TUCIUILTIHN «[HKeHepis JaHuX Ta 3HAHbY» VIS CTYJCHTIB OCBITHBOTO PIBHS
«Marictp» cnenianbHocTi 121 «IHxKeHepis nporpaMHOro 3a0e3nedueHHs» TEHHOI Ta 3a0YHO1
dbopmu HaBuaHHs (akT Big 26.02.2025 p.).

[lepcneKTUBHUMU LUISIXaMH JOCHIJIKEHb € PO3pOOJIEHHS HOBHX 1 YJOCKOHAJICHHS
ICHYIOUMX  MOJEJe Ta  METOJIB  MiJABUIIECHHA  €()EKTUBHOCTI  MOJEJIIOBAHHS
TIAPOAKyCTUYHUX SIBUII, 30KpeMa PO3IIMPEHHS BpaxoBaHHX (DAKTOPIB, SKI MOXKYTh
BIUIMBATH Ha 00paxyHOK.

JloCTOBIpHICTH HAYKOBUX Pe3yJIbTATIB TA MPAKTUYHUX PEKOMEHIALIN qrcepTaLil
HiATBEP/KYETHCS KOPEKTHUM BUKOPHCTAHHSIM BiJIITOBITHOTO MAaTEMaTHUYHOTO amapary Ta
OOTPYHTOBAHMMH TEOPETUYHUMHU TBEPHKCHHSIMH, 4 TAKOX Y3TOJKEHICTIO TEOPETUYHHX

pPe3yJIbTATIB 13 pe3yJibTaTaM1 BUKOHAHUX €KCIIEPUMEHTAIbHUX JTOCIIKEHb.



26

Y nepuioMy po3aijii TpoBeICHO AETATLHUAN aHaJI3 ICHYIOUUX METO/IIB MOJICTFOBAHHS
TAPOaKyCTUYHOTO TMOJIS, @ TAaKOX JOCHIHPKEHO ICHyIoue MporpamMHe 3a0e3NedeHHs, sKe
peanizoBy€e ONMMCAaHI METOIA MOJIEITIOBAHHS. Y PO3JLUII MPEACTaBICHI MaTeMaTUIHI MOJIEII
Ta METOAM PO3MOBCIOUKEHHS TIAPOaKyCTUYHUX XBWIb Yy BOJHOMY CEpEIOBHIIIL,
aHaTI3YIOThCS TIEPEeBaru Ta HeIOMIKH KOXKHOTO 3 MeTOiB. [IpoBeennii anasi3 mokasas, 1o
BC1 pO3IVISIHYTI MOJIEN1 aIeKBaTHO OMHCYIOTh aKyCTHUYHE I0JIE€ B MOPCHKOMY CEPEIOBHILI Y
Me)Kax CBO€1 3aCTOCOBHOCTI, @ TOUHICTh PE3yJIbTaTIB aHaII3y BU3HAYAETHCS BIAMOBITHICTIO
3aJJaHUX Y MOJIENI aKyCTUYHHUX MapaMeTpiB — BEPTUKAIBLHOTO PO3MOALTY IIBHIKOCTI 3BYKY,
npo(uIt0 THA Ta MOro aKyCTUYHUX XapaKTEPHUCTHK, TapaMeTPiB PeaIbHOTO CEPEIOBHIIA.
[Ipote po3mIsiHYTI MOJENl HE JO03BOJIAIOTH MOBHOIO MIpPOIO BpaxyBaTW HECTAIlIOHApHI Ta
XaO0THYHI TIPOILIECH B MOPCHKOMY CEPEIOBUIII: XBUJIFOBAHHS MTOBEPXHI; Te€Uii Ta MOB'A3aHI 3
HUMU 3MIHH PO3IOJLTY aKyCTUUYHHUX MapaMeTpiB MO aKBaTopii.

[IpomeneBa Mozeb HAMOUTBII IpKUIaTHA JAJI aHAJII3Y MOMIMPEHHS aKyCTUYHUX XBHIIb
y ApibHoMy Mopi Ha Bucokux yactortax f > 400 ... 500 ['n Ha MaMX JATBLHOCTAX, IO HE
NEPEeBUIIYIOTh 3-5 KpaTHy DIMOWHY akBaTopii, JJIs IIUX yMOB, aje IMPU BUKOPUCTAHHI
HU3BKAX YacTOT IEpeBaKHA IBHIKA TOJHOBA MONETb. AJle MPU aHAI31 MOIIMPCHHS
aKyCTUYHHX XBUJIb HA BEJUKY MAIBHICTh Y NIPIOHOMY MOpI 3 BUKOPHCTAHHSIM HU3BKUX
4acTOT, CJIiJ BIIJaTH TMepeBary Mojeial HOpMalibHMX Moj. HaiikpamuM crocoOom
PO3paxyHKy TiAPOaKyCTHUYHHUX TOJIIB BEJIMKUX BIJICTAHSIX 32 YMOB JAPIOHOTO MOPS € METO
HOpManbHUX MOJ. [Ipu BUKOpUCTaHHI METOTYy HOPMAJIBHUX MOJ CJiJ] BPaXOBYBaTH 3MIHY
MOCTIAHOT TpaBITAllIfHOI Ha Tpaci MOWMpPEHHS XBWIl. MeTon HopMaibHUX MOA OyB
oOpaHuii yepe3 HOro 37aTHICTh 3a0e3MeuyBaTH BUCOKY TOYHICTh, YHIBEPCAIBHICTH 1
e(eKTUBHICTh Il poOOTH 3 OaraTomapoBUMH MOPCHKHUMH CEPEOBUIAMU Ha BEITUKHUX
BiJIcTaHsiX. BiH € Kpammm 3a 1HIII METOAW, OCKUIbKH JO03BOJISIE TJIHMOIIE BpPaXOBYBaTH
CKJIa/IHICTbh cepeioBHUIIIa 1 3a0e3Meuye TOUH1 pe3ysIbTaTH, 1110 BIIMOBIAA€ METI1 10 CII1HKEHHS.

Ha ocHOBI mpoBeneHOro a”aiizy METOJIB 1 3aC00iB Oprasizailii Cy4aCHUX CHUCTEM
MO/ICTFOBAHHS PO3IMOBCIOIKEHHS 3BYKY B BOJJHUX CEPEIOBHUIIAX 3aPONIOHOBAHO aKTyalbHE
HAayKOBE 3aBJIaHHS TMIJBUINECHHS €()EKTUBHOCTI MOJICITIOBAHHS 3a JOTOMOTOK) METOMIY
HOPMaJIbHUX MOJ Ha OCHOBI BBEJEHHSIM 3MIHHOI IIBHJKOCTI, 3MIHHOI 4acy Ta BaroBUX

Koe(IIieHTIB A1 BpaxyBaHHS HEJITHIHHOCTI MOJIEIl MOPCHKOTO CepeIOBHIIIA.
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Y apyromy po3aiji po3risiHyTO OCOOIMBOCTI TAPOAKYCTUYHUX MOJIEICH: NeTalbHO
ornucaHo (i3WYH1 SBHIIA, OB’ I3aH1 3 PO3MOBCIOHKEHHSAM T'1JIpOAKyCTUYHHUX CUTHAJIIB, TaKl
K 3aJOMJIeHHS, Oudpakiis, BiAOWUTTSA, TOTIMHAHHS Ta PO3CIIOBaHHS 3BYKY. Takoxk
MIPOBECHUIN aHaji3 MapaMeTpiB BOJHOTO CEPEIOBHIIA, SIKi OTPIOHO B3SATH A0 yBard mpu
MOJIETIIOBaHH1, TaKl K TEMIEpaTypa, COJOHICTh, TYCTHHA BOJHOTO MPOIIAPKY.

[IpoanamnizoBaHi Tak0X BTPATH Ii]] Yac MOMIMPEHHS aKyCTUYHHUX XBUIIb. MOpChKE THO
siBJIsIE COOO0I0 BiIOMBAE 1 PO3CIIOE TPAHULIIO, 1110 MA€ PSIl XapaKTEPUCTHK, MTOCTIMHUX Yy Yaci.
MopchKe JIHO € MapyBaTHM CepeIOBHINEM, IO XapaKTepH3yeThes MIIbHICTI0. Foro ckman
MOE 3MIHIOBAaTUCh B1JI TBEPJAUX IOPiA 10 M'SIKMX TPYHTIB, TOMY IIBHIKICTb 3BYKY
MIOCTYIIOBO 200 Pi3KO 3MIHIOETHCS 3 TIIMOMHOI0. Takoxk yepe3 pi3Hy cTpaTrudikallio JOHHUX
BIJIKJIaJICHb Ha 0araTtb0oX AUISHKAX 3BYK YacTO IMOTVIMHAETHCA JHOM 1 3aJJOMIIIOETHCS a00
BIIOMBA€EThCA BCepeIUHY. TakuM YHHOM, MOPCHKE JHO € CEPEOBULIEM, L0 MOIIHUPIOETHCS
1 XapaKTepUu3yeThCs SIK MIBUIKICTIO 3CYBY, TaK 1 MIBUAKICTIO 3BYKY CTUCHEHHA. [1i1BOH1
XpeOTH Ta MiABOJIHI TOPU MOXKYTh €(DEKTUBHO OJIOKYBAaTH MOIIUPEHHS 3BYKY.

['onoBHUMU TIpUYMHAMM, 110 BIUIMBAIOTH Ha POOOTY T1IPOAKYCTHUYHOI CTaHII, 110
BJIOBIIIO€ CHUTHAJIM, 110 B3a€EMOMIIOTH 3 THOM MOPsI, € BTpaTH depe3 MOTJIMHAHHS 3BYKY B
IPYHTI, a TaKoX BIAOOpaXEHHs, PO3CIIOBAaHHS, 3aJJOMJICHHS Ta JOHHA peBepOepalris.
[lepeniueni (akTopyu BU3HAYAIOTH TIAPOAKYCTUYHI XAPAKTEPUCTUKH JHA MOpS, SIKI Y
KUTBKICHOMY BHWIJIS[II HAJAIOThCA 3a JOMOMOTOI0 BIJAMOBIAHUX KOE(QILIEHTIB Ta ix
YaCTOTHUX Ta KyTOBHX 3aJICKHOCTEH.

Yci po3rnsHYTI BUMAAKH TOIIMPEHHS 3BYKY BpPaxOBYBajid JUIIEC BEPTHUKAIbHY
pedpakiiiro akyCTUYHUX TPOMEHIB. 3MiHA MIBUAKOCTI 3BYKY JI0aTKOBO B TOPU3OHTAIBHIN
TUTONITMHI TTPU3BOUTH JI0 3araJIbHOI MPOCTOPOBOI AedopMaliii mossi, 3MIIIEHHS TPAEKTOPIH
MPOMEHIB, (Pa30BUM CIIOTBOPEHB 1 3MIHH MMAPAMETPIB 3aJIE€KHOCTI 3HIXKEHHSI IHTEHCUBHOCTI
TOJIS 3 BIJICTAHHIO.

Y TpeTboMYy pPoO3iJii 1eTaqbHO OMUCYETHCS TOCTAHOBKA 3aJ1a4i MOIIYKY aKyCTUYHOTO
TUCKY Ta ii BUPIIIEHHS METOJOM HOPMaJIbHMX MOJ. {7 BAOCKOHAJIEHHS MPOIMOHYETHCS
BBEJICHHS 3MIHHOI IIBUJIKOCTI 3BYKY, @ TaK0X 4acoBoi 3MiHHO1. [Ticist BuBeneHHs popmynu
00paxyHKy 3MIHM aKyCTHYHOT'O THUCKY Y BOJHOMY CEPEIOBHIII 3 4acOM, JJIsl OTTUCY MO/

BBOJISITHCS BaroBi Koe(iIlieHTH, BUKOPUCTOBYIOUU mojiHoM YUebwumiosa. [jis BUBEIEHUX
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MeToNiB OyJI0 TPOBEAEHO CTATUCTHYHE OOYHMCIEHHS Uil BU3HAYeHHS (QyHKIT
anpOKCUMYBaHHSI.

Ha ocHOBI KiIbKICHOTO aHai3y, 3 BAKOPUCTAHHSAM KOHKPETHHUX JaHUX MOXKHA 3pOOUTH
BUCHOBOK, III0 BHUKOpPUCTaHHS KoedimientiB YeOumioBa B 3amaul  MOJCIIOBAHHS
PO3IMOBCIOKEHHS 3BYKOBHX XBHJIb 3 YaCOBOIO 3aJICKHICTIO € JOIUIBHUM Ta €(EKTUBHHM,
30KpeMa JIaHui METO/] TIOKa3aB BUCOKY CTIHKICTh JI0 IIyMY.

Y derBepTOMY PO31iJi MPEACTaBICHO MPOLEC PO3POOKH MPOTPaMHOTO KOMILIEKCY
MOJIETIIOBaHHSI BOJHOTO CEPEIOBHINA Ta PO3MOBCIOKCHHS 3BYKYy y Hbomy. llepen
MOJICJIIOBAaHHSIM Ha OCHOBI MPOBEJEHOTO aHali3 MpeAMETHOI 001acTi, 3aCTOCOBYIOUU
MOJIEJIbHO-OPIEHTOBHUM MIAX1J 0 MOOYJOBU apXiTEKTypH, OyJI0 CTBOPEHO OHTOJIOTIYHY
MOJIETTb TEOPETUYHOTO Marepialy, a TaKoXX OHTOJOTIYHa MOJeJb MPOrPaMHOTO
3a0e3neyeHHs, sKa J03BOJMJIA TEpeUTH N0 €(PEKTUBHOI pO3pPOOKH NPOrpaMHOro
3a0e3nedeHHs. OcolnauBa yBara MpUAUIAETECA po3poOLi rpapiyHOro 1HTepQeicy, sSKun
3a0e3neyye 3pYy4HICTb KOPUCTYBaHHS Ta MOXIMBICTh HaJallITyBaHHS CIEHApiiB
mojentoBanHs. [IpencTaBieHi pesyiabTaTH JEMOHCTPYIOTh €(EKTHBHICTH MPOTPAMHOIO
KOMIUIEKCY B YyMOBax peallbHUX CIIeHapiiB MOUIMPEHHS 3BYyKy B Mopi. Oxpemo
AHATI3YIOTbCSI MOJKJIMBOCTI TIJABUIIEHHS €()EKTUBHOCTI MPOTrpaMHOrO 3a0e3neyeHHs
[UIIXOM ONTHUMI3allii aITOPUTMIB OOYMCIICHD 1 BUKOPUCTAHHS Cy4aCHUX OOUYMCITIOBAIBHUX
TEXHOJIOTIH.

Oco0ucTnii BHECOK 3100yBaya.

OcCHOBHI pe3yJibTaTU HAaBEAECHI B JUCEPTALIMHOMY JOCHII)KEHHI OTPUMaHI aBTOPOM
camocTiitHO. B po0oTi [1] po3riisiHyTO MOJIETIOBaHHS PO3MOBCIOIKEHHS T1IPOaKyCTUIHOTO
CUTHaJy NMPOMEHEBUM METOJOM; B PoOOTI [2] aBTOpOM HaBEJICHO MPHUKJIA MOJICITIOBAHHS
TpaekTopii MepecyBaHHs KopalOissi; B poOoTi [3] cTpykTypa 0a3u 3HaHb MOJETIOBaHHS
riApOoaKyCTUYHUX TOJIIB HAa OCHOB1 TPOMEHEBO1 Teopii; B poOoTi [4] koedimienTn Yebumona
B MOJICJTIOBaHH| XBHJILOBOTO MPOIIECY METOJAOM HOPMATbHHUX MOJ.

Anpo0auis pe3yJbTaTiB AUCepTAaLil.

OcHOBHI HAyKOBI pe3yjbTaTH JOCHIDKEHb BKIIOUEHI JO JUCEPTaIiHOTO

JOCJIDKEHHS, JOTIOB1AAIKCS 1 00TOBOPIOBAIKCS Ha KOH(EPEHIIISIX:
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1. Tluporosceka T.B., €prymenko A.M., Amnami3 mnmapameTpiB MOJEIIOBaHHS
rAPOaKyCTUYHOTO TOJISI MPOMEHEBUM MeTojgoM. | MixHaponHa HayKOBO-TIpaKTHYHA
koH(epeHiis «CyJacHi aclekTH 1HKeHepil mMporpaMHOro 3a0e3rneueHHs»: Te3H JOTMOBI/l,
2023, m. Kuis, c. 104-108.

2. ITuporoscrka T.B., Mycienko A.I1., Anani3 aaroputMmy mouryKy TpaekTopii 00'ekTy
y MopcbkoMy cepepoBuiii. [II Mixxnaponna HaykoBo-TexHIUHA KOHepeHuis «Cuctemu i
TeXHOJIOT1i 3B’s13Ky, iH(popMaru3alii Ta KiOepOe3neKku: aKTyallbHI MUTAHHS 1 TEHJEHIIIT
PO3BUTKY», Te3u Aomosini, 2023, m. Kuis, c. 251-253.

3. ITuporoscrka T.B., Mycienko A.Il., MoaentoBaHHsl CUTHANy JaJdbHBOTO IMOJIsI HA
OCHOB1 BUKOpHUCTaHHs KkoediiieHTiB Yeoumena. Il MixHapoaHa HayKOBO-TIpaKTHYHA
KoH(pepeHuist «CyyacHl acCEKTH 1HXKEHEpli TPOrpaMHOro 3a0e3MeYeHHs»: Te3U JOMOBIIL,
2024, m. Kuis, cT.13-15.

Hy6aikanii. OCHOBHI HAyKOBI pe3yJbTaTy AUCEPTAIIHHOI poOOTH OMyOJiKOBaHI B 7/
HAYKOBUX TMpaIlsX, Cepel sSKUX 4 HAayKOBHX cTareil B (axoBux xkypHamax [1 - 4],
3arBepkeHnX MOH Ykpainu, a Takox 3 my6uikaiii B MaTepiajiax HayKOBUX KOH(EpeHIii
[5-7].

O0csr Ta cTpykrypa aucepraiii. /lucepraiiiina pobora 3araibHuM oOcsrom 174
CTOPIHKH MaITMHOIKMCHOTO TEKCTY CKIAAAEThCS 31 BCTYITY, YOTUPHOX PO3/1IiB, BUCHOBKIB,
MIePEITiKy BUKOPUCTAHUX JKepen 13 122 naliMeHyBaHb Ta 1oAaTKiB. Jluceprariis MicTHTh 27

PUCYHKIB, / TaOIUIIb 1 3 TOAATKH.
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PO3LI 1. HOPIBHSIJIbHUI AHAJII3 CYYACHUX METO/IIB TA
ITPOT'PAMHMUX 3ACOBIB MOIEJIIOBAHHA I'TTPOAKY CTHHYHUX
CUTI'HAJIIB

CydacHi TOCHIKEHHS CBITOBOIO OKEaHy BUMaraloTh OUTBIIOT JeTalizalii Ta aHamizy
EKCIIEPUMEHTAJIbHUX JaHUX, IO MOCWJIIOE BUMOTH 0 JeTamsaiii #oro omwmcy. 3
PO3BUTKOM KOMIT IOTEPHOI TEXHIKH 30UIBIINCH MOMIJIUBOCTI aKyCTHUYHOTI'O MOJICIIOBAHHS,
[0 CTOPHUSE PO3BUTKY TECOPETUYHUX OCHOB JOCITI/DKEHb TimpoakycTwku. [lim wac Takmx
JOCIIIKEHb BUHUKAE MTUTAHHS PO MOBEATHKY 3BYKOBHUX XBHJIb 1] BOJIOIO, @ CaMe iX 3MiHa
3 BIUTUBOM 4acy. SIK MpaBWjIO, MOCIIIKYIOTHCS PO3MOBCIO/DKEHHS HE CaMHUX 3BYKOBHX
XBWJIb, & TUHAMIKA 1X MMapamMeTpiB. B 3B’SI3Ky 3 UMM JOIIIFHO BCTAHOBHUTH JTHUCKPETHY Ta
HEMEPEPBHY 3aJIEKHOCTI MK PIBHAHHSIM HOPMAJIbHUX MOJ| CUTHAJ SIKUM T€HEPYEThCS
IMIyJIbCHUM HEPYXOMHM JDKEepejoM 3 IUIMHOM uacy. [loOymyBaTu IUCKpeTHY MOJENb
MPOIIECY Ta AOCIIIUTH JaHy MOJIENIb Ha aJIeKBaTHICTh Ta OLIHUTH TOYHICTh allPOKCHUMAIIIi.

Ha yTBOpeHHs Ta MOMIMPEHHs 3BYKOBHX XBWJIb B BOJaX OKE€aHy MAalOTh BIUIMB TakKi
napaMeTpu CHUCTEMH, SK TOTOJHI YMOBH, COJIOHICTh Ta TYCTHHAa BOJHOTO CEPEIOBHIIA,
IIPOCTOPOBI Ta EHEPreTUYHI XapaKTEPUCTUKHU JKeperna BUIPOMIHIOBaHHA curHamy [1].
JlocmikeHHsT yTBOPEHHS T1IPOaKyCTHUYHUX KaHAIIIB, pO3POOJICHHS MiABOTHOTO 3B’ 513Ky Ta
TeJeMeTpii BUMararoTh OUIBINOT AeTai3allii B 3a/1aHH] BX1JHUX apamMeTpiB [2]. B poborax
[3-4] po3rnsiHyTO TeHepallito IMITYJIBCIB CHEPUIHUM JPKEPESIOM OIS iieaibHOT TPaHUIl Ta
MUTaHHA IHTep(epeHIii B3aeMO/I1i TNIOCKUX Ta ChepUIHUX XBUJIIb. [locTaHOBKA XBUIIBOBOTO
PIBHSIHHS Ma€ repeadadaty Mpolec MOMIMPEHHS aKyCTUYHUX 30ypeHb 3 BpaxyBaHHHSIM
BILTUBY B1IOUTOTO Ta po3cissHOrO mosist. OAHUM 3 CrIOCO0IB BUPIIIIEHHS TAHOTO MUTAHHS €
MOJIETIFOBaHHS 3ByKOBOTO TIOJIS METOI0M HOPMAalbHUX XBUIIb. PO3p00IeHHS, MOICTIOBAaHHS
Ta BUKOPUCTAHHS TAKOTO MAXO0AY MOTPeOy€e BBEICHHS YaCOBOI 3aJIEKHOCTI MK 3MIHHUMU
nuHaMiv4HOi cuctemu [4]. Lle 103BoMUTh MPOBOIUTH OB TITUOOKE JOCIIIIKEHHS MPOLIeCy
MOIIMPEHHS 3BYKOBHMX XBHJIb B ITiIBOJTHOMY KaHaJll, iX aKyCTHYHHX THCK B BEPTHKAIBHUX
MepPEeTUKaxX CepeIOBUINA Ta BCTAHOBIICHHS KOe(iIieHTIB 30ypeHHsI MOl mia 9yac poboTH 3

TDKEPEIIOM.
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Takux migxia 70 MOAETIOBAHHA MOTPeOye aHai3y KIACHYHUX MOJENEH JOCIiIKEeHHS
XBUJIbOBHX TpolieciB. B po6oTti [5] po3rismaeTrbcss ABOBUMIpHA aHATITHYHA MOJCIb
XBWJIBOBOTO PIBHSHHS B IMTIHIPUYHOMY XBMJIEBOII. OIliHKAa MOXHMOKU TaKOro MiAXOIY
HaBeJieHa aBTOpaMu B poOoTi [6]. ABTopamu [7] BHU3HAYaEeThCs OIIHKA BIJACTaHI BIJ
BUIPOMIHIOBaYa JO TOYATKy KOOPJIMWHAT Ta ONMUC aKyCTHYHOTO TIOJISA, JIMIE dYepes
IUCKPETHI CTPYKTypH. B xomi poGotu [7] poO3rNsHYTHI aHANITUYHUNA PO3B’S30K IS
HEOJIHOPIAHOIO T1JIPOAKyCTUYHOTO MOJIsl HA OCHOBI METOAY HOPMaIbHUX MOJI. Takuii miaxis
BpPaxOBY€ BIUTUB JJOHHOTO MPOIIAPKY HA XapaKTEPUCTUKH TOJIS.

HaiiGinpm1  eexTuBHE 3acTOCyBaHHA METOAY HOpPMajbHUX MOJ € A
BUIIPOMIHIOBAYIB, 10 T€HEPYIOTh 3BYK Ha HU3bKiH yacToTi. B po6oTi [§] mokazaHo, 1o nrym
KopalJsi, 10 BIAJANAETHCS, MOKHA BITHECTU O HU3bKOYAacTOTHOTrO. Ilif yac momiOHux
JOCIIIKEHb 3BYKOBHUX XBHJIb Ta X BUIIPOMIHIOBAYa, JOCUTh YaCTO BUKOPUCTOBYETHCS TUCK
Ta aKyCTHMYHa e€Hepris [9],0 BH3HAu€HI B KOXHIM Toulll cepenoBuma. B [9]
PO3TIISIAI0OTHCS CIIEKTPH CYJOBOTO IMIYMY Ta IITYMYy TIEPEBE3CHHS 3 BUKOPUCTAHHSIM METOTY
HOPMAaJIbHUX XBWIb. /{7151 OI[IHKA TOYHOCTI METOIy BUKOPUCTOBYIOTHCS JIaH1 OTPUMAaHI JIJIsi
npoduno MyHka. JI[HO po3riisgaeTbes sIK 1Map 3 Pi3HOK MIBUAKICTh Ta HIUIBHICTIO, TOX
METOJI MOMJIMBO 3aCTOCOBYBATH JUIsl OUTBII IIUPOKOTO CIEKTPY 3aad.

B OumbmiocTi po3rasHYTHX 3aj7ad, Mepexi A0 TPUBUMIPHOT MOJENI METOIY
HOpPMAJIbHUX XBWUJIb Ma€ TNEBHY MNPOOJEMAaTUKY TMOB’S3aHy 31 CTIMKICTIO HEJIHIMHHX
HopManbHUX MoOj [10]. TpuBUMIpHA MOJENb, IPH 3aCTOCYBaHHI METOY, HE BPaxOBY€E B
SBHOMY BUTJIA/I 3MiHHY Yacy. BBaxaeTncs, 1[0 3aCTOCYBaHHS METOAY HOPMaJIBHHX MOJT
MO>KJIMBE TIPU YMOBI, 1110 MOJI € HE3MIHHUMHU MPOTSATOM MIEBHOTO 4acoBoro nepioay [11].
[Ipotre, mpu [IOCHIPKEHHI BUIPOMIHIOBAaHHS TOYKOBOTO  JDKepesna MWJIIHIPUYHOTO

XBUJIEBO/LY, BpaXyBaHHs 4aCOBO1 3MIHHOI € HEOOX1JHUM.
1.1. Anaui3 ICHylOUMX MATeMATHYHUX MOJeJIell PO3NOBCIOAKEeHHA 3BYKY B MOpi
OcHoBOIO 11711 TOOYIOBM MOJENEH MOIIUPEHHS aKyCTUYHUX XBUJIb B MOPCBHKOMY

CEpEelIOBUILI € XBUIbOBE PIBHSIHHS a00 piBHAHHS [ ebMromibia A1 aHajizy CTaliOHapHOTO

pexumy|[ 13].
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2 2 2
ala—q;+a28—?+...+ana ?+F(a®;a®;...;a®;®)=0 (1.1)
0X; 0X, 0X o0X, O0X,  OX

n

n
Y MarematuuHii (i3uIll TpUAHATA HACTYIHA Kiacudikallis piBHSIHHS B YaCTUHHUX
noxiAHUX. PIBHSHHS Ha3UBA€THCS TINEPOOTIUHUM, SIKIIO 3HAK X04a 6 OHOTO 3 KOeiIi€HTIB

a, BIAPI3HAETBHCS Bl 3HAKA IHIIMX Koe(iUIeHTIB. SIKIIO BCl a MarOTh OAHAKOBHH 3HAK,
PIBHSHHS HA3UBAETHCS SINTUYHUM. SIKIIO X04a O OAUH 13 KO€(ILIEHTIB a, JOPIBHIOE HYIIIO,

TO PIBHSHHS Ha3uBarOTh mapaboniyauM [14]. 3 HaBemeHoi kiacudikallii BUIUIMBAE, IO
XBWJIbOBE DPIBHSIHHS - TinmepOomiuHe, a piBHAHHSA [enpmroneiia enmintuuyHe. Meromu
BUPIIICHHS IIUX PIBHSIHb CYTTEBO BIAPI3HAIOTHCS.

XBUJILOBE PIBHSHHS YaCTIlIE BUKOPUCTOBYIOTH IPU BUBYEHHI HECTAllIOHAPHUX
MPOILIECIB, HAIIPUKJIAA B CEWCMOJOTIi; B aKyCTHUI 1 TAPOAaKyCTUIl B OUIBIIOCTI BUMAJIKIB
po3msiAaroTh piBHSHHS [enbmromneua [15]. [lapaGoniune piBHsSHHS (piBHAHHS Audy3ii abo
TEIJIONPOBITHOCTI) JI0 OCTAaHHBOTO Yacy HE BUKOPUCTOBYBAJIOCS B aKyCTHIN, aje 3
PO3BUTKOM HAaOIMKEHUX METOJIB PO3PAXYHKY XBHJIBOBHUX IOMIB OyB PO3pOOJICHHN Tak
3BaHUM «METOJI MapabOIIYHUX PIBHSHDBY.

XBUILOBE PIBHSHHSA a0o0 piBHSAHHS [enpMmrosbiia pa3oM 13  BIJNOBIAHUMU
MOYaTKOBUMH Ta TPAHUYHUMHU YMOBAMH BU3HAYa€ KPAOBY 3a71a4y BIJIIOBITHOTO PIBHSIHHS
B YaCTUHHUX noxigHux [16]. Taka 3agaua Moxe OyTH BHpimieHa 6e3mocepelHb0 METOIaMHu
MaTeMaTU4YHOI (P13UKH Ta 0OYMCIIIOBATILHOT MATEMATUKH.

Jlnst  Oe3mocepeHbOro  BUPIIICHHS KpaWoBOi 3a7adl  XBUJIHOBOTO PIBHSHHS
BUKOPHCTOBYETHCSI METO, KIHLIEBOI pi3HMII B yacoBiil odnacti (FDTD). lns po3paxyHKy
HOLIMPEHHS aKyCTHUYHUX XBUJIb B YCTajJeHOMY cTaHl BukopuctoByerbca MCE abo meton
ckinuennux enementie (MCE) [17].

[lepepaxoBani crnocodr MOKHA BBa)KaTW HAMOUIBII TOYHHMHM 1 YHIBEPCAJIbHUMH,
OCKIJIbKY TIpU OyIBHUIITBI HE BHOCSTHCS JOJATKOBI CIPOIIECHHS.

Jlo HemosiKiB METOMIB MOXHA BIJHECTU CKIAJHICTh MOOYIOBH PO3PAXYHKOBUX
aNTOPUTMIB, CKIAIHICTh aJICKBAaTHOTO BpaxyBaHHS pPEATbHUX TPAHUYHUX YMOB, HU3BKY

HAOYHICTh PE3YJbTaTIB po3paxyHKy [18].
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VYei iHII METOau pO3paxyHKy aKyCTHUHUX TMOMIB Yy MOPCHKOMY CEpElOBHIII
0a3yloThcsl Ha pIBHSAHHI [enbMroibpia (aHaai3 CTAIl[lOHAPHOTO PEXUMY) 1 MPH MOOYI0BI
BUKOPUCTOBYIOTh JI€SIKI MPUMYIIECHHS, K1 JO3BOJISIIOTh PO3AUISTH 3MIHHI Ta CIIPOILILYIOThH
BUPIIIEHHS BUXIJHOI KpailoBoi 3amaul [19]. 3anekHO BiJi KOHKPETHHUX YMOB MOPCBHKOTO
cepeoBHINa 3pO0JICHI MPUITYIIICHHS MOXKYTh OyTH BUIIPABIAHUMH, a PO3IISIHYTHH METO
3a0e3MeYnTh MPUIHATHY TOUYHICTh po3paxyHkiB [20].

Ha pucynky 1.1.1 HaBeaeHO 0COOIMBOCTI MOOYAOBH PIllIeHb ISl PI3HUX METOJIB

PO3paxyHKy MOMIMPEHHS aKyCTUYHHX CUTHAJIB Y MOPChKOMY cepenoBuii [21].

Merto/1 KiHIIEBUX , 1 &*D
pisanp MKP VO=—r— XBUIJIbOBE PI1BHSIHHS
(FTDT) C” ot
—iol . .
b = ¢e [apMOHiuHE pilIeHHS
Merton KiHLIEBHX .
eneMé[HTiBLII\/IKE V2¢ + k2¢ =0 PiBusHHSA ['enpMronbus

¢=F(x,y,z)e ") ¢=F(2)G(r) ¢=F(r,0,2)G(r)
(3anexxHui Bi mianasony, 3.1) (He 3aJIeKHU BiJL Jliala3oHy) (3a7eXHUH Bij Alana3ony, 31)

MO PIBHSAHHS

— Meron nporpamu
mBuikoro mosst (Fast
field)

Pucynok 1.1 OcobGnuBocTi moOyn0BH pillieHb AJisl PI3HUX METO/IB PO3PAXYHKY

PO3MOBCIOMPKCHHA aKyCTUYHUX CHUTHAJIIB.

Illpomenesuti memoo 06a3yerbcst Ha npuHuum @epma. CyyacHe pPO3yMIHHA

MIPOMEHEBOI anmpoKCUMAaIlii sIK HaOIMKEHOTO METOy TEOpii XBHIIb MOYMHAETHCS 3 PoOiIT I1.
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Heb6as (1931), C. JI. Cob6oneBa (1930), C.M. Putosa (1938) [22-24]. Meron omepye
MOBUIBHO 3MiHIOBAaHOIO aMILTITY/I00 F B3IOBXK MpOMEHS Ta EHKOHAIOM — MIBUAKO3MIHHOIO
¢yukuiero G, sika BU3Ha4Yae (pa30By CTPYKTypy MOJISL, TOOTO. CUCTEMa XBIIIbOBUX (PPOHTIB 1
I'PaJiEHTIB IUX ITPOMEHIB.

Memoo nopmanvuux moo (Normal mode) nnsi po3paxyHKy aKyCTUYHOTO TOJIS B
Mikomy Mopi Boepie Bukopuctas K. Ilekepic y 1946 pori [25]. 3MiHHI Z 1 Ty pIBHSHHI
pO3IiNieHl, B pe3yJbTaTi 4OTO YTBOPIOETHCS CHUCTEMa JBOX PIiBHSHB: PO3B’S30K SKOI
HEOOXITHO IIyKaTH y BHUIVISAAI AUCKPETHOI CyMHM HOpMalbHHX XBWIb: F(z) — dyHKIisn
npodis1iB MO, 110 BU3HAYat0Thest, G(T) — PyHKIIIS 3a1€KHOCTI (ha3u HOpMaIbHOT XBUII1 BiJl
BiACTaHb. KoXkHa MoJa BIANOBIJA€ BIACHOMY BEPTUKAJIBHOMY Ta TOPU30HTAIBHOMY
XBUJILOBOMY YHCITY, BA3HAYEHOMY 3 AUCIEPCIHOTO PIBHAHHS [26].

l0es npoecpamu weuokoeo nons (Fast field) OGyna 3anpononosana Jli Hamomi B 1967

porti. Jlo piBHsiHHA ['enpMronbiia 3actocoBano neperBopenns dyp'e-beccens [27]:
p(E2)= [ p(r2)3y(enrar (1.2)

[Ipy npoMy BHXiJHA 3ajadya 3BOAMTHCS IO PO3B'SI3KY 3HAUYHO IIPOCTIIIOTO
«BEPTUKAJIBHOTO» PIBHSAHHSA [ enbMroiplLa.

Memoo napaboniunux pieusns 0a3yeThCS Ha PO3B’S3yBaHHI KpalOBUX 3ajaq JJis
napaboIiYHUX XBWJIBOBUX pIiBHAHb Tuny Ilpeninrepa, siki anpoOKCUMYIOTb PIBHSHHS
I'enpmronbia.  Takuit  miaXii BUKOPUCTOBYETHCS JJIsl  MOJEJIIOBAHHS  TEPEBaXKHO

OOHOCIIPAMOBAHUX XBHUJIbBOBUX HpOHeCiB.

1.1.1. JocaigxeHHs1 00paHUX MATEMATUYHUX MO/iejlell pO3MOBCIOKEHHS 3BYKY B

Mopi

IIpomeneBuii MmeToa
BuximHuM  piBHSHHAM JUIsi  PO3PAXyHKY TIOJiE TOYKOBOTO JIKEpesa TOHY,
pPO3TAIIOBAHOTO B MJIOCKOMY XBWJIEBOJI B TOYLl 3 KOOpAMWHATaMu (IS, zS), € PIBHSIHHS

I'enpmronsbia [15]:

Vp(r,z) +k*(2) p(r,z) =—o(r —r,)o(z—z) I r (1.3)



35

ne p(t,z) — akycTU4He 1osie (TyT MOTEHIT1all MBUIKOCTI TIOB’ SI3aHUH 3 aKyCTHYHUM
THCKOM),
k(z) = ®/c(z) — XBIIbOBE YUCIIO B MIapi BOAH,
c(z) — npodsIb MBUAKOCTI 3BYKY,
d - nenmpTa-pyHKIisa [lipaxa.
Pimenns mrykaetscst y BUIVISAL poskiananHs Jlebas, 0OMeXeHOro MepiiuM mepiogoM
psny [28]
p(r,z) = A(r, z)exp(ik,g(r, z)), (1.4)
e k0 = ®/c0, c0 — mBUAKICTH 3BYKY B MICIIi JpKepea,
A(r, z) — aMITTITY/1a, IO MOBUIBHO 3MIHIOETHCS B3JIOBXK ITyUKa,
¢(1, z) — eliKoHa — MIBUIKO3MIHHA (PYHKIIIs, IO BU3HAYA€E (ha30By CTPYKTYpPY
10JIs1, TOOTO CUCTEMY XBUJIILOBUX (DPOHTIB 1 IPAJIIEHTIB JI0 HUX.
[TincraBnsitoun Bupas p(r,z) y piBHsSHHS [enbMrosiblia, BiIOKpEMITIOIOUN JIHCHY Ta
yVSBHY YaCTHHHM, TTPUPIBHIOIOUH iX JI0 HYJIS Ta BPaXOBYIOUH, IO aMILTITy/Ia XBUJI B3IOBXK
MIPOMEHSI 3MIHIOETHCS IOCUTh MOBUIBHO, OTPUMY€EMO PIBHSIHHS €MKOHana A GyHKUli ¢(r,
z), a 115 A( 1,z) piBHAHHS niepeHocy [28]:
(V(r,2))* =2 1 ¢*(2),
2Ve(r,z)- VA+ Allp(r,z) =0.
TpuBumipHa 3an1a4a GaKTUIHO 3BOJUTHCS IO HA0AraTo MpOCTINIOT IBOBUMIPHOI.
PimeHHss piBHSHHSA CHKOHAla 3BOAWUTHCS JO IHTETPYBaHHS CHUCTEMH 3BUYANHUX
nudepeHIliaJbHUX PIBHSIHB IIJISXOM BBEICHHS CUCTEMHU TPOMEHIB, MEPHEHAMKYISPHUX
XBUJILOBUM (poHTaM O (T, Z).

[lepexin B AEKAPTOBUX A0 «IIPOMEHEBUX» KOOPAUHAT

IO _osyuts), Y48 _aesyrarrers), P8 _esyn(s);
ds ds ds
976) _ _ae(s) 1021 ¢(s)
ds
e 1(s), z(s)) - GyHKLIT paniaJbHUX KOOPAMHAT TOYOK IPOMEHS B 3aJIEAKHOCTI Bij

T€OMETPUYHOIL TIOBKUHU ITPOMEHS;

(W(s), (S)) - KOMIIOHEHTH BEKTOpa, JOTUYHI 10 TPOMEHS B TOUII].
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[TouarkoBi ymMOBU TpacyBaHHs mpoMeHiB HacTymHi: 1(0) =rs, z(0) = zs, w(0) = cosys, N
(0) = sinys, ys — oOpaHul KyT HaXwiIy, KOJIM MpoMiHb [' BUXOAUTH 13 Jkepena. B3mosxk
npomensi ['(r(s), z(s)) po3paxoByeThbcsi elkoHAn ¢(r, z), KU Ma€e 3HAYEHHS JOBKUHU

AKYCTHYHOI'O IIJIAXY:

()= | c,/c(s)ds

AMITTITYyIa B3IOBXK TPOMEHS OOYUCITIOETHCS 3 PIBHSHHSA TIepenadi, BpPaxoBYE
30epeKEeHHsI TOTOKY IOTYXKHOCTI BCEpPEAMHI MPOMEHEBOI TPYOKH, IO TE€OMETPUYHO
PO3LIMPIOETHCS, 1 BUABIIAETHCS OOEPHEHO MPOMOPLIHHOI0 KOPEHIO KBaIPaTHOMY 3 ILJIOMII ii
MOTEePEeYHOro rnepepizy. Jlekommosuiliss TpacyBaHHS IPOMEHIB HE 3aCTOCOBYETHCS B
F€OMETPUYHUX 30HAX TIHI, JIE HEMa€ MPOMEHIB, 1 B OKOJHUIAX KayCTHK (OTMHAIOYHMX
KOHI'PYEHIII MpoMeHiB) [29].

MeTox HOPMAJILHUX MO

BuximauM piBHSHHAM JUIsI  PO3PAaxXyHKY IO TOYKOBOTO JDKEpela TOHY,

PO3TAIIOBAHOTO B TIOCKOMY XBWJIEBOJI B TOYIll 3 KOOpAHUHATaMHu (TS, zS), € PIBHSIHHS

I'enpmroneual15]:
Vep(r,z) +k*(2)p(r,z) =—o(r—r)o(z—z) /I r (1.5)
ne p(1,z) — akycTuuHe noJie (TyT MOTEHI[1aJl IBUAKOCTI OB’ I3aHUH 3 aKyCTUYHUM
THUCKOM),

k(z) = ®/c(z) — XBUILOBE YUCIIO B IIapi BOJIH,
¢(z) — npouTh MIBUIKOCTI 3BYKY,
d - nenpra-pyHkiisa dipaxa.
MeTton HOpMaJIbHUX MOJ AJISI PO3PAXyHKY aKyCTHUHOTO IOJII B MUJTKOBOJAHOMY MOpIi
Briepiie Bukopucras K. Ilekepic y 1946 pori [25]. 3minHl z 1 r y piBHSHHI [enbmromnbiia
pPO3/JICHI, B PE3yJAbTaTli YOTO YTBOPIOETHCS CHUCTEMa JBOX PIBHSHB, PO3B’SI30K SIKUX

NOTPIOHO IIYKAaTH Y BUIJIA/ JUCKPETHOI CyMU HOpMaibHUX XBUIIb [30]:
p(r,2) = Z, (2R (1) (1.6)

ne Z, (Z) € ¢pyHKUisIMU PO UTIB MO/, SIK1 HEOOX1THO BUSHAUUTH,
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R (r)e dynxuiero 3anesxuocTi hasu HOpMaIbHOI XBUII B BixcTaHi.
Koxxna Mona Mae cBo€ BepTHKaJIbHE 1 TOPU30HTAIbHE XBUIHOBE YHCIIO, BUSHAYCHE 3
JUCIEPCITHOTO PIBHSHHS BUIY f(w) = 0, sskoMy Ha 4YacTOTI ® 3aJIOBOJILHSETHCS HE
Oinpmre | BracHWX 3HA4YEHB & .

[leprie piBHSIHHSI CUCTEMU, BITHOCHO Z — BEPTUKAJIBHO OIHOPIAHE

(0|2I0(?§,Z))Jr o
dz? c’(2)

& | p(&,2)=0

p(&£,z2)=0npuz=0,

_Ple2) =—Z, npuz=Nh.
op(¢&,z)/ oz

Jie Z, — HWKHIN BXIJHUH omip,

& — ropu3oHTaIbHE XBUJIBLOBE YUCIIO (IIPOEKIIs XBUJILOBOTO BEKTOpa k Ha BiCh
BIJICTaHI 1).

BcraHoBlieHHS 1MIENaHCy TPaHUYHUX YMOB [03BOJISIE ITEPAaTUBHO OOYMCIIIOBATH
IMITeIaHC, Bl MIApy 10 IIapy, MOYMHAIOYH 3 HAIIBIPOCTOPY, Y 3BOPOTHOMY MOPSJIKY, 1,
HapeIITi, 0OYMCIIOBATH PE3YyNbTYyIOUnid KoediieHT BiAOUTTA V Bix HU3y [31].

Oyukuia p(€,z), gxka HA3UBAETHCS MONEPEYHOI0 (QyHKIIEw ['piHa, A1 JOBUIBHUX
npodisiB ¢(z) 3a3BUYail OOUUCITIOETHCA MATPUYHUM METOJIOM, 3alPOITOHOBAHUM TOMCOHOM
1 Xackemnom. [lonepeuna dyukilis [piHa Mae 1OCUThH CKIAAHY CTPYKTYpY, 1 OPUHIUIT il
BU3HAUEHHS TIOJIATa€ B HACTYNMHOMY. BepTHUKalibHO HEOJHOPITHI KOJOHM BOJAM 1 JIHA
PO3/1IEH] Ha KIHIIEBY KUIBKICTh IIAPIB, IOCTATHIO JJIsSl TOTO, 00 iX mapaMeTpy BBaKaIUCS
NOCTIMHAMH B MeXaX KOKHOTO Imapy. BepxHs Mexa CHUCTEeMH BBaXaeThCsl aOCONIOTHO
M'SKOI0, @ HIDKHS - Y BHUIJIAMI OAHOPIAHOTO MPY>KHOTO MIBIPOCTOPY. Y KOKHOMY IIapi
pILIEHHS JIJIsl MO MPEACTABIICH] Y BUMNIAA1I HAOOpy majnaroyoi Ta BigouToi XBuiib. 11[00
3HAWTH PIIIEHHS B CHCTEMI IIapiB, MOJS HA KOPAOHAX «3IITUBAIOTHCS 32 JIOMTOMOTOI0 YMOB
«iHTEpPEiCcy».

Jpyre piBHSHHS AJIs T B WIIHAPUYHUX KOOPJIUHATAX MA€ BUTIIST
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OR(r o(r
s ”) +ER(N) =-2(2) 20 ”
r ar
VMOBI/I BI/IHpOMiHI'OBaHHﬂ HepIHOFO piBHfIHHH BUMArarOTh 3raCaHHA HOpMaHBHO.l. XBI/IHi
IpU Z — 00, IPYTOro - TIPU I — 0o, BUpillIeHHS APYTroro piBHSIHHS, 3 YPaxyBaHHSIM YMOBH B

JoKepeti, MICTUTh PpyHKItito Xankens [32]:

RN =(@/4Z,(z)H;’(&r)

Pe3ynbTyroue mose y BUNIsIAI CYMH HOPMaJbHUX XBUJIb MTOAAETHCS Y BUTIISII
|
p(r,z)=ZZ.(z)Z.(zs)Hé”(5.r) (1.7)

MeTon HOpMaJIbHOT XBHJII BpPaxoBY€ JIUIIE TUCKPETHUU CHEKTP TOPU30HTATBHUX
XBUJIbOBUX YHUCENI 1 HEXTy€ Oe3MepepBHUM CIIEKTPOM, IO BIAMOBIAAE EKCTpEeMalbHUM
KyTaM HaXWiy €KBIBaJEHTHOTO MOJAJBLHOTO Iy4Ka, TOMY 31 3MEHIIEHHSM BIJCTaHI JI0
JoKepesia ToXuOKa po3paxyHKy TaKoX 3pocTae, ajie, Ha Biaminy Bijg BPP, Bona He mae
0OME’KEeHb 13 30IJIbIIEHHSIM B1ACTaHI.

Ocoonusocmi memoody HOPMATLHUX MOO.

Y MeToAi HOpMaJTbHUX MOJ aKyCTUYHE 1T0JI€ Y BOAHOMY CEPEIOBHIII MTPEICTABISIETHCS
K CYyNEpIO3UIlis TaK 3BAHUX HOPMAJIbHUX MOJ - CUCTEMH BJIACHUX XBWJIb BEPTHUKAJILHO
HEOJTHOPITHOTO XBHJIEBOAY, OOMEKEHOTO MOPCHKUM JHOM 1 MOBEPXHEIO BOAU. B 11poMy
BUITAJIKy BIIACTHBOCTI CEPEIOBHUINA HE 3aJICKaTh BIiJ TOJOKEHHS Ha TOPU3OHTAIBHIN
TUTONIUHI - TIUOWHA MOPsI 1 POk MBUAKOCTI 3BYKY MOCTIHHI 1O BCii akBaropii [33].

BriacHi XBUJIl XBWJIEBOAY YTBOPIOIOTH MOBHY CHUCTEMY OPTOTOHAJbHUX (YHKIIH. Y
1IbOMY BUMAJKy BEPTUKaIbHI PO3MOALIM MOJIIB BIACHUX XBHWJIb 1 KOHCTAHTH 1X TIOIIUPEHHS
3HAXOJAATHCA B PE3yAbTaTl pPO3B'si3aHHS (AMB. BUIE) BIAMOBIIHOT KpaloBOi 3amadi. 3i
CKJIQJHUM BEPTUKAIbHUM MPOQIIEM I[MBHAKOCTI 3BYKY OOYHMCIEHHS BJIACTUBOCTEU
MPUPOTHHUX XBUJIb € CKJIAIHOI0 OOYUCITIOBATILHOIO TTPOOIEMOIO.

KoHcTaHTH moOmIMpeHHs BIACHUX XBHJIb 3ajieXKaTh BiJI CINIBBIIHOIICHHS pPOOO0YOi
JTOBKWHHA XBHWJII JDKepesa aKyCTUYHOTO BUITPOMIHIOBAHHS 0 KPUTHYHOI JOBKWHHU XBHUTI
BIZIMOBIAHOT MOoaH. SIKIIO poOoya MOBKHHA XBUJIl MEPEBUINYE KPUTUYHY, TO BIIMOBITHA
MOJIa MOIIMPIOETHCS MO XBHJIEBOAY 31 3HAYHUM 3aracaHHsM 1 (aKTHYHO ICHY€E JIMIIE B

OKOJIMIISIX JKepesla BUIIPOMIHIOBAHHSI, /6 BOHU YTBOPIOIOTH T.3B. «pPEeakTHBHI moJisi». Ha
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3Ha4YHI BiACTaHl (B JaJdbHIO 30HY BHUIPOMIHIOBaYa) MOXKYTh TOIIMPIOBATHCS JIHIIIC
XBUJIEBOJIHI MOJY HIKYOTO MOPSAKY, A€ poOoua JOBXKWHA XBHUJII MEHIIE KPUTHUYHOI.
KinpKicTh Takux peXKMMIB 3aJ€KHUTh BiJl CIHIBBIIHOIIEHHS poOOUYOl JOBXKUHHU XBWII Ta
IJIMOMHU aKBaTOPIi.

Memoo napaboniunux pieHAHbL

Meton mapaboniuHOro piBHIHHS 3ampornoHoBano Tammeprom y 1973p. mi1st BupimeHHs
3aBIaHHS PO3MOBCIOKEHHS AKyCTUYHUX XBHWJIb Y IIiJIBOAHOMY 3BYKOBOMY KaHall
ubokoro mops [34].

[TommpeHHsT akyCTUYHUX CUTHAIB B OKEaHl Ha BEJIMKI BIJCTaHI MOXJIMBE 3aBISKU
ICHYBaHHIO TIBOIHOTO 3BYKoBOro kaHaiy (SOFAR), sikuii gie momiOHO 10 XBUJIEBOMY 1
3MYLIy€ aKyCTHYHI XBHJII 3aJIUIIATHCS B MEKax 00J1acTi, 3aiiHATOI BoJot0. Lle mepenikomkae
iX B3a€MOI1 3 THOM OKeaHy, SIKe B I[IJIOMY € OLIbIII MOTTIMHAIOYUM CEPEIOBUIIEM, HIXK BOJIA.
Metoau mapaOoiyHOrO PIBHSHHS I'PYHTYIOTBCS Ha T€OMETPUYHHUX KOH(DIryparmisx, 1o
BUHHKAIOTh MPY PO3MIIS1 XBUIIb Y 3ByKOBOMY KaHaJl. [1i1 nomupeHHsaM BeIHKI BiACTaH1 MU
Ma€EMO Ha yBa3l MOIIUPEHHS 10 30HU KOHBEPreHIii (1 Aai), 1o CTaHOBUTH On3bko 50-60
kM. OCKUTBKH TJIMOMHA OKEaHY B CEPEIHBOMY KOJIMBAETHCS B MEXax 4-5 kM, MU OaqyuMo,
IO TOUIMPEHHS IO 3BYKOBOMY KaHalTy BiJOYBAa€ThCS TOJIOBHUM UYHMHOM Y XBUJIEBO/II,
TOHKOMY IO BEpTHKalll, ajie¢ JyKe BUTATHYTOMY MO ropusoHTani [35]. Lls xapakrepHa
KOH(QITypalis 1 yMOXJIHUBIIOE MapadoiiyHe HAOIUKEHHS.

Takum uuHOM, mMapabojiyHe HAOMKEHHS B MIABOAHIA aKyCTHII 1CTOTHO
BIIPI3HSETHCS  BIJ JBOX IHIIMX TOJOBHUX THIMIB HaOMMXKEHb, 110 3a3BUYail
BUKOPHUCTOBYIOThCSI. METOIM T€OMETPUYHOI aKyCTHMKM 3aCHOBAaHI Ha MPUITYIICHHI, IO
JIOBKUHU XBWJIb JIy’Ke Mail 1 qudpakimiiHIMU epeKkTaMu MOXKHA 3HEXTYBaTH BCIOIH, 3a
BUHSITKOM, MOXKJIMBO, KIJIBKOX HEBEJIMKUX 00IacTel, a B METO/Iax MOLTY 3MIHHUX (TaKUX K
PO3KIIaJIaHHS 32 HOPMAJIbHUMHU MOJIaMU) BUKOPHCTAHO TMPHUITYIICHHS, 110 OKEaH CTPOTO
TOPU3OHTAIBHO CTpatudikoBaHuii , OTKE B3aEMOJIA MK XBHUJICBOAHHUMH MOJaMU
3HEBAKJIMBO MaJIo.

3aCTOCOBYIOUM METONM MapaloSiyHOTO HAOMMKEHHS, MU BpPaxXOBYEMO SIK YCI
mudpakiiiiHi eeKkTH, MoB's3aHl 3 XapaKTepHOI F€OMETPIEI0 3BYKOBOTO KaHANy B OKEaHI

(oTKe, 1 METOAM 3aCTOCOBYIOTBCS @K 1O 3HAYHO HWKYMX YaCTOT, HDK T€OMETpUYHA
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aKyCTHKa), 1 B3a€EMOJiS MDK XBHUJIEBONHUMH MojamMu. Po3misg BeaeTbess OUIBII
PEaTICTUYHOMY MPOTH METOAOM MOJIITY 3MIHHUX pa3i HECTPATU(DUIIMPOBAHHOTO OKEaHy.
[TommpenHs BenuKi BifcTaHi BiA0yBaeThCss 000B'A3KOBO HU3bKHUX YacTOTaxX, 3a3BUYAl
gkl nepeBulytoTh npuodauzno 500 I'm. Le mosicHioeTbes TUM, 10 00'€éMHE MOTTTMHAHHS
aKyCTHYHHX XBHWJIb Y MOPCHKii BOJII IBUIKO 3pocTae Ha yactoTax moHaa 1000 I'm, a ciektp
[IyMy OKEaHy 4acTO Ma€ MIUPOKUN MiHIMYM B Jiana3oHi Big 10 10 JEKIIbKOX COTEHb Tepil.
Hait6inpmmii inTepec cTaHoBUTH YacToTa O6u3bko 150 ['11. BiamoigHa 1oBKHWHA XBUIT
nopiBHIOE IpuOIM3HO 10 M, TOOTO BOHA Iy’XKe€ Majia B MOPIBHSIHHI 3 TOBIIMHOIO 3ByKOBOTO
KaHary (OJM3BKO 2 KM), TaK 10 MOIUPIOBATUMETHCS BEJIMKA KIJILKICTh MOJI.
MakcumanbHUi KyT TMOIIUPEHHS, 3BaHUW TakKoX 'TPaHMYHUM KyTOM", Na€ThCs

3akoHoM CHemtiyca [36]:
6, =arccos(c,.. /¢, )~ (2Ac/ c,)"? (1.8)
e 0— KYT IIOIIUPCHHA IITOJ0 FOpI/IBOHTaHi,

C,i, — MIHIMyM HIBHJIKOCTI 3ByKY (Ha OC1 3ByKOBOTO KaHaIy),

m

Cpax — MAKCHMYM HIBHJIKOCTI 3BYKY (Ha JHI OKEaHy),

Ac = ¢, — Cnn 1 C,— A€AKa CEpeaHs MIBUIKICTb 3BYKY.

max min

3a3zBuyaiic, = 1500 m/c, Ac/c, <0,041, oTxe, 6 <16° .Takum 4nHOM, HAHOLIBILINIL

3 KyTiB MOIIMPEHHS MPOMEHIB, 1110 B OCHOBHOMY BH3HA4YaIOTh aKyCTUYHE TOJI€ Ha BETUKUX
BIJICTaHAX, AyXke HeBeluKui. Lleil pakt € 0CHOBOIO MapaboaIYHOTO HAOIMKEHHS.

DakTUYHO TIPU TOIMIUPEHH] B 3BYKOBOMY KaHaJI1 HalO1JIbIIIa YaCTUHA €HEPTii IpUIaaae
Ha YaCTKy CEKTOpa KYTiB 3 MIBIIUPUHOIO 5° MO BEPTUKAJI, 1 PO3MOBCIOIKEHHS TAKOTO TUITY
MOKHA PO3IVISIATH K Te€, IO BIJOYBAETHCS B MOCTIAOBHOCTI TOHKHMX JiH3. EdextnBHa
aneprypa 2B cranoButh npubiusHo 4 kM, pokycHa BigcTanb R = 25 kM, hokansHuii KyT 0
=5°.

VY pa3i HU3BKOYACTOTHOTO JDKEpena Ha BIJICTaHSAX 1O TOPHU3OHTANI, IO HE
NEPEeBUIIYIOTh KlJIbKa TIIMOMH OKEeaHy, aKyCTHMYHa €HEpris, 10 PO3MOBCIOMKYETHCS IiJl
KyTam#, OUIBIIUMHU 3a JeSKUA TPaHUYHHMNA KyT, BTPAYac€ThCs dYepe3 B3aEMOMII0 3
MOTJIMHAIOYUM JTHOM. 3aJIMIIAIOTHCS JIMIIE 3aXOIJIEHI MOJAM, IO PO3MOBCIOKYIOTHCS M

MaJIMMH KyTaMH JI0 TOPU30HTAIl 1 MPUBOASATH MEPEBAKHO J0 IIUTIHIAPUIHOTO PO3XOMKECHHS.
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[Tpuponnum HaOMMKEHHAM, 10 BIAMOBIAE 11 XapaKTEepHi TeOMEeTpUUHIi KOH(Iryparii,
€ HaOJIM>KEHHSI MaJIuX KYyTiB (By3bKOCMYTOBE, TapabosiuHe).

OcHoBHa iesl ToJsira€ B TOMY, IO B MEPIIOMY HAOMMKEHHI BCl ICTOTHI aKyCTHYHI
XBWJII Ha HU3bKMX YacTOTaX MOIUMPIOIOTHCS MPAKTUYHO TOPU30HTAIBHO BIJ JKEpena.
OTxe, aKyCTHUHE TIOJIE MOXHA TPEACTABUTH SK «BLAXIAHY» (QYHKIIO XaHKes,
MIPOMOYJIbOBaHYy OTHHAIOYOI0, IO TMOBUIBHO 3MIHIOETHCS 3 TIIMOWHOIO, BIJCTAHHIO Ta
azumyToM [34]:

p(z.r.¢) =y (2,1, )Hg’ (ko) (1.9)

OuikyeThCs, IO Taka apOKCHUMAllll BHSBUTHCA TapHOK TUIBKH B JaJbHBOMY MO
TOYKOBOTO JuKepena, e k,r>1i H (k,r)~ (2/izk,r)"?e""

OcHOBHE PiBHSIHHSA METOY NapaOOoIIvyHOTO PIBHSAHHS Y MiABOAHIN aKyCTHII:

0 0° 10°
E S
or 0z r°ogp

2ik, +kZ[n*(z,r,¢) —1+iv(z,r, @)y =0 (1.10)

Ile piBHSAHHSA OCOOJIMBO KOPHUCHO HpPU PO3PAaXyHKYy UHIOAO BY3bKHMX ITy4KiB, IO
CTaHOBJISITh IHTEPEC Y pa3l PO3HECEHUX MTPOCTOPOM MPUKMAYIB, K1 BUILISIOTH JIUIIE By3bKY
CMYTY HampsMKiB, a00 JKEpel1, 0 Jal0Th CIPSIMOBaHY KapTUHY BUIIPOMIHIOBAHHS.

Ha#iGinpm mmpoko 3acTOCOBYEThCS B MIABOAHIN aKyCTHIll TapaboiiuHe XBHIJIbOBE
PIBHSIHHSI BUXOAMTD, AKIIO 3HEXTYBaTH a3UMyTalbHOIO TMoximHoto ¢. Lle He o3Hadae, 110
nependavaeTbCs MWIHAPUYHA CUMETPIs TOJIsl, ajeé BKa3ye Ha MOMKJIMBICTb 3HEXTYBaTH
PO3CIIOBaHHSAM 3 OJHOTO a3MMYTalIbHOTO HAMpPSIMKY A0 IHIIOTO. Y IbOMY BHIIaIKy MU

OTPUMYEMO
2
2ik, %—‘/’+‘Z—"2’+ [0 (2, 1) ~1+iv(z, )]y =0, (111
r z

J1€ 3aJICKHICTD N 1V Bil ¢ He BKa3y€ThCs, aHAJIOTTYHO TOMY, SIK MU PaHillle OIyCTHIIHN
iXHIO SIBHY 3aJICKHICTh BIJ Yacy. Y MNPaKTUYHUX J0AaTKax, 3BUYAHO, CJiJ BUOUpATU
GyHKIIT T 1 V (K1 MICTATh TakoXK 1H(OPMAILIIO PO IMOWHY) BIAMOBIIHO 0 KOHKPETHOT
00CTaHOBKH, Yacy 100U, CE30HY TOIIO. 1., 32 SKKUX MOTPIOHO BU3HAYUTH 3BYKOBE moJe [35].

Bupas BiTHOCHOT IHTEeHCUBHOCTI 3BYKY BiJ] TOYKOBOTO JIPKEpEia MOXKHA 3alliCcaT y

BUTJIS I
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2r?
TL=10Ig[| p(z,r) [ /(p, / 1,)°] ﬂOIg[ﬁ ly(z,1) ] (1.12)
0 0
e p0 — aKyCTUYHMI TUCK TOYKOBOTO JIXKepesia Ha OJUHUYHIN BigcTaHi r0.

st oOuMciieHHS aKyCTHMYHUX TIONIB  BIJ JOKEped, IO HE € TOYKOBUMH
BUIPOMIHIOBaYaMH, 3aBKIM MOXKHA CKOPHUCTATHCS MPUHIMIIOM JIHIAHOI CyNepIo3uIlii 1
CKJIACTH MOCIIIOBHO OE37119 MOJIB JHKEPEIT ONMMCAHOT0 BUIIE TUITY [36]. OmHaK Ha TPaKTHUII
OyBae 3pyuHilie Oe3MOCEepPeaHBO MOJICTIOBATH PO3MOALT aKyCTHUYHOI €Heprii, 1o
BUIIPOMIHIOETKCS, BIJ] pealibHOTO JiKepena. OCKUIBKY 111 PO3MOIUTY 3a3BUYall BUPAKAIOTH Y
BUIJISIZII AlarpaMu CIIPSIMOBAHOCTI AaJIEKOTO MOJis 1 1181 iH(opMaliist HeoOXiaHa JJisl TOYaTKy
IHTErpyBaHHs MapaboJIYHOTO PIBHSHHSA XBHJIBOBOTO, TO METOJ MapabOIIYHOrO PIBHIHHS
IIJTKOM TPUIATHUA 711 PO3IISAY IIUPOKOTO KJIacy JKepenl (THUIy CHpSMOBAaHHX
BUIIPOMIHIOBAYIB 1 T. [1.).

Memoo npozpamu uieuokozo noan (Fast-field program method)

B mamomy wMeromi 10 piBHSHHA [ eIBMTONBIT  3aCTOCOBYETHCS  HACTYITHE

nepeTBopeHHsA[37]:

p(&,2) =] p(r,2)3,(&r)rdr, (1.13)

0

10 IIPHU3BOAUTDL IO «BECPTUKAJIBHOI'O» HCO,Z[HOpiI[HOFO piBHHHHH FCHI)MFOHI)H}IZ

0|2I0(§,Z)Jr o
dz? c?(2)

& | p(&.2)=5(z-1). (1.14)

I'panyHMH YMOBaMH METOY TOA1 Oy Th:

pP(£,2)=0npuz=0,

i
G =—Z mpuz=Nh
op(&,z)/oz
e Z, - BXigHWH imnenaHc gHa [37]. TyT ropu3OHTalbHE XBUIIBOBE YHUCIO —

IPOEKI[isl XBUILOBOTO BeKTOpa k Ha Bich BIJCTaHEH T.
IMnenancHe 3aBaaHHs IPaHUYHUX YMOB Ja€ MOXKIIMBICTh PEKYPEHTHO IIepepaxoByBaTu
IMIIEZJaHC BiJ 1Iapy 10 1Iapy, NOYMHAIOYH Bijl HAMIBIPOCTOPY, Y 3BOPOTHOMY MOPSAJIKY, 1 B

pe3yabTaTi 00UMCIUTH PE3YJIBTYIOUNi KOe(IIi€HT B110OpaXkeHHs V Bix JHA.



43

Oyukuito p(&,z), 3BaHy mnomepeuHoro (yHkuiero ['piHa pIBHSHHS i JOBUIBHHUX
npodiiB ¢(z), 3a3BHUYail PO3PaXOBYIOTh MATPUUYHUM METOIOM, 3alIPOTIOHOBAaHUM TOMCOH 1
Xackemn. [lonepeuyna ¢yskiis [piHa Mae AOCHUTH CKIAgHY CTPYKTYpY 1 HPHUHLHMIT il
BU3HAYCHHS MOJISArae B HacTynmHomy. HeomHOpimHI 1o BepTHKai BOAHA 1 JOHHA TOBII
PO30MBAIOTHCS Ha KIHIIEBE YHCIIO IIapiB, JOCTATHIO IS TOTO, OO0 MOYKHA BBaKaTH iXHi
nmapamMeTpy MOCTIMHUMH BCEPEINHI KOKHOTO IIapy. BepxHsS Mexa CHUCTEMHU BBaXKAETHCS
aOCONIOTHO M'AKOIO, HWKHIM Imap NPUHAMAIOTh Yy BHUIIAAI OXHOPIAHOTO MPY)KHOTO
MiBIIPOCTOPY. Y KOKHOMY IIapi pillIeHHS YIS TOJIS MPEICTaBISIOTh Y BUIVISAL CYKYITHOCTI
najarouux Ta BIJOUTHX XBWIb. [ 3HaXOMKEHHS PIIIEHHS B CUCTEMI IIApiB MO Ha
KOpJOHAX 3IIMBAIOTHCS 3a Joromoror iHTepdericuux ymoB. Komu momnepedna QyHKIis
I'pina p(&,z) 3Haiinena, nosue p(r,z) BIAHOBIIOIOTH 3a JJOTIOMOTOI0 3BOPOTHOTO NIEPETBOPEHHS
®yp'e-beccens [38]:

o(r.2) =] p(&.2)d,(Er)éde (1.15)

0

Jlana gopMyiia € moJaHHSIM PIIEHHS Y BUIVISAI CIIEKTpaIbHOTO 1HTErpaia. Bimomo,

mo sapo P(&,z) mBumko 3racae s & > @/ min(c(z)). Takum 9rMHOM, BEPXHIO MEXKY B
1HTErpa ooMexxyroTh neskum & . . Jami, y niil popmyni ¢yHkuis beccens 3aMiHIOETbCA

Ha miBCcyMy (GYHKIIH XaHKes MepIIoro Ta APYyTroro pojy, BiIOUPAETHCS PIICHHS Y BUTTISIL
PO301KHOI B JKepena XBUil, 1 PyHKIIs XaHKES NEPIIOTO pOay 3aMIHIOETHCS MEPIINM
YJICHOM aCUMIITOTUYHOTO YSIBJICHHSI, MICJIsl YOTO MOJIe MOXKHA IIyKaTtu y BUsiAl [39]:
p(r,2)~ PRV o ) Eexpenya (116
NPT
[aTerpan 30iraetbcst 3 (opmynor mneperBopeHHs Dyp'e, ToMy mone Moxke OyTu
po3paxoBaHe Ha OCHOBI CTaHAAPTHOTO arOpuTMy MBUAKOTrO nepetBopeHHs dyp'e (BIID).
VY meroni ITHITT, mounHarouu 3 piBHSHHS [ €16MTOJIBIIS, BBOTUTHCS JTUIIE OAHE HAOIMKCHHS
— 3aMiHa QyHKIIT XaHkemns 1i acuMntoTuxoro [40].
Y wmetoma IIIIII 1 mMeroma HOpMabHMX MOJI € CIUIbHI PUCH — OOWJBAa METOIU

PO3paxyHKy aKyCTUYHOTO TOJIsl BUKOPHUCTOBYIOTh «BEPTHUKAIBLHE)» PIBHSAHHS [ ebMrosbIia.

Memoou kinyeeux pizHuub y ni08o0Hill aKycmuuyi
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Merton ckinueHHux pi3auib (FDM) — mupoko BUKOPUCTOBYBAaHUI YUCEIBHUNA METON
y TIIBOAHIN aKyCTHIl JJISI MOJEIIOBAHHS MOIIMPEHHS XBWIb Y MiABOJIHOMY CEPEIOBHIII.
Lle#t metom ocoOnmuBO e(EKTUBHMI MpPH pO3B’sA3aHHI TU(PEPEHILIATbHUX PIBHAHb Yy
YAaCTUHHMX TIOX1JIHMX, $KI ONHCYIOTh 3BYKOBI XBWJI, JO3BOJISIOYH JOCIITHHKAM
MOJICTIOBAaTH CKJIaJIHI CIIeHapli, MOB’SA3aHi 3 MOUIMPEHHSM 3BYKY 4epe3 pi3HOMaHITHI
cepenoBuia [41].

Mertonu CKIHUEHHHUX PI3HUIIL NepeadadaroTh JUCKPETU3AIliI0 PIBHIHB Oe3mepepBHOT
XBWII B CITKy abo citky. Lleil mporiec meperBoproe piBHSHHS Ha Habip anreOpaiuHUX
PIBHSIHB, SIKI MOXKHA pO3B’s3yBaTH 4uceabHO. [IpocTopoBi Ta 4YacoBi 00JacTi MOXKHa
PO3AUINTH Ha HEBEJIWKI MNPUPOCTH, MO0 MOXIAHY MOXHa OylI0 ampoKCUMyBaTh 3a
JIOTIOMOTOO KiHIIEBUX PI3HUII.

FDM moske iMiTyBaTy MOIMIMPEHHS aKyCTUYHUX 1 TPYKHUX XBWJIb HA PI3HUX YaCTOTaX.
Bu MoxeTe MOJIEIOBaTH Taki CUEHapli, sIK MABOAHI aKkyCTH4HI T-(}a3u, sKi € CeUCMIYHUMHU
XBWJISIMHU, TOPOPKEHUMH MIJBOJAHUMM BHOyXaMu 4W iHIIMMH 30ypeHHsMH. Lledi meron
J03BOJISIE JICTAJIBHO TpOaHai3yBaTH, SK I[1 XBHWJI B3a€EMOMAIIOTH 3 T€OJOTIYHUMU
0COOJIMBOCTSIMU Ta MOPCHKUM CepeIoBUIIEM [42].

Opnniero 3 BaxummBux nepesar FDM e #ioro 31atHICT 00pOOISTH CKIIQIHI TPAHUYHI
YMOBHM Ta PI3HOMAaHITHI BJIACTUBOCTI CEPEJOBHII, Taki SK MPoQial MBHUAKOCTI 3BYKY Ta
tonorpadiuni Bapiamii 3 mmOuHOW. [l THyuYkicTh poOUTH MOro imeanbHUM JJIs
MOJICTTIOBAHHS PEAICTUYHUX MIABOJHUX CIIEHApiiB, TAaKUX SK TEPETBOPEHHS CUTHAIIB
COHapa B CEMCMIUHY €HEPIiI0 Ha MEKI OKE€aHy Ta CyIlIi.

Memoo xinyeeux enemenmie(FEM) — NOTYXHUI YUCEIIbHUI METOH, SIKUU IIHPOKO
BUKOPHUCTOBYETHCSI B AKyCTHUIll JUIsl aHaMI3y Ta BUPIMICHHS NpoOJieM, IOB’s3aHUX 13
MOIIMPEHHAM 3BYKY, BUIIPOMIHIOBAHHSIM 1 B3aeMOAI€0 31 cTpykrypamu. Lleir meron €
0COOJIMBO BUTITHUM JIJIsl CKJIQIHUX T€OMETPIid 1 TpaHUYHHUX YMOB, 1110 POOUTH HOTO KpaIuM
BUOOPOM /1JIs1 PI3HOMAHITHUX aKyCTHYHUX 3aCTOCYBaHb [43].

FEM npairroe nuisxoM Moy aKyCTUYHOI 00JIaCTi Ha MEHIII, TPOCTIII YaCTUHH, SIKi
HA3MBAIOThCA KIHIEBUMHU enemMeHTamu. Lli eneMeHTH MOXyThb OyTH OJZHOBHUMIPHUMHU

(B1Opi3KH), ABOBUMIPDHUMU (TPUKYTHUKH a00 KBaapaTu) ab0 TPUBUMIPHUMH (TETpaenpu
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abo KyOM). AKyCTHUYHE I0JIe alPOKCUMY€ETHCSA B MEXaX KOKHOTO €JIEMEHTa 3a JIOTIOMOTOI0
dbyHK1111 hopmH.

AxycTruHa 3a7a4a (pOpMYITIO€THCS 3 BUKOPUCTAHHIM BapiallifHOTO MPUHIUITY, KUK
NPU3BOJUTH IO CUCTEMH aireOpaiyHuX piBHSIHB, SKi MOXKHA PO3B’s3aTd dMcenbHO. Llei
MIIX11 TO3BOJISIE BKITIOYATH Pi3HI (Pi3WUHI SBHINA, TaKl SIK 3aTyXaHHS Ta HETiHINAHI eexTH.

FEM 0co0auBO miIXOAUTh JJIsl MOACTIOBAHHS CKIIATHUX CTPYKTYP 1 MK, BKIFOYAIOUH
HenpaBWIbHI (HOPMHU Ta MaTepiaju, M0 MePEeKPUBAIOTHCA. LI THYUKICTh JO3BOJISE TOUHO
IMITYBaTH MOIIMPEHHS 3BYKY B TaKUX CEPENOBUINAX, K KIMHATH, TPAHCIOPTHI 3aCO0U Ta
TLIIO JrOOuHH [44].

VYnockonaneni peanizaiii FEM MOXyTb NiABUIIIUTH TOYHICTH 32 JOMOMOTOI0 (PaKTOPIB
BUIIOTO mOpsiAKy. L{i emeMeHTH MO3BOJSIOTH Kpamie MpeICTaBUTH aKyCTHYHE IIOJIe,
0COOIMBO B OOJNACTAX 13 BUCOKHUM TPAJIEHTOM, HAMPHUKIAJ HA KOpJOHAX abo moOiu3y

JDKEpEl.

1.1.2. [lepeBaru Ta HeJA0MiKH OMMUCAHUX METOAIB

Ilepesazu npomenesozo memooy memooy:

- Jlerko moOyayBaTy HUISIXW IPOMEHIB 1 OTPUMATH Bi3yallbHY KapTUHY PO3MOILITY
IHTEHCUBHOCTI 3BYKY.

- BpaxoByeThbcsi HEpIBHICTh JHA (MPU ABOBUMIpHOMY miaxoai). HuwxHi npodimi
Ta BEPTUKaJIbHI TPO(dII MIBUAKOCTI 3BYKY [JIsi PI3HUX HANPSMKIB a3MMyTa MOXYTh
BIJIPI3HATHUCS

- PeanbHi rpaHUYHI YMOBH JIETKO BPaXOBYIOThCS.

— CrpsiMmoBaH1 BIACTUBOCTI JKEpeJia 3BYKY JIETKO BPaXOBYIOThHCS.

- HeonHopiaHOCTI HA NUISIXY PO3MOBCIOIXKEHHS JIETKO BPAXOBYIOTHCSI.

Oomesrrcennsn npomenesozo memooy:

[Ipu BuKOpHCTaHHI TPOMEHEBOTO METOAY BPaXOBY€EThCS TUTHKU pajlialibHUNA TIPOdisb
JTHA, a3UMYTaJbHUN TPoQiTh HE BpaxoByeThCs. [Ipu 11bOMY MPOMIHB 3aBXK/IN 3TUIIAETHCS

B 3aJ[aHiil BepTUKAJIbHIN TUIOUIMHI. AJie MPU PO3PaXyHKY aKyCTUYHOIO TOJSI HA BEJIUKIN
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TJIOMII, KOJIW TPHU TONITUPEHH] XBUIII BiIOYBAa€ThCA 3HAUYHA KITBKICTH BIOMTTIB Bij JHA 3
HaxuJIaMH B PI3HUX IUIONIHMHAX, 1€ MOXKE BUKJIMKATH 3HaYH1 TOXUOKH.

OCHOBHOIO BHMOTOIO [JIsl 3a0€3MeUeHHs KOPEKTHOCTI PO3paxyHKiB MPOMEHEBUM
METOJIOM € BUKOHaHHS YMOBH [45]:

ald<<1

1|0C

Jie oa=—|—
c|oz

- BITHOCHUM TrpadieHT MBUAKOCTI 3ByKY C Ha rubuHi, 1/M;

A — IOBXXHMHA 3ByKOBOT XBUJIi, M.

BpaxoByrouu, 1mo MakcMMallbHI 3HAUEHHsI TPAJIEHTIB IMIBHUAKOCTI 3BYKYy B MOpIi
CKJIa/Ial0Th:

ax=4- 1021/ m — nna weratusHOI pedpaxiii;

a~5- 1091/ u — 3 nosuTuBHOW pedpakiielo.

Otpumyemo A<<250 M, f >>6 I'i. 3acTOCOBHICTH TPOMEHEBOI'O METOAY B MIJTKOBOJTHUX
Mopsix oomeskena yacrotamu. ko H = 300 M, mu orpumyemo f> 500 I'm.

[IpomeHeBuil MeTOJ HE [03BOJIAE pO3paxyBaTH aKyCTMYHE II0JIE B 30HI TiHI
(BIACYTHICTH AU(PaKLIi) 1 B TOUKAX KayCTUKH (TOYKaX NEPETUHY MPOMEHIB, BUITYIIEHHX IT1]T
ONMU3BKUMHU KyTaMH).

IIpu HEOOXIIHOCTI PO3paxyHKy MapaMmeTpiB aKyCTHYHOIO MOJs B JaHIM Toull
HEOOX1THO BUKOHATU TIOBHE TpPACyBaHHS aKyCTMYHUX TMPOMEHIB MO BCI BEepPTHKAIBHIN
IJIOIIMHI, IO 3'€IHY€ HKEPEJIO BUIIPOMIHIOBAHHS 1 IpUiiMad.

Ilepesacu memooy HopMaIbHUX MOO

Meton HOpManbHUX MOJ JO3BOJSIE BIAHOCHO JIETKO BHU3HAUWUTU BJIACTHBOCTI
aKyCTUYHOTO TIOJISI Ha BEJIMKHUX BIACTaHAX BiA JoKkepena. Po3paxyHok moyisi moOnau3y
BUIIPOMIHIOBAaYa CKJIQJHMA uYepe3 HEOOXIJHICTh Yy3arajlbHEHHS BIJIACTUBOCTEW 3HAYHOI
KUIBKOCTI BJACHUX XBHJIb XBUJIEBOIY, B TOMY YHUCIIi, B TIEPIITY YEPTY, KPEAKTUBHUX MOJI».

MeTon HOpMalbHUX MOJ JO3BOJSIE BHU3HAYATH MapaMeTpU AaKyCTUYHOTO OIS
0e3mocepeIHhO B MICIII PO3TalTyBaHHS MPUUMAIBHOTO TIEpEeTBOpIOBaYa 0€3 HEOOX1THOCTI
PO3paxyHKy aKyCTUYHOTO IOl HA BChOMY IUISXY TOITHUPEHHS.

Oomesrtcenns memooy HOpmMaaIbHUX MO0
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Henonikom meTony HOpManbHUX MOJ] € BUMOTA LIOA0 OJTHAKOBOTO MPOMLITIO MIBUIKOCTI
3BYKY Ta OHAKOBOI INIMOMHU 10 BC1H aKBaTOpPIi aHAI3Yy.

Sk 1 B Oygp-sIKOMY XBHJIBOBOMY METOZl aHANi3y aKyCTUYHOTO TOJsS, Y METOl
HOpMaJILHUX MOJ ICHYIOTh MEBHI MPOOJIEMU 3 IOCTATHIM BpaxyBaHHSM IPAHMYHUX YMOB.
[Ipu BU3HAUEHHI XapaKTEPUCTUK HOPMAJIbHHX XBWJIb BHPIIIYEThCS KpaiioBa 3ajgada, a
IMIIEIAaHCHOIO MEKEI0 BBAXKAETHCS MOPCHKE JHO, 10 YCKIIATHIOE KOMILIEKCHUI BpaXyBaHHS
BJIACTUBOCTEH MOPCHKOTO JIHA K CHEIU(pIYHOTO aKyCTHYHOTO BijOMBaya 3 BTparamu [46].

MeTon HOpManbHUX MOJ HE JI03BOJIIE€ BpaxyBaTH HASBHICTh MEPEHIKOA HA MUISIXY
NOIIUPEHHS aKyCTUYHUX XBUJIb.

Ilepesazu memoody napadoniunoz20 pieHAHHA

[Tapa®oniuHi XBUJIbOBI PIBHAHHS YyOBO IPUCTOCOBAHI ISl €PEKTUBHUX MAITUHHUX
po3paxyHKiB. OCTaHHE MOB'A3aHO TOJIOBHUM UYMHOM 3 THM, II0 BOHHM BIAHOCATHCSA 0
«EBOJIIOLIMHOTO» Kiacy AU(epeHIialbHUX PIBHAHb y MOX1THUX NPUBATHUX, 1 MOXKHA JIETKO
noOynyBaTH aqrOPUTMH, B SIKUX aKyCTHYHE TOJIE 32 OJMH IIUKJI PO3PaXyHKIB MPOCYBAETHCS
Ha OJMH KPOK I10 BIJCTaHI1, JJI1 YOTO BUKOPHUCTOBYETHCS 1H(POpMAIliS PO IMOJe TUIBKH Ha
paHiiie oO4YMCICHUX AUCTaHIisgX. KpiM Toro, mpu 1boMy IIYKa€eThCs 3arajibHa, 0 cama
MOBIJILHO 3MIHIOETHCS, 1 TOMY OOYMCIICHHS HE TIOTPIOHO TPOBOAMTH HA IHTEPBAJIAX MOPSIIKY
TOBXUHU XBUI1 [47].

[le yMOXJIMBHIIO YHCENbHE BUPIMICHHS 3aBJaHHS IMiIBOJHOTO TOIIUPEHHS 3ByKYy Ha
EOM 70 pokiB 20 cromitts, 1m0 Oyao 6 HEMUCTUMO TIpH OE3MOocepeHOMY PO3B'sI3aHHI
eNINTUYHOTO PIBHAHHS lenbMronels abo TinepOoIYHOTO AaKyCTHYHOIO XBHJIBLOBOIO
piBHsHHA. ToMy OCHOBHOIO MPUYMHOIO, W0 CTUMYJIOBala pPO3BUTOK METO[IB
napaboiyHOoro HaOMMKEeHHS, Oyn0 OakaHHS 3pOOMTH HA TIOYATKy aHalli3zy KOHTPOJIhOBaHI
HaJ1iH1 HAOIM>KEeHHS], 1100 OTpUMaTH HaOJIMKEH1 PIBHSIHHS, K1 X04a 1 HE BUPILIYIOTHCS
aHATITUYHO, TIPOTE OCOOIMBO JOOPE MPUCTOCOBAHI ISl OOUMCIICHb.

Merton mnapabofiiyHOTO PIBHAHHS BHUKIIOYHO J00pe MIAXOAUTH [JIs aHaji3zy
NOIIUPEHHSI HU3bKOYACTOTHOTO 3BYKY Ha BEJIMKI BIJCTaHI B IMHMOOKOMY OKeaHi, 0COOIMBO
SKIO CEPEIOBUINE CHIIBHO 3MIHIOETHCS 3 BIJICTAHHIO, KOJIM 1HIIII METOAM TPAIUISIOTHCS 31

SHAYHUMHU TPYAHOIIAMHU.
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Meton napaboai4HOTO PIBHSAHHS NPUAATHUHN aHAJI3y HIMPOKOTO KIIacy JHKepe (TUITy
CIIPSIMOBAHUX BUITPOMIHIOBAUIB TOIIIO. ).
Oomernrcenns memooy napadoaiunoz2o pieHAHHA
B cuty npuiiHSITHX TPUIYILIEHb 3aCTOCYBAaHHS METOY Mapa0doiyHOTO PIBHSIHHS
00MeKEeHO YMOBAaMH I11/IBOTHOTO 3BYKOBOTO KaHAIIy B TIIMOOKOMY MOpI.
Ilepesacu memooy npozpamu wieuOK020 noa:
Jlanuii MeTo] He MOAUISE IMOJIE Ha HOPMaJibHI XBUJIl, a BBa)Ka€ MOro MOBHICTIO,

BKJIIOYarouM 1 HeonHopiaHi xBuii, Tomy IIIIIT no nesikoi BifcrTaHi r  BBaXKae MOJE Jy¥Ke

TOYHO 1 MOX€E OyTH €TaJIOHOM JIJIsl IHIIUX MeTOAIB. OJHaK 31 301IBIIIEHHSM B1JICTaH1 MTOHA]]

PO3paxyHOK IOJISI CTAa€ MOMUJIKOBUM 4epe3 nepioanuHictb Dyp'e-o0pazy. Tomy BuOip

rmax
Kpoky A BHKOHYETHCS BIAMOBIIHO 10 TeopeM Mpo auckperusaiii. Merox ITIIIT go3Bossie
BU3HAYATU NapaMeTpyd akKyCTUYHOTO IIOJIi y TOYIll pO3TallyBaHHS MPUIMAaIbHOTO
MepeTBOpIoBaya 0e3 HEOOXIAHOCTI pPO3paxyHKy akKyCTHYHOIO IIOJIA IO BCIM Tpacl
nomupeHHs [48].

Oomesricenns Memooy npozpamu weuoKo20 nous:

Henonikom mMeTony € BUMOTa OJHAKOBOIO MPOQIII0 MBHUIKOCTI 3BYKY Ta OJHAKOBOI
JTMOWHY 1O BCI akBaToOpii MpoBeIeHHs aHamizy. Sk 1 Oyab-sSKOMY XBHJIBOBOMY METOI
aHami3zy akycruunoro nojs, y ITIIIT icHyroTs npoOiieMu afeKkBaTHOTO OOMIKY TpaHUYHHX
ymoB. [Ipu Bu3HA4YeHH1 MO BUPILIYETbCS KpaillOBe 3aBIaHHS, y CBOid JHO Mops
CIPUMMAETHCS SIK MUMIIEAAHCHAS KOPJIOH, IO YTPYIHSAE BCEOIYHUN OOJNIK MOKAa3HUKIB
MOPCBKOTO JIHA K creu(IuHOro akyCTUYHOro BiaOuBaya 3 Brparamu. [IIIII He no3Bosnse
BpaxoByBaTH MEPELIKO] HAa Tpaci MOMMPEHHS aKyCTUYHUX XBUJIb.

Ilepeeacu ma nedoniku uuciosux mooeneil

Yucnenni moaeini Ha ocHoBI MKP a6o MKE npuaarHi juist ananizy akyCTUYHHUX TOJIB
y MOpi B OyAb-KMX yMOBax, 3a SAKUX 3QJIMIIAIOTHCS CTIPaBEAJTUBUMU NMPUNUHATI K 0a30Bi
XBUJIbOBE DPIBHSHHS Ta PiBHAHHA [enbMroibisa. TOYHICTE pPO3paxyHKIB OOMEXKYEThCS
TOYHICTIO 3aBAaHHs aKyCTUUYHHUX MapaMeTPiB TPUBUMIPHOTO CEPEIOBHILIA.

Henomnikom Moneneit Moxe BBaKaTUCs CKIAAHICTh MPOTPAMHOI peartizallii Ta BUCOKI

BHUMOTH 710 nam'saTi Ta mBuakoaii EOM.
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He3Baxkatoun Ha Te, 110 METOJM HA OCHOBI MPOMEHS 4YacTO OUTbII €PEeKTHUBHI AJs
MOIIMPEHHSI BHCOKOYACTOTHOIO CHUTHAJIy Ha Beluki Bijctadi, FDM mnpomonye Ouibin
KOMITJICKCHHUM MMiJIX1/1, SKUI MOKE Kpalie oOpoOsIsTH HU3bK1 YaCTOTH Ta CKIIAJHI B3a€MOJIII.
e mo3BOJISIE MOIEITIOBATH SIBUIIA, TaKi SIK 0araropazoBe BiT0OpaXeHHsI Ta 3aJIOMJICHHS, SIKi

BaYKJIMBI JIJIs1 pO3yMiHHs MoBeIiHKH coHapa[S50].

1.2. locaixxeHHs1 iCHYIOUMX CUCTEM MO/IEJTIOBAHHS TiIPO0aKyCTUYHUX CUTHAJIIB

WaveQ3D, a6o Wavefront Queue 3D, — ne 6i0mioTeka migBOAHOIO MOACITIOBAHHS
(USML), po3po6iieHa 1151 po3paxyHKy BTpaT repesiadi 3ByKy B MOPChKOMY cepeaoBuitli. Lls
MOJI€SIb BUKOPUCTOBYE TOpuAHI poMeHi ['ayca B cpeprUuHHX 1 YaCOBUX KOOpAMHATAX, IO
MOKpaIlye ii 37aTHICTh e(PEeKTUBHO IMITYBATH MiABOAHY akycTHKY. WaveQ3D BukopuctoBye
Metoa (QopMyBaHHS TpoMeHs [ayca, SKuMi 3HAYHO MOKpAIIly€ MIBUAKICTh 1 TOYHICTh
00YHnCIIeHb, OCOONMBO B aKyCTUYHHUX CIIEHApisiX, 10 MIBUIAKO po3BHUBaroThcs [S51]. Llew
MeToJ| 3abesneuye e(DEeKTUBHI Pe3yabTaTd PO3MOBCIOMKEHHS Ha chepudHiil 3emil, 1110
pOOUTHL OTO IPUAATHUM JJIS CKIAAHUX MIABOIHUX cepenoBuil [S2].

Monenb € 4aCTUHOIO ITOTOYHOT JJOCIIITHUIIBKOT 1HII[IaTHBH, CIIPSIMOBAHO1 HA CTBOPEHHS
MIBUAKKAX 1 TOYHUX BJIIACHUX MPOMEHIB aKyCTUYHUX BTpar mepenadi. s 3maTHicTh Mae
BOXJIMBE 3HAYEHHS IS JOJATKIB y MOJCJIOBaHHI Ta CUMYJSLII cOHapa, OCOOJMBO B
PUOCPEIKHUX cepeloBUINax (IpudepekHmnx)[53].

WaveQ3D € BIAKpUTUM MNPOrpaMHUM 3a0€3MEUYEHHSM Ta 3a0X04y€ CIIBIpAIo 1
BIOCKOHAJIEHHSI MOJieNIi uepe3 penosuropint Git, noctynuuit Ha GitHub.

WaveQ3D B OCHOBHOMY BHUKOPHUCTOBYETHCS B Takux cdepax, SK IOCITIIHKSHHS
OKCaHIYHUX Ta MOPCHKHUX CEPEIOBHWII, HAMPHUKIAJ MOICIIOBAHHS COHAPHUX CHCTEM 1
PO3yMIHHS TTOBEIIHKH ITiIBOHOTO 3BYKY; a00 JJII MOHITOPHHTY BOJIHOTO CEPEIOBHUIIA IS
OIIIHKM BIUIMBY 3BYKY Ha MOPCHKI CHUCTEMH, IOCTIIKCHHS TMEpeCcyBaHHS TMOMYJISIIIM
iIBOTHOTO JKUTTS; a TaKOX I BIMCHKOBOTO 3aCTOCYBaHHS Y MOPCHKHX OTeEpallisx, JIie
AKyCTUYHE BUSIBJICHHS € KPUTHYHUM.

Ockinbku WaveQ3D BUKOPUCTOBYE MPOMEHEBY TEOPIIO JJIsI MOJAEIIIOBAHHS 3BYKOBHX

MPOMEHIB y CEPENOBHUINAX 3 TOCTYNMOBUMH TpaJi€HTAaMH TEMIIeparypu Ta IHIINX
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XapaKTepUCTUK, II€ TporpamMHe 3a0e3ledeHHs iAeanbHe I OJHOPITHUX abo Maibke
OJTHOPIJTHUX CEpPEOBUI 3 IJIABHUMH 3MIHAMH, HANPUKIAJ, B BOAHUX CEpPEAOBHINAX 3
MMOCTYTIOBHMH T'PaJIiEHTaMH TeMIIeparypu abo TUCKy [52]. OmHak, 1ei MeTOo ] MEHIIl TOYHHHA
y CepeNoBHIIaX 3 PI3KUMHU 3MIHAMH BIIACTUBOCTEH, TAKUMHM SIK PAIlTOBI 3MIHU IMTMOWHMA 200
HEOJHOPIAHI CTPYKTYpH, OCKUTBKHA IPOMEHEBA TEOpisi HE BpaxoBye AUQpakiliitHi epextn Ha
HU3BbKUX 4acTOTaXx.

WaveQ3D BHUKOPUCTOBYETHCS TIEPEBAXXKHO JUIsl MOJEIIOBAHHS BHILIUX YacToOT,
ocobmmBo auis gactoT moras 1000 I, o poOouTs HoTO i71eaTbHUM 7S 3aBIaHb, TIOB'I3aHUX
13 BUCOKOYACTOTHUM COHAPOM Ta 1HIIMMH aKyCTUYHUMH CUCTEMaMHU, K1 BUKOPUCTOBYIOTh
KOPOTK1 XBUJIl. Y BUNAAKY 3 HU3BKUMH YaCTOTAMHU, TOYHICTh IIbOTO METOIY 3HMKYETHCS
yepe3 0OMEeXeHHSI IPOMEHEBOI TEOPii, sIka HEAOCTATHBO 100pe OMHUCy€e NUPPAKIIIO 3BYKY
HAa JIOBIIIMUX XBUJISIX.

WaveQ3D mae BIAHOCHO HU3bKY OOYMCIIIOBAJIbHY CKJIAJIHICTh, OCKUIBKM MTPOMEHEBA
TEOpisi BUMArae po3paxyHKy JIMIIE TPAEKTOPiN okpeMux mpomMeHiB. Lle 103Boisie MBUAKO
OTpUMATU Pe3ylbTaTH ISl CEPEIOBUIL 3 MOCTYIOBUMH T'PaJI€EHTaMU XapaKTEPUCTUK Ta
BucokuMHM yactoramu (moHan 1000 I'm)[53]. OnpHak TOUYHICTH PO3PaxXyHKIB MOXE
3HIDKYBAaTUCS B CKIAQJIHUX CEpPEIOBHINAX, 1€ MOTPiIOHO BpaxoByBaTH JupaKIiio 1
HEOJTHOPITHOCTI, IO 3HIKYE €()EeKTUBHICTh I[bOTO METOY.

WaveQ3D 3abesneuye BHCOKY TOYHICTH JIJIi MOJEIIOBAaHHS 3BYKOBUX TOJIIB Ha
Brucokux vactorax (monaa 1000 I'rr), me 3ByKOBiI XBUJII MOXKYTh MOJCITIOBATUCS Y BUTJISII
npoMeHiB. J{Jis onHOpiAHKUX a00 Mailke OMHOPIAHUX CEPEAOBHIL 13 TOCTYIIOBUMH 3MiHAMHU
BiactTuBocTeit WaveQ3D 3abe3nedye xopoiry TouHicTh. OfHaK mpu poOOTI HA HU3BKHUX
gacToTax ab0 B CEpeIoBHUINAX 13 CHUIBHUMU HEOJHOPIMHOCTSAMHU TOYHICTh 3HAYHO
3HM)KYETBCS, OCKUIBKM IPOMEHEBA TEOpis HE BPAXOBYE XBUIIbOBI €(EKTH, Takl SK
nudpaxiisi.

WaveQ3D € croemiaiizoBaHUM IHCTPYMEHTOM Ui MOJICTIOBaHHSA aKyCTUYHHUX
IPOMEHIB, SIKHUWA JTOMOBHIOE OUIBII MOBUIbHI MOJENI, Takl K napaOoiiuyHe pIBHSHHS Ta
HOpMaJibHI MOAM. JIOCTYMHICTHP LBOTO IHCTPYMEHTY JAEI0 OOMEXEHa, OCKIJIbKU BiH
HalyacTillle BUKOPUCTOBYETHCS B aKaJeMIUHUX a00 HAyKOBO-A0CHIIHUX Konax. [linrpumka

3aNeXUTh B JOKYMEHTallli, JOCTYNMHOI y BUIJIAAlI HAyKOBHX IyONiKaliil Ta TEXHIYHUX
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3BITIB, II0 POOUTH HOTO MEHII JOCTYIHHUM JJIs IUPOKOi ayauTopii. J{is kopuctyBauiB 6e3
BEJIMKOTO JOCBiAY y cdepl aKyCTHYHOrO MOJICTIOBAHHS MIATPUMKA MOXe OyTH
CKJIQIHIIIOO.

Ha ocHOBI HaBeneHOro BHWINE OIKUCY, MOXKHAa BHIAUIMTH HACTYIHI OCOOJHUBOCTI
MPOTPaMHOTO 3a0€3TMECUCHHS:

- Halikpaiiie npaiitoe B OJHOPITHUX CepeOBHINAaxX a00 B yMOBaxX 3 MOCTYIIOBUMU
3MiHAMM XapakTepuCTUK. [loraHo MiaAXoauTh Ui CEPEAOBHIN 3 PI3KUMHU 3MiHAMH abo
CKJIAJTHUMHU HEOJTHOPITHOCTSIMHU.

— Husbka oOuunciroBanbHa ckiaagHicTh. IIBUAKMI MeTOI, ajle OOMEXEHUM IS
MPOCTUX CEPEITOBUIIL.

— Bucoka Tounicth s Bucokux yactor (>1000 I'm) B omHOpimHHMX
cepenoBumax. MeHI TOYHHUH 711 HU3BKUX YaCTOT 1 CKJIATHUX CEPEIOBHIII.

KRAKEN — 1e ckiagHuii mporpaMHUil IHCTPYMEHT, KU BUKOPUCTOBYETHCS JJIS
MiJIBOTHOTO AaKyCTUYHOTO MOJCNIIOBaHHS, OCOOMMBO €(DEeKTUBHUNA Yy MOJEIIOBaHHI
MOIIMPEHHSA 3BYKY B PI3HMX OKEAaHCBbKUX cepenoBuilax. BiH € yactuHoro bibmiorexu
OKEaHCHKOT aKyCTUKH Ta MPU3HAYCHUM 1J11 0OPOOKH CKIIATHUX CIIEHAPIiB, 1[0 BKIIOYAIOTh
SIK YMOBH, 1110 3aJI€KaTh BiJ Jiana3oHy, TaK 1 3aJ€XH1 BiJ Jiama3oHy.

KRAKEN BUKOPUCTOBY€E TEOPil0 HOPMaJIbHUX MOJ JJIsl MOJEIIOBAHHS TMONIUPEHHS
3BYKY, 110 POOWTH MOTO MPHUIATHUM IS aHaJi3y MiJABOAHOI aKyCTUKH B PI3HOMAaHITHHUX
YMOBax, BKJIFOUaIOUHd MUIKOBOAS Ta TIMOOKOBOAAS [54].

Jlane mporpamMHe 3a0e3MeUeHHs J03BOJISIE MOJCIIOBATH IOBHICTIO TPHUBHUMIPHE
OKEaHCHKE CEPEIOBUIIE, PO3IIUPIOIOYN HOTO MOYKIMBOCTI JJIsl MOJICTTFOBAHHS PEaTiCTUYHUX
MIJBOJIHUX AaKyCTUUHUX cleHapiiB. lle Bkirodae BapiaHTH MNpEACTaBICHHS CKJIaJHOI
OarumMeTpii Ta pI3HOMaHITHUX YMOB HABKOJIUIIIHHOTO CEPEIOBHUIIIA.

Takox, nporpamHe 3a0e3MeueHHs Ma€ 3py4YHH 1HTepdeic, SKUN TMOoJermye
HaJAIITYBaHHS aKyCTUYHUX MOJEJEH, 10 pOOUTh MOro JOCTYIHHM JUIsl JOCTITHUKIB 1
MPAKTUKIB Y MOPCHKil aKyCTHII1.

Posmmpena reHepariisi CITOK: mMporpamMHe 3a0e3leueHHs MOXKe TIeHepyBaTH
HECTPYKTYPOBaH1 CITKU, TPU3HAYCHI JIJIs1 aKyCTHYHOTO MOJIEITIOBAHHS, 110 € BAKJIMBUM IS

TOYHOT'O TIPEICTaBICHHS IT1IBOHOTO CEPEOBHUINA Ta MiABUILIEHHS TOYHOCTI MOJIETIOBAHHS.
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KRAKEN mupoko BHKOPHCTOBYEThCS B PI3HUX c(epax, 30KkpemMa y BIHCHKOBO-
MOPCBHKUX JIOCHI/DKEHHSIX JUJIsi MOJICJIOBAHHS TOUIMPEHHS 3BYKY, [JIsl BUSBICHHS
PI3HOMaHITHUX HAJBOIHUX Ta MABOTHUX 00'€KTIB, OPIEHTYBAHHS HA MiCIIEBOCTI, TOMO[55];
y LUIAX €KOTOJIOTIYHOTO MOHITOPUHTY /IS OLIHKW BIUIMBY IIYMY Ha MOPCBKE HUTTS Ta
€KOCHCTEMH; Ta B PI3SHOMAHITHUX EHEPIeTUYHUX MPOEKTaX, MPH OLIHII aKyCTHYHOTO
CEpEeIOBHINA HABKOJIO MOPCHKUX BITPOBHX €JIEKTPOCTAHIIIM Ta IHIIUX MOPCHKUX CIIOPYA
[56].

Taxum unnom, KRAKEN € KUTT€BO BaXXJIMBUM IHCTPYMEHTOM JJIsi JOCIITHHUKIB Ta
1H)KEHEepiB, SK1 MPAIIOTh Y MJABOIHIN aKyCTHI, MPOMOHYIOUH PO3IIUPEHI MOXKJIUBOCTI
JUTS MOJIEITIOBAHHS CKIIAJHUX aKyCTUYHUX cepeoBuil. Moro yHiBepcanbHicTh po6HTS iforo
3aCTOCOBHUM Yy 0araTbOoX 0OJacTsAX, BIJ BIMCHKOBUX 3aCTOCYBaHb JO EKOJOTIYHUX
JOCIIKEHb.

KRAKEN € yHiBepcallbHUM IHCTPYMEHTOM, SIKMM OXOIUIIOE IIMPOKUI 4YaCTOTHHMA
Jiama3oH, BiJl HU3BKUX 1O BHCOKHMX YacTOT. BiH MoOXe BHKOPHCTOBYBAaTHCS SIK IS
HU3bKOYACTOTHOTO MOJIETIIOBaHHS B ITTMOOKOBOIHUX CEPEIOBUILAX, TAK 1 U1 BUIIMX YACTOT
Yy MUTKOBOJAHMX YMOBaX. 3aBISIKM BpPaxXyBaHHIO BCIX MOXKJIMBUX HOPMaJdbHHX MOJ, BiH
3a0e3mneuye BUCOKY TOYHICTh Y BCbOMY YaCTOTHOMY CIIEKTPI, III0 pOOUTH HOTO €(heKTUBHUM
JUISL JOCHIKEHh MOPCHKHUX aKyCTHYHHMX ITOJTIB Pi3HOT CKJIAHOCTI.

KRAKEN mnigxonuts s 6araromapoBuX CEpeIOBUI 3 YITKMMH TPAHULSMH MiX
mIapaMu, Ji¢ BaXJIMBO BPaxOBYBaTH Pi3HI HOPMabHI MOJU TOIIMPEHHS 3BYKy. BiH mo0pe
Mpaimroe y TIMOOKOBOAHUX YMOBaX, MIENb(OBUX 30HAX, & TAKOXK Y CEPEIOBHINAX, IO
MOXYTh 3MIHIOBaTUCS TO BijacTaHi abo mmobuHi. [leit metonm ocobOmmuBo eheKTHUBHUN Y
CepeIOBHUIIAX 3 BEPTUKAIHHOIO CTpaTH(IKaIll€r0 BOIU, TAKUX K OKEAHU 3 OararomapoBuMu
npodiIsMU TeMIepaTypy abo conoHoCTi. Moro MoXkHa BUKOPHCTOBYBATH SIK y CTabiIbHUX
CEpEeOBUILAX, TaK 1 B yMOBaX 3 MOCTYIOBUMHU 3MIHAMHU.

KRAKEN wmae noMipHy 00UMCITIOBANIbHY CKIAHICTh. BiH noTpeOye 00YMCIeHHS BCIX
HOPMAJIBHUX MOJI Yy CEPEIOBHIIII, 1110 MOKe OyTH JOCUTH CKJIaTHUM 3aBIaHHSAM, OCOOIUBO y
OararomapoBux 1 HeomHopimHMX cepenoBuiiax. HesBaxkatoum Ha 1e, KRAKEN €

ehexTuBHUM Ui OaratboX 3ajad y MOJICJIIOBaHHI, OCOOJMBO IS BEPTUKAJILHO
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cTpaTu(iKOBaHUX CEPENOBUII 1 BiICTaHEH, IO 3aJeKaTh BiJ Jiala3oHy, X04a pO3paxyHKH
MOXKYTh IOTpeOyBaTH OlIbIIIE Yacy Ha BEJIMKUX BIJCTaHSAX a00 B CKIIATHUX CEPEIOBUIIAX.

30kpema JaHHE MpoTrpaMHe 3a0e3MeUeHHS € OTHUM 13 HAUTOUHIMINX IHCTPYMEHTIB JJIS
MO/JICTTIOBAHHSI 3ByKOBHX IOJiB, 0COOJIMBO B 0araroliapoBUX CEpelOBUIIAX 1 HA BETUKHUX
BIICTaHSX. 3aBASKA BUKOPHCTAHHIO METOAYy HOPMajdbHUX MOIM Y MOJETIOBaHHI
MOIIMPEHHS 3ByKOBHX XBWJIb, IPOTpaMHE 3a0€3MEUCHHSI JO3BOJISIE OTPUMATH YK€ TOYHI
pe3yiabTaTh K Ha HU3bKUX, Tak 1 Ha BUCOKUX yacTtorax. KRAKEN miaxoguts s
CEPENOBHIIL 13 BEPTUKAIBHOIO CTpaTU(IKAIIIEI0, TAKUX K OKEaHH 3 PI3HUMH IIapaMHu BOJIH,
1 3a0e31edyye TOUHICTh HABITh Y CKJIaJHUX YMOBaX.

Ockinbkn KRAKEN € omHuM 13 HaWBIAOMIIIMX 1HCTPYMEHTIB JIJII MOJICIIOBAHHS
T1APOAKyCTUYHOTO OIS 32 JOTIOMOTO0 HOPMAJIBHUX MOJI, BiH IIIMPOKO BUKOPHUCTOBYETHCS
B aKaJeMIYHUX KojaxX, 1 MOro JOKyMEHTallis J00pe JOCTYIHA, BKJIIOYAIOUM TEXHIYHI
MOCIOHUMKH Ta mpukiaagu. [liATpuMKa CHOUIBHOTH € CHUJIBHOIO 3aBISKU TPUBAIOMY
BUKOPHUCTAHHIO LIbOTO IHCTPYMEHTY Y c(pepi MOPCHKO1 aKyCTUKH. ICHYIOTh UHCIIEHH1 HAYKOBI
pobotu, B sikux KRAKEN po3misigaeTbcsi Ta BUKOPUCTOBYETHCS, IO MOJIETIIyE HOTO
IHTErpaIil0 B HOBI JOCHiKeHHs. [linTpuMka I8 HOBUX KOPHUCTYBaudiB TaKOX J00pe
3abe3reueHa yepes ICHy4l peCcypcCH.

[TincymoBytoun, KRAKEN miarpumMye mmpokuii 4aCTOTHUN CHEKTP 1 €PEKTUBHUIMA
JUISL PI3HUX CEPEOBUII SIK HAa HU3BKHUX, TAaK 1 HA BUCOKUX 4ACTOTaX; I00pe MIAXOAUTh JJIst
OararomapoBux Ta CTpaTU(IKOBAHUX CEPENOBHUIN 3 YITKUMHU TPAHUIIMUA MIXK IIapaMH.
EdextuBHuil y cTabIbHMX 1 3MIHHMX CEpEelOBUINAX, OCOOIMBO y BEPTUKAIBHO
cTparu(ikoBaHMX BOAAX; Ma€ MOMIPHY CKJIQJHICTh, sIKa 3pOCTa€ 3 KIUIBKICTIO MIapiB Ta
BIICTaHSIMU.

[TapaGomiune piBHsaHHS MonTtepesi-Masmi (MMPE) — 11e moBHOXBWJIbOBa MOJIEIb
MIJIBOJTHOTO aKyCTHYHOTO PO3MOBCIOJKCHHS, SKa BUKOPUCTOBYE NPOOOBUIN MapIIOBUMN
anroputm @yp’e. Llg mMonmens ocobmuBoO epexkTMBHA Uil IMITAIlll MOUIMPEHHS 3BYKY B
CKJIAJIHMX TI1JIBOAHUX CEPEIOBUINAX, III0 POOUTH 1i I[IHHUM IHCTPYMEHTOM JISl Pi3HUX
3aCTOCYBaHb y MOPCHKIH aKyCTHIIL.

Ha BigmMiHny Big Mogmeneil TpacyBaHHs mnpomeHiB, MMPE BuxopuctoBye

MOBHOXBWJIOBE HAOMMKEHHS, 100 MOXHAa OyJI0 TOYHO IMITYBaTH aKyCTUYHE MOIIUPEHHS B
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CEpEeOBHILAX, /1€ 3BYKOBI XBUJIl B3aEMOIIOTH 13 PI3HUMH YMOBaMH, TAKUMU SIK TPAIEHTH
TEeMIIepaTypH Ta COJIOHOCTI.

Meton ®@yp’e 3 po3AiIeHUM KPOKOM: Y MOJIENI BHUKOPUCTOBYEThCS MeTon Dyp’e 3
PO3AUIEHUM KPOKOM, SIKUH JI03BOJIIE€ €(PEKTUBHO OOUMCIIIOBATH 3BYKOBI IMOJISI HA BEJIMKUX
Bijgcransx. Lleit MmeTomx 0ocoOIMBO KOPUCHHM y CIICHAPIsIX, MO 3aJekaTh BiJ JaTbHOCTI, 1110
94acTo 3yCTPIYaeThCs B MABOAHIN akycTutl [57].

Cnouatky peami3aiiist Oyna po3pooieHa Ha Fortran, ane 3romom monens MMPE Gyna
mepenucaHa Ha Java, mo mpu3Beno 10 Ok 3py4yHOTO iHTEep(deicy mij Ha3BOIO
WinMMPE[58]. Lls Bepcia 00’ eaHy€e MOJENOBaHHA, TOCTOOPOOKY Ta TpadiuHui BUXIiJ,
MOKPAIYIOUYH 3pYUYHICTb ISl TOCTIAHUKIB 1 MPAKTHUKIB.

Jlane mporpamHe 3a0e3NedeHHs] 4acTo MopiBHIOOTE 3 Takumu sk Bellhop. Bellhop:
e(heKTUBHA MOJIEJIb TPACYBaHHS ITPOMEHIB ISl TIIHOIIOT BOAM 3 IPOCTIIIO0 reoMeTpieto. Lle
MOXKE HE MpalloBaTH Tak AoOpe B ApiOHHMX ab0 CKIIAIHMX CEpeAOBUIIAX, € KOJUBAHHS
IJIMOMHY 3HAYHO BIUIMBAIOTh HAa MOLIMPEHHS 3BYKY. B Toit vac MMPE Oinb1ie miaxoauTsb
JUIS MUIKOBOJHUX CEPEIOBUI 1 HU3bKOUYACTOTHHX 3BYKIB 3aBISKH CBOIM 37aTHOCTI
CIPABJISITUCS 31 CKJIAHUMU B3a€EMOISIMU Ta (PaKTOpaMu HaABKOJMIITHBOTO CEPEIOBUILA.

TakuM uYnMHOM, MOIENH MapabONIYHOTO PiBHSAHHA MoOHTepes-MasiMi € TOTYKHUM
IHCTPYMEHTOM JUIsl TIiJIBOHOTO AaKyCTHYHOTO MOJCIIOBAaHHS, OCOOJMBO KOPUCHUM Y
CIICHApISIX MIJKOBOJJIS Ta CKJIAAHUX cepenoBuiax. [lepexin 10 BOpoBaIKeHHSI HA OCHOBI
Java mokpaiitye JOCTYIHICTD 1 3pY4YHICTh BUKOPUCTAHHS SK JJISL JTOCTIAHUKIB, TaK 1 JJIs

MPAKTHUKIB.

1.3. IloctaHoBKA 3aBIaHHS JTOCTiI’KEHHSI TAa YaCTKOBMX 3aB/aHb JUcCePTAaIlil

Metoro amcepTamiiHOrO JOCHIPKSHHS € TIJIBHINCHHS TOYHOCTI Ta IIBHUIKOCTI
oOpaxyHKIB MPU MOJEJIOBAaHHI PO3MOBCIOMKEHHS 3BYKOBUX MPOMEHIB TAPOaKyCTUYHOIO
MOJIT MOPCBHKOi aKkBaropii 3a JOMOMOTOI METOAy HOpMajdbHUX MoA. Lle mocmimkeHHs
CIpsIMOBaHE Ha PO3POOKY aJITOPUTMIB 1 MPOTPAMHUX 3aC001B, MO TO3BOJISTH BpaxyBaTH

CKJIaJIHI YMOBHM MOPCHKOTO CEPEIOBHINA, Taki SK OararomapoBiCTh BOAHOI MacH,
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TEeMIIepaTypHi rPaliEHTH, HEOAHOPITHICTH MOPCHKOTO JTHA TA BIUIMB BIJOUTTS 1 3aJIOMJICHHS
3BYKOBUX XBHIIb.

3 omIsily Ha ONMUCAHUM aHali3 ICHYIOUHX JOCTIIKEHb Ta MPOTPaMHOTo 3a0e3eUeHH,
MO>KHA [TOCTABUTH TaKl YaCTKOBI HAYKOBI 3aBJIaHHS:

1. AHami3 iCHYIOYMX METO/IB MOJAEIIOBAHHSA T1IPOaKyCTHYHOTO TOJS: JOCIHiKESHHS
aKTyaJbHHUX MiIXOIB 10 MOACIIOBAHHS 3BYKOBHX XBHJIb Y MOPCHKHX CEPEIOBHINAX (METOA
HOPMaJIBHUX MOJI, NMPOMEHEBUN MeTO/A, MapalboiiyHe pPIBHSHHSA, METOJA I1HTerparii 3a
XBWJIbOBUM UYHMCJIOM Ta 1HIII); BA3HAUEHHS IEepEeBar 1 HeAOMIKIB KOXKHOTO METOTY JJISl PI3HUX
THUITIB CEPEIOBUII Ta YACTOTHHUX J[1aIlla30HiB.

2. Bubip Merony Jis MiABUINCHHS TOYHOCTI MOJICIIIOBAHHS: OOTPYHTYBaHHS BHOOPY
METOAY HOPMQJIBHUX MOJA JUIsi MOJETIOBAHHS PO3MOBCIOMKEHHS 3BYKOBHUX XBWIb Y
MOPCBKHX aKBaTopIiAX; po3poOJeHHs cTparerii MiJBUIIEHHS TOYHOCTI MOJETIOBAHHS IS
PI3HHX YMOB MOPCBKOTO CEpEOBUIIIA.

3. Po3po0seHHs airOpUTMIB JIJIsl MOJEIIOBAHHS TlPOAaKyCTUYHOTO IOJIS: CTBOPEHHS
aJTOPUTMIB Ha OCHOBI METO/ly HOPMaJIbHHUX MO/, III0 BPAXOBYIOTh CKJIQJHY OararomapoBy
CTPYKTYPY MOPCBKOTO CEpEIOBHUINla Ta BIAOUTTS 3BYKOBHX XBWJIb BiJi MOPCHKOTO JHA 1
MOBEPXHI BOJW; ONTHUMI3allisl 0OYHCIIOBAIBHOI CKIATHOCTI aITOPUTMIB JII MOXKJIHMBOCTI
iXHBPOTO BUKOPHCTAHHS B pEaIbHUX YMOBaX 3 OOMEXEHUMHU PECYPCAMH.

4. Po3po0sieHHs MpOorpaMHUX 3ac001B JJIs1 MOJEIIOBAHHS: PO3POOJIEHHS MPOTPAMHOTO
KOMIUIEKCY JUIsl MOZEJIFOBAHHS PO3IMOBCIOMKEHHS 3ByKOBUX XBHWJIb Y MOPCBHKI akBarTopii,
akuii Oyme OasyBarucs Ha pPO3pOOICHHMX aNrOpUTMax; TECTyBaHHS MPOTPAMHOTO
3a0e3MeueHHs Ha MOJIETISIX 3 PI3HUMH YMOBaMU CEPEIOBHUIIA.

5. EkcriepuMeHTalibHa epeBipKa pe3yiibTaTiB: MPOBEICHHS MOACIIIOBAHHS JJIS KUTBKOX
PI3HMX CIEHapiiB MOpPCHKUX aKBaropiil (3 pI3HUMH TeMIleparypamu, IJTMOMHAMHU Ta
XapaKTepUCTUKAMU JIHA); TTOPIBHSHHS PE3yJAbTaTiB MOJEIIOBAHHS 3 ICHYIOUMMHU JTAHUMU 1
pesyibTaTaMi, OTPUMAaHUMHU IHITUMH METOofaMu (HampuKIad, MpoMeHeBUi MeTon abo
napa0osiyHe piBHIHHS).

6. BucHOBKY Ta peKOMEHJAIi1: aHai3 OTPUMAHMUX PE3YJIbTaTiB 1 BA3HAUECHHS YMOB, 32

AKUX METOJ HOpPMaJbHUX MOJA JEMOHCTPYE MAaKCHUMaJlbHY TOYHICTh; BHUPOOJIEHHS
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PEKOMEHTaITIi 1010 TTOIATTBLIIIOT0 BUKOPHUCTAHHS Ta BAOCKOHAJICHHS METOI1B MOJICTFOBAHHS
TPOaKyCTUYHHUX OB Y MOPCHKHX aKBaTOPIsX.

i yacTKOBI 3aBIaHHS CHPSAMOBAaHI Ha JOCATHEHHs 3arajbHOI METHU JOCIHIIKECHHS Ta
BIOCKOHAJICHHSI MPOIIECY MOJIEIOBAHHS I'IPOAKyCTUYHUX TOJI1B Y MOPCHKOMY CEPEIOBHIIIL,
[0 Ma€ MPaKTUYHE 3aCTOCYBaHHS B aKyCTHYHUX JOCIIKCHHSIX OKEaHy, HaBiraii Ta
MOHITOPHUHTY MOPCHKHUX €KOCHUCTEM.

MeTton HOpMalbHUX MO Oyia0 oOpaHO AJi JOOMNPAIIOBAHHSA Y MOEMY JTOCIIIKEHHI
gyepe3 KijbKa BaKJIMBUX MPUUYWH, SIKI pOOJISATH MOTO OJHUM 13 Hale)eKTUBHIIIMX TiIXO0iB
JUTSI MOJIETTIOBAHHS T1POAaKyCTUYHOTO TOJIS MOPCHKOI akBaropii. Ocb OCHOBH1 apryMEHTH,
YoMy caMe el MeTOoj] Kpalluil 3a 1HIIIl Ta Y4OMY BiH JI00p€ MiAXOAUTH A0 TEMU JUTIIOMHOI
poboTu:

1. YHiBepcaJIbHICTh JIJISl PI3HUX YacTOT. MeTo/l HOpMaJbHUX MOJI € Ty’Ke e(DEeKTUBHUM
TUTSI pOOOTH 3 TIIMPOKHUM CITIEKTPOM YaCTOT, BiJl HU3bKHX JI0 BUCOKHUX. [[e BaKIIMBO, OCKiIbKA
TAPOAKyCTUYHI IMOJSI MOPCHKHUX aKBaTOPiil 4aCTO MICTSTh XBHJII PI3HUX YACTOT, 1 31aTHICTh
METOJly aJ€KBaTHO MOJICJIIOBATH BCl YAaCTOTHI J1alla30HU € BEJIMKOIO0 TepeBaroro. I[Hiii
METO/IU, TakKl sIKk IpoMeHeBHil MeToa (Rays), nmpaioTs A00pe Julie Ha BUCOKUX YacTOTax
1 MaroTh OOMEXKEHHS MpU poOOTI 3 HHU3BKOYACTOTHUMH XBWJISIMHU, IO OOMEXye ix
3aCTOCOBHICTD Y PI3HUX YMOBaX.

2. TounicTe anst OararomapoBux cepeaoBuil. OHIEIO 3 KIOYOBHUX MEpEBar METOILY
HOPMaJILHUX MOJ € MOTO 37aTHICTh TOYHO MOJIENIOBATU 3BYKOBI IMOJS B CEPEIOBHINAX 3
OararomapoBol0 CTPYKTypOlO, TaKMMHU SK MOpPChKAa akBaropis, J€ ICHYIOTh pI3HI
TEMIIepaTypHi Iapu Ta 3MIHU B XapaKTEPUCTHUKAX BOJIU Ha PI3HUX rnOuHax. [HIm meToau,
HaANpPUKIIaa, MPOMEHEBUN MeTo/l a00 mapaboiuHe piBHSIHHS, MOXKYTh BTpa4yaTy TOYHICTh Y
TaKMX YyMOBaxX, OCKUIbKA BOHM HE 3aBXKIM BPaxOBYIOTh CKJIQJHICTh OaraTolapoBoi
CTPYKTYpPH CEPEIOBHINA 3 TIEIO 3K TOUHICTIO.

3. EdekTuBHICTh HA BEIMKUX BiFCTaHIX. MeTOa HOPMAIBHUX MOJI € Ty>Ke €(PEKTUBHUM
Py MOJICJIFOBaHHI 3BYKOBUX IOJIIB Ha BEJIUKHUX BiJcTaHsaX. [le 0coOnMBO akTyanbHO AJIs
MOPCBHKUX CEpEJOBHII, /€ TOIIMPEHHS 3BYKOBHX XBWJIb MOXE BIJOyBaTHCS Ha COTHI

KUIOMETpIB. [HIINI METOAM MOXYTh BUMaraTu 3HAYHUX OOYMCIIIOBAJILHUX PECYpCiB s
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TAKOTO TUITY 3aj7ia4 a00 BTpadaTy TOYHICTh Ha BEIMKHUX BIJICTAHSAX Yepe3 CIPOIIEH] MOJei
XBUJILOBUX IMPOIIECIB.

4. BpaxyBaHHs BiAOWUTTSA 1 3ajmoMiieHb. MeTOA HOPMAabHUX MOJ JIO3BOJISIE TOYHO
BpPaxoBYBaTH €(EKTH BiAOUTTS 3BYKOBUX XBUJIb BiJl IOBEPXHI MOPS Ta MOPCHKOTO JHA, 1110
€ KPUTHYHUM JUTSI TiAPOaKyCTUIHUX cepenoBuil. [le poouth Horo OUThIT MpUAATHUM IS
3aBlIaHb, MTOB'S3aHUX 13 PO3MOBCIOMKEHHSIM 3BYKOBHUX TIPOMEHIB Y MOPCHKOMY CEPEIOBHIIII.
B iHmmx metomax, Hampukiaa, y mnapaboiaidHOMY piBHSHHI a00 MPOMEHEBIH Teopii,
BpaxyBaHHS LIUX €PEeKTIB Moxke OyTH 0OMEKEHUM a0 CIPOIICHUM.

5. Cnemudika TemMu AOCTIHKCHHSA. MeTa AOCHIIKEHHS IMOJATaE y IMiJIBUIICHHI
TOYHOCTI MOJIEJIIOBaHHSI PO3MOBCIOMPKEHHS 3BYKOBHX MPOMEHIB TiJIPOAKYCTUYHOTO TOJIS
MOPCBKO1 akBatopii. MeTon HOpMaabHUX MOl € 1A€aTbHUM JIJIS 11€1 3a7a4l, OCKUIBKUA BIH
J03BOJISIE  OTPUMATU JIy’)K€ TOYHI pe3yJbTaTH B CEPENOBUINAX 13  CKJIAJIHUMU
XapaKTepUCTUKaMH. 3aBISKH I[IbOMY, MOJKHA Kpallle OMMCATH MOIUPEHHS 3ByKOBUX XBHIIb
Y MOPCBKIH BOJI, 1110 € BayKJIMBUM JIJIs 3aBJIaHb, MOB'SI3aHUX 13 AKYCTHYHUM MOHITOPUHIOM
MOPCBKHMX CEPEIOBHIN, HaBITaIi€l0 MiABOJHUX O00'€KTIB a00 BHUBYEHHSM ITOBEIIHKH

MOPCBKOI'O 1HA.

1.4. BucHoBkM 10 po3aiay 1

1. Bci po3missHyTi Mojelni aJeKBAaTHO OMHUCYIOTh aKyCTUYHE TOJE B MOPCHKOMY
CepeIoBUIIl Y MEXaX CBOET 3aCTOCOBHOCTI.

2. TouHICTh pe3yabTATIB aHAJI3y BU3HAYAETHCS BIATOBIIHICTIO 3aJaHUX y MOJEII
AKyCTUYHHX TapaMeTPiB — BEPTUKAIBHOTO PO3MOALTY MIBUAKOCTI 3BYKY, Tpo(dIt0 THA Ta
HOTO aKyCTHYHHUX XapaKTEPUCTHK, ITApaMETPiB peaIbHOTO CEPEIOBHIIA.

3. IlpomeneBa Mozaenb HaWOULIBLI MpHUAATHA AJIA aHAII3y MOLIMPEHHS aKyCTUYHHUX
XBWJIb Y ApiOHOMY MOpi Ha BUCOKHX vactoTax f>400 ... 500 ' Ha Manux 1anbHOCTSX, IO
HE TIEPEeBUIILYIOTh 3-5 KpaTHY NIMOMHY aKBaTOPii.

4. JIns uux yMOB, ajie IpyU BUKOPUCTAHHI HU3bKUX YacTOT IIEpEeBaXKkHa IIBU/IKA MOJIbOBA

MOJIENb.
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5. Ilpu anani3i NOMMPEHHs aKyCTUYHUX XBUJIb HA BEJIUKY JaJbHICTh Y IpiOHOMY MOpi1
3 BUKOPUCTAHHSAM HU3BKHUX YacTOT, CJIiJI BIIJIATH MepeBary Mojelli HOPMAJIbHUX XBUJIb.

6. Monenp Ha OCHOBI MapaOoJIIYHOTO PIBHSIHHS 3aCTOCOBYETHCS JI PO3PaxyHKIB
aKyCTUYHOTO TOJIs Ha BEJUKIA MAJIBHOCTI y IMIJBOJHOMY 3BYKOBOMY KaHajl IIIHOOKOTO
MOPA.

7. IlpomeneBa Moniesb JOMyCKae aHalli3 3a YMOB aKBaTropii 3MiHHOT TNIMOMHH 1 MOXKE
BpPaxOBYBATH HASBHICTh aKyCTUUYHUX MEPEIIKO]l HA TPACi MOLUIUPEHHS CUTHAITY.

8. Ilepeniveni BuIle MOJIBOBI MOJIEl MOXKYTh 3aCTOCOBYBAaTHCH TUTBKU JIJISI aKBATOPIid
MOCTINHOT NTUOWHHU.

9. Bci po3misiHyTi MOzielNi He J03BOJISIOTH MOBHOKO MIPOIO BpaxyBaTH HECTAIl[lOHAPHI
Ta XaOTUYHI [TPOLIECH B MOPCHKOMY CEPEIOBUIIII: XBUIIFOBAaHHS TOBEPXHI; T€Uli Ta MOB'sA3aHI
3 HUMH 3MiHU PO3MOUTY aKyCTUYHHUX MapaMeTpiB MO aKBaTopii.

10. Haiibinbin yHiBepcadIbHUMH Ta TOYHUMHU € YUCEIbHI MOJEIl PO3MOBCIOIKEHHS
akyctTuuyHux curHaiiB Ha ocHoBi MKP a6o MKE. 3a3nadeni Mopeni omnepyroTh
0e31mocepeIHbO 3 XBUJILOBUM PIBHSHHSIM YM PIBHSHHSAM [enpMronbiia st akyCTHYHOTO
moJiA 1 32 iX MOOyIOBI IPAKTUYHO POOUTHCA HIAKUX CHpolleHb. LI Momeni 103BOJISIOTH
aHaI3yBaTH aKyCTHYHI MOJS y TPUBHUMIPHOMY CEPENOBHUIII MPAKTUYHO Ha Oyb-sIKUX
gacToTax (aX J0 yJIbTPa3ByKy) Ta Ha Oy/ib-SIKy AaJIbHICTh. [IpoTe mpakTuyHa peanizaiis 1ux
Mojeel nependadae CTBOPEHHS CKIAHUX MPOTPAMHUX KOMILIEKCIB Ta BUCOKI BUMOTH 0
orepaTUBHOI mam'siTi Ta mBuAKoAlT EOM.

11. Haiikpammm cnocodoM po3paxyHKy TAPOAKyCTUYHHUX IOJIIB BEJIMKUX BIACTaHIX
3a YMOB JAPiOHOTO MOPsI € METOJT HOpMaTbHUX MO [Ipu BUKOpUCTaHHI METOLY HOPMAJTbHUX
MOJI CJIi/I BpaxOBYBaTH 3MiHY MOCTIMHOI IpaBiTaIliiHOT HAa Tpaci MOMIMPEHHS XBUJI.

Meton HOpMaibHUX MOJ OyB 00paHuil yepe3 Moro 3AaTHICTh 3a0e3MeuyBaTh BUCOKY
TOYHICTh, YHIBEPCAIBHICTh 1 €(PEKTUBHICTH NJIsI POOOTH 3 OararomrapoBUMU MOPCHKUMU
cepeZIoBUIIIaMU Ha BEJIMKUX BIJICTaHSAX. BiH € Kpamum 3a 1HIlll METOAHU, OCKUIBKHU JO3BOJISIE
IuOIIe BpaxoBYBaTH CKJIAIHICTh CEPENOBHINA 1 3a0e3neuye TOYHI pPe3yabTaTH, 0

BIIIIOBI1a€ METI TOCIIUKEHHS.
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PO3A1JI 2. JOCIIKEHHA OCHOB ITIOIIUPEHHSA 3BYKY B MOPI

["apoakycTrKa — 1€ pO3/iT aKyCTHKH, SKHI BUBYA€E MPOLIECH TOUTUPEHHS 3ByKOBUX
XBWJIb Y BOAHUX CEPEAOBHINAX, TAKUX SIK MOPS, OKeaHH, piuku Ta o3epa. OCHOBHA yBara
NPUILISETHCS TOCHTIIKEHHIO 3BYKOBHUX SIBUII[ Y BOJI, 1X B3a€MOIIi 3 MiJBOAHUMH 00'€KTaMH
Ta HIIMMHU CEpEAOBUIIIAMH, a TAKOXK BIUIUBY Pi3HUX (DAaKTOPIB HA MIBUAKICTH, HAPSIMOK 1
IHTEHCUBHICTb 3BYKY. 3aBJSIKH BUCOKIH 31aTHOCTI 3ByKOBHUX XBHJIb II€PE/IaBATUCS HA BEIUKI
BIJICTaH1 y BOJI, FJPOaKyCTHKA CTajla BaXJIMBUM 1HCTPYMEHTOM JIJIsl BUBYEHHS MOPCHKOTO
JTHA, TM1IBOJIHOT HaBiraiii, pudanbcTBa 1 BINCHKOBUX 3aCTOCYBaHb, 30KpeMa JIJIsl IMiABOJTHUX
YOBHIB 1 COHApIB.

3aBAsSIKM BUCOKIMA IIBUAKOCTI Ta BEJIMKUM BIACTaHSAM MOLUMPEHHS 3BYKY, 3BYKOBI
XBWJI1 Yy BOJI aKTUBHO BUKOPHUCTOBYIOTHCS B PI3HUX MPAKTUYHUX 3aCTOCYBAHHSX, 30KpeMa
JUTA T1APOAKYCTUYHHUX CHCTEM, TaKUX SIK COHapu. BoHM H03BOJISIOTH BUBUATH MOPCHKE JHO,
BU3HAYaTH DIMOWHY BOJONM, 3HAXOAUTH MiABOJHI O00'€KTH Ta CIOCTEPIraTH 3a MOPCHKUM
KUTTIM. OTHAK Yepe3 Taki paKkTopH, siK pePpakiis, BIAOUTTS Ta MOTTIMHAHHS 3ByKY BOJIOIO,
HOT0 TOWIMPEHHS Yy BOJHOMY CEPENOBHIIl CTa€ CKIATHUM, TOMY TOYHE MOJCITIOBAHHS
3BYKOBHX XBHWJIb € KJIIOUOBUM i1 €(EKTUBHONO BHUKOPUCTAHHS T1IPOAKYCTUYHHUX
TEXHOJIOT1H.

KpiM TOro, rijpoakycTuka BiAirpa€ BaXKJIMBY pOJIb y AOCIIKEHHI O010aKyCTHUKH
MiJIBOIHAX OPTaHi3MiB, TaKUX SIK KUTH, AeTb()IHU Ta 1HII MOPCHKI TBapuHU. BUBYEHHS
3BYKIB, SIKI BOHU BUKOPUCTOBYIOTh JJII KOMYHIKaIlli, OJIOBaHHS ab0 HaBiraili, J03BOJISE
3pO3YMITH CKJIaJHy €KOCHCTeMY OKeaHy. BomHodac 3pocTae BaKIMBICTH JTOCIIHKCHHS
BIJTUBY IIIYMOBOTO 3a0pYIHEHHS OKEaHy Ha MOPCHKHX MEIIKAHIIB, OCKITBKH AaKTHBHE

BUKOPHUCTAHHS T1JIPOAKYCTUYHUX TEXHOJIOT1M MOXe MOPYILIYBaTH iX TPUPOIHY MOBEIIHKY.

2.1. 3aranbHi NOHATTS TiAPOAKYCTHKH

AKyCTHYHI1 KOJIUBaHHS 32 CBOEIO MPHUPONIOI0 € MEXaHIYHUMHU KOJMBAHHSIMU. SIKIIO

4acToTa IMX KOJIMBaHb 3MIHIOETHCS Bij KUIbKOX Tepll Ao mpuoauzHo 16000 I'u, To Taki

KOJIUBAHHS HAa3UBAIOThCS 3BYKOBUMHU. AKYCTHYHI KOJMBaHHs 3 yactororo Buiie 20000 I'iyg
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HA3WBAIOTh YIBTPA3BYKOM. [lommpeHHs aKyCTUYHHX KOJIMBAaHb CTAa€ MOXKJIMBHM 3aBISIKA
HAsSIBHOCTI MPYKHUX 3B'SI3KIB MK YaCTUHKaMHU cepenoBuina. Hociem akyCTUYHUX KOJTMBaHb
MOXKe OyTH TUTBKHU MIPYKHE CEPEIOBHUIIIE.

HaliBaxnuBIIIOI0O 1 OCHOBHOIO KIJTBKICHOIO XapaKTEPUCTHKOIO 3BYKOBOTO MOJS €
BEJIMYMHA aKyCTHUYHOTO THUCKY. Y OyIb-IKOMYy MOPCHKOMY aKyCTHYHOMY EKCIIEpUMEHTI
0e31MmocepeIHhO 3aPEECTPOBAHA BEIMUMHA TAKOXK € AKyCTHUYHUM THCKOM.

Tuck - 11e cuia, o Ai€ B3AOBK HOpMaJIl J0 TIJIOII OJUHMIN oI, Y MixkHapoaHii
cuctemi ogunauib (CI abo B pociiicekiit Tpanckpuniii Cl) mepmmMu OAMHULIIMHA OIHUCY
MEXaHIYHUX MPONECIB MPUUHATI METp, Kidorpam (Maca) Ta iHmi. Ogununero cuiu B Cl €
uptoToH (H) — cuma, sxa Hagae maci 1 xr mpuckopenHs 1 m/c’. AKycTHYHHE THCK

BUpaxaeThcsi B mackamsx (Ila) 1 € tuckom, cnpuunHenum cwior 1 H, piBHOMipHO

PO3MOIiIeHor0 TI0 o moBepxHi 1 1° [57].

CratuyHuil TUCK y Cy4YacHIM TiApOaKyCTHUIll TaKOX BHUPAKAETHCA B IMACKaIsIX abo
kinonackaisax (klla). Armocdepnuii Tuck npubmusso 105 Ila.

[Ipu 3anypeHHi y BOAY CTaTMYHHUM TUCK 30uIbIIyeThes npubnm3Ho Ha 100 klla nHa
kokH1 10 M muOuHu. CTaTUYHUN TUCK B OKEaHI Ha MIMOWHI OMU3BKO 5 KM CTAHOBUTh
6mu3bko 50 meranackaneit (50 Mlla = 5-107 I1a).

IBUAKICT, 3 SKOIO YAaCTUHKA KOJMBAETHCA B aKyCTMYHOMY MOJ1 BIJIHOCHO CBOTO
MOJIOXKEHHSI PIBHOBArM, HA3MBA€THCA BIOPOIIBUAKICTIO, IIBUAKICTD Mepeaadl KOJIMBaIbHOTO
CTaHy B CEPEIOBUII — MBUIKICTIO OMUPEHHS XBUII1 [58].

B opHopinmHOMY Ta 130TPONMHOMY CEPENOBHINI AaKyCTUYHI XBHWJ1 TMOIIUPIOKOTHCS
MPSAMOJIIHIMHO 3 MOCTIMHOIO IBUJIKICTIO HE3AJIEXKHO Bl HapsMKy nomupeHHs. [IBuakicTs

3BYKY B MOTJIMHAIOYOMY CEPEIOBUIII € KOMIUICKCHOIO BEIMYMHOIO 1 MOXKe OyTH 3amucaHa

nus piqunn Sk ¢ =+k/ p [59].

3HavyeHHA p y ik GopMyJi € piIBHOBAKHUM 3HAYEHHSIM TYCTHHU. BennuuHy ¢ MoxHa
BBa)XAaTH MPUOIM3HO HE3aJeKHOI Hl BiJl aMIUNITYAM aKyCTUYHHUX KOJIMBaHb, H1 BIJ 1X
JaCTOTH.

Y MOpChKil BOAI cepeHs MIBUIKICTh 3ByKY 3a3BUYail mpuiiMaeTbes piBHOWO 1500 M/c

B 3aJIEKHOCTI BiJ] TEMIEparypu, TUCKY 1 T. 1. L{g BenuunHa MOXKe 3MIHIOBATUCS Ha KUJIbKa
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JECATKIB M/C B Ty 4M 1HIITYy CTOPOHY. ¥ MOpOAax, M0 CKIAAal0Th MOPChKE THO, IBUAKICTh
TOIIMPEHHS TMO3IOBKHIX XBHJIb OUIbINA, HIXK Y BOI1, 1 30LIBIIYETHCS B MIPY IIPOCYBaHHS 710
[IMOIINX 1 MIUTBHIMINX TI1apiB JTHA.

JlificHa yaCTHHA MIBUAKOCTI MOIIMPEHHS MONEPEYHOI XBUIII B TBEPAMX TiIAX MOXHA

pO3paxyBaru siK

c'= 9 (2.1)
Yo,
ne G — nmiiicHa yacTiHa MOy 3¢yBy [60].

VY KameHsX 1 TOBCTOMY JbOAY BEJIMYMHA C' 3a3BHYail B MIBTOpa-ABa pa3d MEHIIE
IIBUJIKOCTI TIO30BXKHIX XBWIb. [lomepeuni XBuim Ayske MIBUAKO 3aTyXalOTh, OCKIIBKH IIPH
iX TOIIMPEHH] BETUKI 3CYBHI 3MIIIEHHS, a OTXKE, 1 BTPATH Ha B'S3KE TEPTH .

AKyCTHYHI KOJMBaHHA MOXYTh OyTH MNEpiOAWYHUMHU 1 HenepionuuHi. g omucy
aAKyCTUYHHUX XBUJIb, SIK 1 ISl ONTUCY Oy/Ib-sIKUX KOJMBAJIBHUX MPOIIECIB, BAKOPUCTOBYIOTHCS
TEPMIHM YacTOTa, JOBXKHMHA XBWJ, crnekTp Touio [61]. HaiiGineie 3acTocyBaHHS B
MiJIBOJIHIA aKyCTHIll OTPUMATIM aKyCTHYHI KOJMBAHHS, YAacCTOTH SIKUX 3HAXONATHCS B
nianazoni mpu6au3Ho Bijg 100 I'm o 30-50 xI'11 (moBXMHU XBUJIl Y BOJI BIAMOBIIHO 15 M 1
5-3 cm). Ilpote psin mpobiaeM BUPIIIYETHCS BUKOPUCTAHHSIM SIK BUCOKOYACTOTHHUX, TaK 1
HU3BKOYACTOTHUX KOJIMBaHb. 30KpeMa, JOCHTIIKEHHS Oy/I0BH JHA ITi]T MOPSIMH Ta OKEaHAMU
MPOBOATH CECMOAKyCTUYHUMH METOIAMH, K1 BUKOPUCTOBYIOTh 1H(PA3ByKOB1 Ta 3BYKOBI
XBUJI1 3 YaCTOTOIO BiJl KIJIbKOX T€pIl.

AKyCTHYHA TIOBKUHA XBUJII BUPAXOBYETHCS 32 HACTYTHOIO (hOPMYJIOIO:
A=— (2.2)

[TonoXeHHsSI KOJIMBAE€THCA YACTHMHKM MO BIJHOIIECHHIO O TMOJIOKEHHS ii pIBHOBAaru
HA3UBAETHCS (Ha3010 KOJIMBAHHS.

Benmuuuny K =27 / A Ha3MBarOTh XBUILOBHM YHCIIOM.

[ToBepxHsi, sika Mae BIACTUBICTb, LIO BCl PO3TAIIOBAaHI HAa HIA YaCTMHKUA MarOTh
OJTHAKOBI1 (Da3u KOJIMBaHb, € XBUILOBOIO MOBEPXHEID. DopMa 3aJIeKUTh BiJl XapaKTEPUCTHK
JpKepesia KolauBaHb (Moro koHgirypauii, TUIy KOJIMBAaHb 1 T. J1.) 1 B1JI IPUPOAH CEPEAOBHILA,

B SIKOMY IIl KOJMBAHHS TOIIMPIOIOTHCS (HEOMHOPITHA, OMHOpIIHA, Oe3MexHa, 0OMEKeHa
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PI3HMMHU TepenikoAaMu 1 T. 1.). [eoMeTpuyHe po3TallyBaHHS TOUOK, SIKUX KOJUBAHHS
JOCSTIIO 32 OIMH MOMEHT, Ha3UBA€THCA (DPOHTOM XBHIII 1 € OKPEMHM BUIIAJIKOM MOBEPXHI
xBuwii. HampsMmku, B SKUX aKyCTHYHI KOJNMBAaHHS MOIIMPIOIOTHCS B3JIOBX JDKEpena,
HA3MBAIOTHCS aKyCTUYHUMU MPOMEHSIMU. B 130TponHOMY cepeloBHIl, IKE MA€ OJHAKOBI
BJIACTHBOCTI B YCIX HampsIMKaXx, Ii MPOMEHI1 NEPIEeHANKYISIPHI IO XBUJIHOBUX MOBEPXOHb
[62].

AKyCTHYHA €HEpris TNepelaeTbcs CEPeNOBUINY B JKepena 3BYyKy, a IOTIM
MOIIMPIOETHCS y BUMMISAL 3BYKOBOI XBHJIl. KiBbKICTh eHeprii B OAMHULIL 00’ €My cepeoBuUIIa
HA3MBAEThCSl TYCTUHOIO 3BYKOBOi eHeprii. EHeprisi B cepenoBHUIll MOUIUPIOETHCS 10
3BYKOBHX IIpoMeHsX. KiIbKICTh aKyCTUYHOI €HEeprii, AKa MPOTIKA€E 3a OAMHUILIIO Yacy yepe3
OIVHHUINIO TUIONI, MEPIEeHAUKYISIPHOI 0 HANPSMKY MOIIMPEHHS — MIUIbHICTH TMOTOKY
3ByKOBOI €HEpIii — HA3MBA€ThCS IHTEHCUBHICTIO 3BYKY. Ll BenMumHA TakoX € JIyxe
MOIIMPEHOIO Ta BaXKJIMBOKO KUTbKICHOIO BIACTHBICTIO 3BYKOBOT'O MOJISI.

Ha Benmukux BiACTaHSX BiJ OyIb-KOTO JKEpena aKyCTHU4YHI XBWJII MOXHa SK
PO3XONATHCS 3 OJIHIET TOUKH. B 130TponHOMY cepenoBuIlll MIBUIKICTh 3BYKY OHAKOBA B YCIX
TOYKax, 1 TOMYy NepeaHId (POHT AKyCTHUHOI XBWJI, XBUJIBOBUH (PPOHT, € YACTUHOIO
chepuyHoi MoBepxH1 (TOBCTa MyHKTUpPHA JiHisA). Pamiyc i€l moBepxH1 JOpIBHIOBaTUME
R =ct, ne t — yac, 110 MUHYB BiJ] TOYaTKy BUMpOMiHIOBaHHS [63]. [HIII XBHIIbOBI TOBEPXHI
TaKOoX Oy1yTh ChepuuHUMHU, TOOTO. TOBEPXHI1 3 OTHAKOBOIO (Pa30r0 XBUJI1 (TOHKA MYHKTUPHA
JIHIs). XBWIS, IO PO3XOAUTHCS 3 OJIHIET TOYKH B OJHOPITHOMY CEpPEIOBHII, HA3UBAETHCS
c(hepuyHOI0, HE3aJEKHO BiJl BEIMYUMHU KyTa PO3KPUTTI @. Y OyIdb-SKOMY 130TPOIHOMY
CepeIOBUIIl TPOMEHI 1 XBUIILOB1 TOBEPXHI B3aEMHO MEPIEHIUKYISPHI.

B okpemomy Bumaaky, KoJiv po3Mipy BUIIPOMIHIOBa4a Malli TIOPIBHSHO 3 JOBKUHOIO
XBWJIl aKyCTUYHMX KOJIMBaHb, aKyCTHUYHE I10J€ BHUIIPOMIHIOETHCS PIBHOMIPHO B YCIX
HanpsMKkax [64]. Take mxepeno 3ByKy Ha3UBA€ThCSI BCEHANIPABICHUM. XBUJIHOBHUI (POHT 1
XBUJIbOB1 ()POHTH B TIOJII TAKOTO JIPKEpeEsa € MIOBHUMHU chepaMu.

[Tpu TeopeTHIHOMY PO3TISAI MPOOIEM aKyCTHKH ITUPOKO BUKOPHUCTOBYETHCS TTOHSTTS
m1ockoi XxBuii. [IpoMeHi mIockoi XBUJIl 3aBKIU UIyTh MapaiebHo, ii XBUJIHOBI MOBEPXHI €

MJIOCKUMHU, TIEPIICHIUKYISIPHUMHU 10 IPOMEHIB [65]. V peanbHUX CUTYyaIlIsIX XBUJIS HIKOJIU
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He OyBae€ IUIOCKOIO; XOY 1 Ha BEJMKIM BIJCTaHI BIJ JPKEpena 3aBKId MOXKHA BUIUTHTH
HEBEJIUKY JUISHKY, HA IKOMY MOKHA MPUOJIU3HO BBAXKATU XBUIIIO TUIOCKOIO

VY 3arajapbHOMY BUITQJIKy TIOBUHHI BUKOHYBATHUCS TaKl YMOBH:

1) nopxxuna aunsHKH JIR B3/10BXK HANPpSIMKY MONITUPEHHS XBUII1 TOBUHHA OyTH Habararo
MEHIIIOIO 32 BiJicTaHb R Bix mkepena;

2) KyT, TiJ SKUM BUJIHO ITIO JTUISTHKY 3 TOYKW BHIPOMIHIOBaHHS, Ma€ OyTH Majuii;

3) sAKmoO 3aMiHUTH CHEpUYHI XBUJIbOBI TOBEPXHI, 110 OOMEXYIOTh IO JUISHKY,
TJIOCKUMH, TO pi3HULA HAaOIry ¢a3 3 Oy/b-IKHX MPOMEHIB MOBHHHA 3aJUINATHC HAabarato
MEHILIE 27.

[ipHICT, MOTOKY €HEeprii B TUIOCKIM XBHJII OJTHAKOBa IO BCHOMY IIPOCTODY, €
MOIIMPIOETHCS 1Sl XBHWJISA, SKIIO CEPENOBUILE OJHOPIIHE 1 € HENONIMHAIUow [66]. YV
chepuyHiil XBWIl HIUIbHICTh MOTOKY €HEprii 3MEHIIYEThCS 3 BIJICTaHHIO. Y CEPelOBHUII
HEMa€ JIOATKOBUX JUKEpEN TOMOBHEHHS €HEprii, 1 B OJHOPIJIHOMY CEpEIOBHILI
BUIIPOMIHIOBAaHA MOTYKHICTb PO3MOALISETHCA PIBHOMIPHO, «PO3MAa3y€eThCsD) MO BCIM IJIONII
XBUJILOBOTO (poHTY (200 XBUIKOBOI moBepxHi). [TozHaunumo W akyCTHYHY NOTY>KHICTb,
CTBOPIOBaHYy HEHANpaBICHUM BUIPOMIHIOBaueM. B OZHOPIAHOMY HEMOIIIMHAIOYOMY

cepenoBuilll Ha Oynb-gKid BicTaHl R BiJl HEHANPABIEHOTO JXKEpesia IHTEHCUBHICTh 3BYKY

[60]:

W
| = > (2.3)
AR
ne 4rR? — moma MEePIEHINKYISAPHOI TPOMEHSM XBHUJIbOBOI TOBEPXHIi, IO

MPOXOANUTh Ha BijAcTaHi R Big BumpoMiHioBada. BennumHa 1 4acTo Ha3MBAETHCS CHUIIOIO
3BYKy. SIKIIO JpKeperno HarpaBiIeHO 1 BUIPOMIHIOBAaHA HUM TOTYXKHICTh 30CEpeIKeHa B
Mexax TiIecHoro kyTa Q, ¢popMyia, 110 BU3HAYA€E CEPEAHIO BEIMUMHY IHTEHCUBHOCTI 3BYKY
B MEXKaX IIbOT0 KyTa Ha BijicTaHi R mae purmsz [64]:
| - W
® QR?
[HTEHCUBHICTb 3BYKY BUSIBIIIETHCA Y OAMHUIISIX MTOTYKHOCTI, BIIHECEHUX JI0 TUIOIII —

Bm [ m*(CI).

(2.4)



64

Tuck B akyCTHYHIM XBWJIl OAHO3HAYHO MOB'S3aHHUM 13 MIIJIBHICTIO MOTOKY 3BYKOBOT
eHeprii y ik camii Toulli cepenoBuia. [Ilpu cunycoinanpHiN MIOCKIM XBHIII 1IEH 3B'SI30K

BHUPAXAETHCS CITIBBIAHOMEHHM [63]:

2 2
1=Po P (2.5)
2pC  pC
ae 0, - AMILIITYIHE,
Py =0,7p, - eperTHBHE 3HAYCHHS THCKY,

P-LIIJIBHICTh CEPEIOBUIIIA,
C-IIBUJIKICTh 3BYKY B CEPEIOBHIIII.
CriBBITHOIIEHHS MOXK€ OyTH BHUKOPHUCTAHE 1 TIPU CPEpUUHIA XBWII, SKIIO JUISTHKA
XBUJILOBOI TMOBEPXHI OAMHUYHOI IUJIONII, 32 SKUM PO3PAXOBYETHCS CHJIA 3BYKY, MOXKHA
BBKATH TIJIOCKHM.

PiBustaas Z = pC, Bigirpae ay»e BaKJIMBY POJIb TEOPIi MONIMPEHHS 3BYKOBHUX XBHIIb i

3a €JIEKTPOMEXAHIYHOIO aHAJOIIEI0 HA3MBAETHCS aKyCTUYHHUM OINOPOM cepenoBuina [65].
@dopmynna [03BOJISIE 33 BEIMYMHOIO 3BYKOBOTO THCKY, BH3HAYEHOI, HANpUKIAd, B
EKCIIEPUMEHTI 3HANTH 1HTEHCUBHICTh 3BYyKY B Tii K€ TOUILl CEPEOBUIIA; Ta MOTYXHICTh
JDKepelia, 110 CTBOPIOE 3BYKOBE T0JI€ Y CEPEIOBHIIT.

TeopeTuuHi pillleHHs, OTPUMAaH1 IPUITYLIEHH], 0 AKyCTHYHA XBUJIS IJIOCKA, MOXKYTh
OyTH BUKOPHUCTaH1 JIJIsl OLIHKU PEaTbHUX CUTYAIllH, SKIIO BUKOHYIOTHCS TIEpPETIueHI BUIIE
ymoBU. HeoOxilHa >KOPCTKICTb BHMKOHAaHHA LHX YMOB 3aJIEXUTh BIJl TOCTaBICHOTO
3aBlIaHHs; y 0ararb0oX BUITaJIKaX TPETS BUMOTA B3araji HE € CyTTEBOIO [67].

VY ToBIII BOA ¥ y MOpoAax JHA OKEaHy MIBUJKICTh 3BYKY 3aJUIIUTHCS HE3MIHHOIO,
OCKUIbKH 3MIHIOIOTHCS 1 IIUIBHICTh CEPEIOBUINA, Ta i1 MPYXHI BJIACTUBOCTI. BHacmigok
I[OTO XapaKTep MOIMUPEHHS aKyCTUYHUX XBHJIb BUSABIAETHCS 3HAYHO CKIIAMHIIINM, HIXK Y
OJTHOPITHUX CEPEeIOBUIIAX.

IIBuaKICTh 3BYKY B OKEaHi ICTOTHO 3aJI€KUTh BiJl MIMOMHM, 1 116 TPU3BOAUTH A0
BUKPHBJICHHS 3ByKOBHX MPOMEHIB Y BEPTUKAIBHIN IUIONIMHI, 10 pedpakilii aKkyCTHIHOTO
noyist. CkrnagHa cTpaTu(ikoBaHICTh, XapaKTepHa Il OKEaHIYHOTO CepefoBHUINA, —

IIOBCPXHA, TOBIIA BOAM, IIApHU AHA 3 p13HI/IMI/I AKYCTUYHHUMH BJIIACTUBOCTAMU — IIPU3BOJIUTDH
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710 BUHUKHEHHS B1IOMTHX 1 3aJIOMJICHUX XBWJIb Ha KOPAOHAX 3 PI3KOIO 3MIHOIO IIBHJIKOCTI
3BYKy [61].

KpiMm Toro, moBepxHs OKeaHy Ta HOTO JHO HE € 1JI€aJbHUMH IUIOCKUMH MEXaMu
poszainy. Ha moBepxHi € XBuJIi, Ha THI — XpeOTH, maropou Ta 6araro ApiOHUX HEPIBHOCTEH
(3amizomapraHiieBi KOHKpEIIii, 3HaKH OPYOKIB, CIIAM KUTTEMISUTBHOCTI OPTaHi3MiB TOIIIO).
Bcei 111 HEpiBHOCTI MOXYTh CyTTE€BO CIIOTBOPIOBATH 3BYKOBI MOJISI - TOPYILIyBaTH (ha3oBi
CITIIBBIJTHOIIICHHS, PO3CIIOBaTM YacCTHHY €Heprii 3a IHIIMMU HanpsMKaMud Ta 1H.
AHAJOTIYHUM YMHOM JIiIOTh 1 aKyCTHYHI HEOAHOPIAHOCTI, YKJIAJCeHI Y TOBII BOJH Ta JHA.

Bci i 0cobauBoCTi poOIsATh TyKe BaXKKUM 3aBIaHHS PO3pPaxyHKy aKyCTHYHOTO ITOJIS
najaeko Bi Jpkepena. HaiiOunpin ToyHe Ta HaIIMHE PIIICHHS MOXe OyTH OTpUMaHe
METOJlaMU  XBWJIbOBOi ~ aKycTUkd. ILli  metogum  0a3yloTbCsi Ha  BUKOPUCTaHHI
(dbyHIaMEHTAIbHUX PIBHSHB T1IPOJUHAMIKH, TE€OPii MpPyKHOCTI Ta 1H. OJHAK XBUIIHOBI
PO3paxyHKU MaiKe 3aBI1 BUMAraloTh BAKOPUCTAHHSA CKJIAJHOTO MAaTEMaTUYHOTO arapary,
y psiil BUIAJKIB JTy>KE€ TPOMI3JIKOTO 1 1a€ pe3yabTaTh, 0 BaXKKO aHali3ytoTecsa. KpiM Toro,
HEJIOCTATHICTh BIJIOMOCTEH PO CIpaBKHI XapaKTEPUCTUKU CEPEJOBUIINA YACTO 3BOJIUTH
HaHIBEIlb MIEPEBAru CyBOPUX MATEMaTUYHUX METOMIB [67].

J1Jist BEMKOTO KOJIa 3aBJlaHb MPAKTUYHOI T1IPOaKyCTUKHA BUKOPUCTOBYIOTH CIIPOIIICHI
METOIM PO3paxyHKy. HaWBaKJIMBIIIUM € METOJ MPOMEHEBOi aKyCTHUKH, aHaJIOTTYHHI
METOJIaM T€OMETPUYHOI ONITHKH. SIK MpaBUyI0, BiH JO3BOJISIE OTPUMATH TIPABUIIBHY KapTHHY
SIBUIIA Y BCIX BUMAIKax, KOJIHM PO3MIPH HEOTHOPITHOCTEH HabaraTo O11bIIe JOBKUHN XBHIII,
1 KOJIU Ha JTOBKHMHI aKyCTUYHOI XBHJII HE BiJOYyBA€ThCS MOMITHUX 3MIH XapaKTEPUCTHK
cepenoBuina (IMBUIKOCTI 3BYKY, IITIJILHOCTI TOIIIO).

VY psAnl BUMAAKIB JUIsl OINIHKM BIUIUBY CEPEIOBUINA HA AKyCTHYHE IMOJIE 3PY4YHO
KOpUCTYBaTHCS (PEHOMEHOJOTTYHUM M1IX0A0M, HE TOPKAtOUUCh (DI3MYHOI MPUPOAM SBUILA
[66]. 3a3BHUYall MMPOKO BUKOPUCTOBYIOTHCS TaKl MOHATTS, SIK KOS(DIIIIEHTH PO3CIFOBAaHHS Ta
B1JI00pakeHHs, KOe(IIIEHT MOTIMHAHHS Ta 1H., BETUYUHU SIKUX BU3HAYAIOTHCS JIOCIITHUM

[UIIXOM, @ HE B pe3yJIbTaTi pO3MIAly Teopii SBUILA, HAaYaCTillle MOKU IO BiACYTHBOI.
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2.2. BB 3MiHHHX cepeIOBHINA HAa PO3MOBCH/KEHHS TiIPOAKYCTUYHHUX

CUTHAJIIB B MOPI

Koedimientu BigoOpakeHHs Ta nepenadyi TUCKY. AKYCTUYHI OITOPH CEPEIOBUIIL 3 000X
OOKiB BiJi KOpJOHY BH3HAYaIOTh CTYMiHb BIMOOpa)KeHHS YU MPOXOPKEHHS 4Yepe3 KOPOH.
Taki BmacTUBOCTI BaXKJIMBI NMPU NPOEKTYBaHHI JaTYMKIB, BU3HAYECHHI XapaKTEPUCTHUK
MOPCBKOTO JIHa, aKyCTUYHHUX BJIACTHBOCTEH BIAKIAJCHb, T1APOJIOKALIHHOMY MOJIEIIOBaHHI
Ta OILHIIl METU CHIIH.

Koedimientn BimoOpakeHHsT Ta TIepegadli THUCKY Ha KOPAOHI BH3HAYAIOThCS

BHUpa3zamu|[68]:
A-B
R, =22 =2
p A+B (2.6)
T _P2_ 2A '
2 p A+B

Je A=0,cos0,,

B =o0,c0s6,, o, = pC,.

PosrnsiHeMo pi3HI BUManKM Juisi KOE(DIIIEHTIB BIOOpaKEHHA Ta Mepenadl THUCKY
3aJIeXHO Bl o, Ta o, [69]:

— KO o, < 0,, T0 R, =—1 Ta T, = 0: 3ByKOBa XBUJIA I1aJla€ Ha MOBEPXHIO MOPs o,
CTa€ aKyCTUYHHMM OIOPOM IIOBITPs, & ¢, — BOIU, IIPU LIbOMY IIOBEPXHSI MOPSI Ha3UBAEThCSA
«3ac000M JIJIs CKUJAHHS TUCKY» 1 U BIAOUTOL XBHIII BiZIOyBa€eThCsl iHBEpCis asu;

— AKIIO o, > 0,, TO R, =11 T, =0: 3ByKOBa XBHJI [1aJ1a€ HA )KOPCTKE MOPCHKE JTHO,
y CBOIiil iHBepCis ¢da3u npu BIAOUTKY HEMAE;

— AKIO o,=0,;, T0 R,=0 Ta T,=1: 3ByKoBa XBWJ Iajac Ha MeMOpaHy, sKa
BUKOPUCTOBYETbCS JIJIsl 3aXMCTY MIJIBOAHUX MEPETBOPIOBaYiB, MPHU LbOMY Iepenada €
MOBHOIO Ta 3BYyK HE BIJI0OPAXKAETHCS.

OckinbkM BigOWTA XBWIJIS 3aUINAETHCI B MeEXax cepeaoBuina 1, KoedimieHT

B1JJ0OpaKEHHs IHTEHCUBHOCTI € KBaaparoM R, 1 0yne 3afgaHuil sk



== 2.7)

Pa3om 3 TUM, OCKITBKM CyMa BiIOMTHX 1 MOTYXKHOCTEH, IO MEPENalOThCs, TOBHHHA
JIOPIBHIOBATH TOTYXKHOCTI IMaJIaf040i XBWJII, TO KOC(IIIEHT mepeaadi MoKHa OOYMCIUTH
TakuMm 9uHoM [70]:

| _ 4o,0,

_ 2 _1_y = 2.8
yIA , U, (0, +0,) (2.8)

Cnin 3a3HaUUTH, 110 3 BUNIAAKY 0, = 0, NOTIK IOTYXKHOCTI € TIOBHUM. TakuM 4YMHOM, Yy

porieci MOTIMHAHHS Ta BITOOpa)KeHHS T1IpOaKyCTHYHOT XBHIII 3CYB (pa3u He B1JI0yBa€eThCS.

SIKIIO KyT MaJiHH JOPIBHIOE KPUTUYHOMY KYTY, TO 6, =90° , orxe, T, =0. Bupa3s
3aJIMIIAETHCS BIPHUM TaKOX JJIsl KyTiB OUIBIINX, HK KPUTUUHUI, TOMY IO BiJIOYBa€THCS
MMOBHE BHYTPIIIHE Bi10OpakeHHA Ta BiACyTHS nepenada [71].

BinoOpaskeHHs Ta mepenava 3 pi3HOI YacTOTO. SIKIIO KyTH MaIiHHS XBUJII MEHIIE
KPUTUYHOTO KyTa, TO CYMapHOIO BHYTPIIIHBOTO BIAOUTTA HEMA€E. Y 1IbOMY BUIAJKY OyayTh
NPUCYTHI 1 TOIIMHAHHA, 1 BIOOOpaKeHHs TiApoakycTuyHoi xBwii. KoediuieHTn
BiJIOOpaXKeHHS Ta mepenaql OylyTh 3MIHIOBATHCA 31 3MIHOIO KyTa majiHHg. [le BurumBae 3

BUpasy [72]:

2

B=o, |1 % —sin?6,,0,<6, 2.9)
1

TakuM yuHOM, y TIpOLI€C] MOTJIMHAHHS Ta BiOOpaXEHHS T1APOaKyCTUYHOI XBUJIl 3CYB
¢a3u He B11OYyBa€THCA.

SIKImo KyT MafiHHA JOPIBHIOE KPUTHYHOMY KyTy, TO 6, =90° , omxe, T, =0 [73].
Bupa3 3anumaerbcs BIpHUM TakoX [Jis KyTIB OUIBIIMX, HIK KPUTHYHHMA, TOMY IO
B1JI0YBa€THCSI MOBHE BHYTPILIHE B110OpaKeHH Ta BIJCYTHS Iepeaaya.

Crnix TakoK 3a3Ha4MTH, WO JUId BUNAAKY o,>o0, Ta p, > p,, BUpa3 Ii @

CKOPOYYETHCS 110 tg(@,) —xo abo ¢ =180° . Ile o3Hauae, 1m0 HE3aIKHO Bill KyTa HadiHHSI

XBWJIA, BiOUTA BiJl TOBEPXHI1, 3aBKIU MaTUME 1HBepcito das3u [74].
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OcCKibKM TONIMHAHHA NPONOPUIAHO 10 4YacToTH, KoedimieHT v, mpu Sh, >1
mocsratuMe 3HadeHb K, [UI1 BHCOKMX 4YacToT. IIpm B3aemomli akyCTUYHMX CUTHAJIB 13

peaJbHUM JTHOM MOPS MPAKTUYHO HIKOJIW HE BiIOYBAa€ThCS A3CPKAIBLHOTO BIIOUTTS. Y
NEePEBUIIPOMIHIOBAHOMY CUTHAJIaMU JH1 € KOTEpEeHTHA 1 BUNIaAKoBa ckianoBi. KorepentHa
CKJIa7ioBa (POPMYETHCS TIIOCKOIO MOBEPXHEIO Ta 1i HAMPSIMOK ONMHM3BKHI JT0 M3EPKaTBHOTO.
BunankoBy ckiasoBy GopMyrOTh HEPIBHOCTI JHA Ta HEOTHOPIAHOCTI IPYHTY, ii HAPSIMU Y
BepxHii miBcdepi BunaaKosi [75].

BinoGpakeHHs Ta mepenada:; «IBUIKe JHO». barato peaqbHUX YMOB MPOIIECY OOMIKY
BILJTUBY MOPCHKOTO JIHA HA TIOIIMPEHHS T1IPOAKyCTUYHOT XBUJIl MOXYTh OyTH MpeCTaBICH]
TaK 3BaHUM «IIIBHIKUM JHOM», JI¢ IIBUAKICTh 3BYKY Ta IIUIbHICTh 3HAYHO MEPEBHIYIOThH
TaKi K XapaKTEePUCTUKH IIapiB BOIM, 110 PO3TAIIOBAH] BHUIIIE.

Crin 3a3HaUUTH, IO THO 3 OCAJ0OBUMHM BIIKJIAJEHHSIMU MAa€ BUCOKY IIBUJIKICTh 3BYKY
1800 m/c. [1pu 11pboMy O1JIBII BUCOKI 3HAYEHHS HIUIBHOCTI €J1a00 KOPETIOITHCS 3 TPyOIuM
nmickoM. [lpy 1bOMy KPUTHYHHI KyT THaJiHHS XBWJII HE 3MIHIOETHCS, MepeOyBarouu B
3aJICKHOCTI JIMIIE BiJ] CIIBBIAHOIICHHS IIBUAKOCTEH 3BYKYy B JBOX cepemoBuiax. Jlis
KYTIB, K1 IEPEBULIYIOTh KPUTUUHHI, B1IOYBAETHCS TOBHE BIIOOPAXEHHS, a AJId KYTIB, SIKI
MEHIII 32 KPUTUYHHH, 3ByK MEPEeXoauTh B ocajl. HaiibinpIa nepenaya akyCTUYHOI €HEeprii

B1710yBa€ThCS 3a HOPMAJILHOTO MaIHHSA, KO 6, =0.

BinoOpakeHHd Ta mepenava: «MOBLIBHE AHO». 3a JAESIKUX YMOB, KOJM IIUIBbHICTb
BIJIKJIaJICHb TIEPEBUIILY€E IMIUIbHICTH MOPCHKOI BOMM, IO JIEKATh BUIIE, IIBUIKICTH 3BYKY
Moxe OyTu me MeHorw. Lleit ctan HazuBaeTbes "moBuTbHUM AHOM". Ilig KyTOM 6, MOXe
BiIOyBaTHCs 17eallbHe MPOHUKHEHHs ocaid. [Ipm mpomy koedirieHT BimoOpa)keHHs Oyje
HYJILOBUM [76]:

1

0, - (2.10)

(0? —o?) U2
. | (o, —0O
2 1 2 2
sin| <929 (p2 2y
CZ
TakuMm yuHOM, NpPHU JTOCHIKEHHI MPOLECy PO3MOAUTY TIAPOaKyCTUYHOI XBHJII B
MOPCHKOMY CEPEIOBHUILI BXXJIMBUM (PAKTOpOM, KU CII1J] BPAaXOBYBaTH, € B3aEMOJIISI MK

aKyCTHYHUMH XBWJIsiMU Ta gaHoM [77]. Lleit mpouec nepeadayae BpaxoByBaTH KiJIbKa
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CKJIaIOBUX: BIIOUTTS Ta MOIIMHAHHS THCKY Bl KOPIOHY a0aja BOAA-TPYHT; PO3CIFOBAaHHS
MOTY>KHOCTI CUTHAJIy BIJI HEPIBHOI MEXl Ta HEOMHOPITHOCTEH y TIPYHTI; MOTIMHAHHS
TAPOaKyCTUYHOTO CHTHAy THOM MOps, OOJIK BIACTHBOCTEH TIPYHTY, pPO3MIpH Ta
MOPUCTICTh TBEPAMX YACTHHOK HaA JHI, OOJIK 00'€eMHHX, IIAPOBUX Ta T'PaAaHUIHUX

peBepOepallifHX CUTHATIB Ta 1HIHX (HaKTOPIB.
2.3. 'paHu4Hi yMOBH NPH MO/IeJTIOBaHHI TiIPOAKYCTHYHUX CUTHAJIIB B MOPi

Sxmo mosje 3ByKOBUHM XBWII mepelyBae JesKe TUIO, TO BU3HAUYEHHS IOTO IOJIS
NOTPIOHO 3aJlaTH TPaHUYHI YMOBHU JICKUTh Ha TOBEpPXHI Tija. 3BUYAHO, 3aBIaHHS
IPAaHUYHUX YMOB € 3aBIaHHSAM CKJIAIHIIINM, HIK MOOyJOBa MOJEINI CepeloBHINA. AKe
caMme 3a JIOMOMOTOI0 XapaKTEPUCTUK CEPEAOBUINA P 1 V MOTPIOHO OMUCATH MOBEIIHKY MEXKI
Tija, a e He BIAEThCSA 3pOOUTH JOCUTH TOYHO. HaBememo nmekibka MOJEIeH rpaHuIHHIX
YMOB, 110 BUKOPUCTOBYIOTHCSI B aKyCTHIII JIsl OMUCY peaIbHUX 00'€KTIB.

Moneni akyCTUYHO TBEPAO0i MEXI1 BIJIIMOBIAE CUTYaIlli, KOJIU MOBEPXHS KOPIOHY S HE
nedopMyeThes, TOOTO. HEpYXOMa Y ToJI1 3ByKOBO1 XBWJIl. TUM HE MeHII, 11e He 03HAYaE, 1110
KOJIMBAJIbHA INBHUJKICTh YAaCTHMHOK CEPEJOBUINA, IO 3HAXOMATHCS IMOOIU3Y KOPIOHY,
JOPIBHIOE HYIIO. AJDKE 3TIIHO 3 TOOyIOBaHOI MOACIUIIO aKyCTHYHOTO CepeoBHIINA
HEMOXKJIMBO 3a(DIKCyBaTH JTOTUYHE 3MIIIECHHS (CEpPEeIOBUIIE HE MPYUYAETHCS 3CYBY). 3BIJICH
yMOBa Ha KOPJOHI IMOJISITAa€ B TOMY, 110 HYJIO JOPIBHIOE HOpMajbHA, A0 MOBEPXHI S, M0
CTAHOBUTH OIl MIBUAKOCTI YACTUHOK CEPEIOBHUILIA, 110 3HAXOAATHCS 01151 MEXI1 Tijia S:

Peanpna moOynoBa Takoi Meki MOXKJIMBA 3 JJOCTATHHOIO TOYHICTIO JIMIIE JJIA Ta3iB: y
HOPMaJbHUX YMOBAax JOCHUTh BEJIMKE TBEpJAE TULIO a00 MOBEPXHS PIAWMHU IS 3ByKOBHX
XBWIb y Ta3l Maile 3aBXIU MOXKHAa BBaXaTw aOCOJIOTHO >KOPCTKUMH. [[ns pimuHu abo
TBEPAUX T1J1 MOOYIyBaTH aOCOFOTHO KOPCTKY MEXKY JTOCUThH CKIAIHO, ajie B Psi/ii BUMA/IKIB
Take HAOJMIKEHHSI € MOXJIMBUM 1 IJI IIUX cepenoBuill [69].

v, =0 (2.11)

SAkio po3msAacThCA 3aBAaHHS BUIPOMIHIOBAHHS 3BYKY IOBEpPXHEIO S, TO YMOBa

Un‘ ¢ = v(r,t) BU3HAYa€e PiBHICTb HOPMAJIBHOI CKJIAJIOBOT IIBUAKOCTI YACTUHOK CEPEAOBHILA
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vn|s, Kl PO3MINIEH] MOONMHM3y MOBEPXHI S, Ta MBUAKOCTI YACTHHOK TMOBEPXHI S, sKa
onucyeThes pyHkiiero v(r,t), To0TO. y mporieci pyxy MoBepxHs S He aehOPMYETHCS i
BIUTMBOM CEPEIOBHIIA.

Monenb aKyCTUYHO M'SIKOT TPpaHHMIN — I1e TTIOBEPXHSA S, sSIKa 37]aTHA YHHUTH OITIp TUCKY,
TOOTO. MOBEPXHSI S MOBTOPIOE PYyX YACTHMHOK CEPEJOBHINA, PO3MIMICHUX MOOIU3Y HE.

3BijicH IpaHUYHA YMOBA IOJISATA€ B PIBHOCTI HYJIO TUCKY Ha MTOBEPXHi:

pl, =0 (2.12)

[ rpaHrYHa yMOBa BUKOHYETHCSI HA MEX1 PIAMHHA a00 TBEPOro Tija 13 BaKyyMoM. 3
J0CTATHHOIO TOYHICTIO a0COIOTHO M'sIKa Me)Ka MOJICITIOE BUTIAIO0K MaIHHS 3BYKOBOiI XBHII,
sKa MOIIUPIOETHCS Y BOJI1, HA MEXKY PO3JLITY BOJa — MOBITPSI.

Monenb Mexi ciony4YeHHs JBOX 1eanbHux piauH [73]. Tyt 3a1at0Th 1B1 yMOBH:

1. KIHEMaTU4YHa YMOBA, fKa CBIAYUTh MPO Te€, SIK PYXarOTbCSl YacTKU JABOX
CEpENIOBHUIL, 110 PO3TAIIOBYIOTHCS MOONM3Y KOPAOHY (11 yMOBa BijgoOpa)ka€ MPUHIUII
0e3MepepBHOCTI CEPEAOBUIIA);

2. CHWJIOBA yMOBa - L€, MO CyTi, € BUMOTa JO BUKOHAHHS TPETHOIO 3aKOHY
Herorona.

OCKUIBbKY 1I€aJIbHO CTUCIIHMBI PIIUHU HE YHHSATH OMIp 3PYIIEHHIO, TO KIHEMaTHYHE
yMOBa MOJIATaTUME Y PIBHOCTI HOPMaJbHHUX CKJIAJJOBUX IIBUIKOCTEH YACTHHOK MEpUIOi Ta

JPYTOi CEPEIOBHIIL, 1[0 PO3TAIIOBYIOThCS MOOINU3Y KOPIOHY, ToOTO [70]:

| =v?|, (2.13)

CunoBa ymoBa MoJisirae B PIBHOCTI THUCKY, K1 HAJArOTh YaCTKU TEPIIOi Ta JIPYroi

CepeIOBUII OJIHA Ha IHIIIY B3/I0BXK KOPJIOHY S:
@] _ A@
D \S =p \S (2.14)

3aBaaHHs BUIPOMIHIOBAHHS (OPMYIIOETBCS HACTymHUM criocobom. Ha pgesikiit
MOBEPXHI S 3a7aHa HOpMaIbHA CKJIa10Ba KOJIMBAJIBHOI IIIBUKOCTI:

od
o, =22

=== =f(S) (2.15)

S

e ® - mopmans 10 oBepxHi [71].
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[ToTpiGHO BUM3HAUYMUTH 3BYKOBE I0JIe Y MPOCTOpi. [HOMI Ha MOBEpPXHI BU3HAYAETHCS HE

KOJIMBaJIbHA IIBUJIKICTh, @ 3ByKOBHM THCK (200 MOTEHITiamN) CI)|5 = f(S).

Moske OyTH TakoXx 3aJlaHa KoMO1Haris [76]:

9 s l|| = t(s) (2.16)

S

3aBaHHs BU3HAUEHHS I0JIA 32 33laHUM [IOTEHL1AI0M (3BYKOBUM TUCKOM) D = f (S)

Ha3nuBaA€THCA 3aBAaHHAM I[I/IpI/IXJ'IC abo Iepmunum KpaﬁOBHM 3aBAaHHsAM. Bu3nauenns nos

3a7]aHOI KOJIMBAJIBLHOI IBUAKOCTI v, = f (S) HasuBaeTbes 3aBAaHHAM HelimaHna um qpyruii

KpaioBO1 3aBJaHHSIM.

Axmo 3amana xkomOiHamig (2.3.6) nmpuuoMmy KoedillieHT G Ha BCiil MOBEpXHI S €
HOCTIMHOIO BEJIMYMHOIO, TO TaKE 3aB/IaHHs HA3UBAETHCS 3MIIIAHUM a00 TPETIM KpaloBUM
3aBIaHHAM. Y okpemux Bumnajkax ¢ —00 16 — 0 13 3MilaHoi 3aa41 BUILJIMBAIOTh 3aBJaHHS
Hupuxiie 1 Heitmana [78].

SIKIO G 3aNeXWTh Bl PO3TAlllyBaHHS TOYKM Ha MOBEPXHI S, TO Take 3aBIaHHS
HA3UBAETHCS YETBEPTUM KpailoBUM 3aBIaHHsAM. [HOAI i, SIK 1 TPETIO, HA3UBAIOTh 3MIIIAHOIO.
HalinpocTimmm npuKiIazoM 4eTBEPTO1 KpaloBoi 3aa4ul € BU3HAYEHHS 3BYKOBOTO MOJIs, 1110
BUIIPOMIHIOETHCS TIOPIITHEM, IO PYXAETHCH 13 33JaHOI0 KOJMBAJIBHOIO MIBUIKICTIO, IO

pPO3TalIOBaHUI B aKyCTHYHO M'IKOMY €KpaHi 3 TPaHUYHOI0 YMOBOIO CI)|5 =0.

Kpim ymMOB Ha KOpAOHI, JJii BU3HAYEHHS TOJsI HEOOX1HO TaKOX BUKOPHUCTOBYBATH
YMOBY BUIIPOMIHIOBAaHHS, SIKa MOJIATAE B TOMY, 1110 3 YCiX MOKJIMBUX PIIIE€Hb Ci1 BUOUpATH
Taki QPyHKIII1, AK1 TPy BUJAJICHH] TOUYKHU CTIOCTEPEKESHHS B1Jl BUIIPOMIHIOIOUOTO Tijia 1aBaiv
0 criajla”Hs MoJIs 3a IIEBHUM 3aKOHOM [78].

3aBnanHs nudpakiii GopMyoeTbes B Takuid crioci6. Ha Tinio, oOMexeHe moBepXHEIo
S nmanae xBuist 0. B pe3ynbraTi po3citoBaHHsI BUHUKAE HOBE Toj1e D, sike MOXKHA YSIBUTHU Y

BUNIAAl @ =D, + D, ® = OO0 + DS, npuuoMy pi3HUI MI)K HOBUM IOJEM 1 TOYAaTKOBUM
HA3UBAETHCS PO3CIAHOIO0 XBUIIEIOb @ . [oTpiOHO BU3HAUNTH @ TaKUM YMHOM, 11100 TOBHE

noJsie @ Ha MOBEpXH1 S 3aI0BOJILHSIIO OAHIN 3 HACTYIHUX I'PaHUYHUX YMOB [77]:
Benuunna iMnenaHcy moBepxHI Z BU3HAYAETHCS CTABJICHHSIM 3BYKOBOTO THCKY [0

HOPMAaJIbHO1 CKJIJI0BO1 KOJIMBAJIBHOI IIIBUAKOCTI (31 3BOPOTHUM 3HAKOM):
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y A 2.17)

Bubip 3naka 0oOyMOBIEHHH Takol0 OOCTaBHHOIO. SIKIIIO HOpMaslb 1O TOBEPXHI S
CIpSIMOBaHa Ha30BHi, MO3UTUBHE 3HAUCHHS KOJIMBAJIBHOT MIBUIKOCTI VN TAKOXK HAIPABICHO
y 30BHIIIHIO 0071acTh [74]. ¥V Toii ke yac sICHO, 110 MPHU MO3UTUBHOMY 3BYKOBOMY THCKY Y
NOBEpXHI S (CTUCHEHHI) IMOBEPXHS NpPAarHyTUME MPOTHYTH Y BHYTPIIIHIO 00JAacTh 1
KOJIUBaJIbHA IIBUAKICTH Oy/ie HeraTMBHOIO. JJIs YCYHEHHS IIi€l cymepedHocTi y Gopmyi
3allpOBaKEHO 3HAK MiHyC. SIKIIO HOpMajib 1O TOBEPXHI HampaBieHa y BHYTPILIHIO

0071acTh, TO Y (pOopMyJIl MOBUHEH OYyTH B3STUM 3HAK TLTIOC.

z=1op (2.18)
O

BupazuBiuiu noreHuian yepe3 3ByKOBUN TUCK Ta KOJUBAJIbHY HIBUAKICTh, OTPUMAEMO
CITIBBIJTHOIICHHS MIX 1 Z;

KpiMm 3a3HaueHuX 4YOTUPHOX 3aBJaHb ICHY€ WII€ BEJIUKUWA KiIac MpoOsieM, KOTPUM
IpaHUYHI YMOBH € CKJIAHIIIMMH 1 3aJIe)KaTh SK BiJ MEPIIOi MOXiAHOT MOTEHIIaTy, a i B
MOXITHUX BUIIUX MOPSAKIB. Y BUMNAAKY TakKl TpaHUYHI YMOBHM MOXHa 3anucarty ik LO = 0,

ne L —nudepenuiaibHuil oneparop, BU3HAYaIbHUN BIACTUBOCTI MOBEPXHi. Y OKpPEMHX

0

Bunajakax npu LO =0, L = a—, L= 8_ + 0 BUXOMATH 3allMCaHl BUINE TPaHWYHI YMOBH.
n n

OneparopHi rpaHUYH1 YMOBH 3 MOXITHUMU BUCOKUX MOPAJIKIB 3yCTPIYAIOTHCS MPU aHAII31
BUIIPOMIHIOBAaHHS Ta MU(paKIlii 3ByKy Npy>KHHUMH MOBEpXHsIMU [76].

PeanbHi mOBEpXHI € MNpPYyKHUMH, TOMY 3a3Ha4€Hl1 BHUILIE TPaHUYHI YMOBH MAalOTh
po3mIsSAaTUCs SIK CHIBBIIHOUIEHHS, SK1 JHIIE NPUONHM3HO XapaKTE€pPU3yIOTh BIACTUBOCTI
TTOBEPXHi.

Ha BigMiHy Big 3aBJaHHsS BUIIPOMIHIOBAHHS, 3aBAaHHS JU(pakmii  yMoBi
BUITPOMIHIOBAHHS Ma€ 3aJI0BOJILHATH He ToBHE moJie ®, a nuiiie po3cisiHa YacTHHA TTOBHOTO

nonst O [78].
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2.4. Aunajiz ¢QakTopiB BIUIMBY HAa TNOWIMPEHHSI TiAPOAKYCTHYHOI XBMJII Yy

cepedoBHILI BAKJIUBUX B YPAXYBAHHI IPU MOJEJTIOBAHHI

OnHuM 13 HallBRXXJIMBIIIUX TApaMETPiB MOACIIOBAHHS PO3MOBCIOMKEHHS 3BYKY B Oy/b
SKOMY CEpEIOBHIII € IIBUIKICTH 3BYKY. LIIBHAKICTH 3BYKY Yy BOJHINA TOBIII 3MiHIOETHCS

3aJIe)KHO BiJI COJIOHOCTI, TEMIeparypu Ta IMOMHHU. Po3mistHeMoO 11i mapamMeTpu Ta SIK BOHU
BIUTMBAIOTH HA 3MiHY IBHUIKOCTI 3BYKY.

CxopocTh 3BYKa, M/c
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Pucynok 2.1. 3MiHa MBHUIKOCTI 3BYKY 3 INIMOMHOIO BIAIOBIAHO IO CE30HIB

Ha puc. 2.4.1 mokasani BiIMIHHOCTI y Mpo(uTi MBUJIKOCTI 3BYKY B 3aJIEKHOCTI BiJ
C€30HY Y BCbOMY BOJJHOMY 1Iapi BiJl MOBEPXHI MOpPs A0 JTHA.

HaBecni mnpubepexHa Boma Ta  30BHINIHS

MOpCbKa BOJa HAIXOAATh 13
KOHTMHEHTAJIBHOTO TIENb(]y, 3MIMIYIOThCS 3 YTBOPEHHSM 3MimaHoi BojgHoi macu. [lpum
MIJBUILEHHI TEMIIEpaTypy Ta 3HUKEHHI COJIOHOCTI LISl BOJHA Maca PO3IICIUTIOETHCS Y

BEPXHIO BOJIHY TOBIIy 3 OUIBIII BHCOKOI TEMIIEPATypPOI0 Ta HIKYOK BOJHOIO MAacColo 3
I1IBUIIIEHOIO CONOHICTIO [79].

Brnitky Temrmeparypa JIeKUTh Ha TIOBEPXHI MOPsI PI3KO MIABUINYEThCS. [Ipu 1bomy
MpPUJOHHA XOJIOIHA BOJHA Maca, 0 BUHHUKAE HABECHI, MEPEXOAUTh Y IUKIOHIYHY

MUPKYJIALII0, Yepe3 10 TeMIlepaTypa Ha JHI 3aJUIIAEThCd HU3bKOI. Tak IO BIITKY

podiJIh MIBUIKOCTI 3BYKY — II€ TPAIIEHT 13 BEJIMKAM HETaTUBHUM 3HAYCHHSIM.
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Po3nozin temmneparypu Ha moBepxHi CBITOBOrO OKeaHy Mae€ 30HAJIBHUN XapakTep,
KM MOYKHA ONMMCATHU 130TepMaMu. Po3moal cepeHbOPIUHOT TEMIIEPATYPU MA€ 30HAJIbHY
rpagaiio. Taka 3aKOHOMIpHICTH Oarato B YoMy OOYMOBJICHA 30HAJIBHUM PO3MOIITIOM
COHAYHOI €Heprii, oAepxkyBaHOI MOBEpxHI Mops. KOHKpeTHI BHHSATKM 3 Li€i KapTHHU
BiJI0OYBaIOTHCS B PETiOHAX, JI€ XOJO/HIIIA BOJa 3HU3Y MiTHIMAETHCS Ha TIOBEPXHIO MiJ A1€10
BITPIB, 1 B OKOJIMIISIX OCHOBHUX ITOTOYHUX CUCTEM, TaKUX K [ ombdcTpim, e TemmeparypHe
I10JI€ CIIOTBOPEHE.

B nmochimxenni [80] po3misgaeTbcsi 3MiHAa IMIBUAKOCTI 3BYKY 3 CE30HaMU Ta
TEMIEPATYpPOI0, 30KpeMa BIUIMB IMX 3MIH Ha NPUKIALl TpacyBaHHS NPOMEHIB. Takum
YUHOM, IIOKa3aHO, 110 B OKPEMHX aKBaTopisax CBITOBOTO OKEaHy CyTTEBUMU € CE30HHI 3MIHU
TEMIIepaTypH BOJIU, K1 HEOOX1JTHO BPaXOBYBATH B MOJIEN1 MOMIMPEHHS IBUAKOCTI 3BYKY B
MOPCBKOMY CEpPEIOBHILI.

[IIBUAKICTB 3BYKY B OK€aHI 3aJIEKUTh Bl TEMIIEPATypH, TUCKY Ta COJIOHOCTI. PIBHSHHSA
MOKa3ye 3aJI€XKHICTh MBUAKOCTI 3ByKy C B LMX (haKTOPIB:

C(T,P,S)=1449.2 + 4.6T +0.055T, +1.39(S — 35) + 0.016D (2.19)

e C — mBHIIKICTB 3BYKY B M/C,
T — Temmieparypa Boau B rpagycax llenbciro,
D — mubuHa mij moBepXHEI0 B METpax,
S — COJIOHICTB y YacTKax Ha TUCSUY.
TunoBa COJIOHICTh OKEaHy, S, € TOCUTh MOCTIIMHOIO Ha piBHI 35 ppt, ToMy dopmyna
MIBUKOCTI 3BYKY 3BOJIUTHCA 10 (PYHKIIIT TEMIIEpaTypu Ta TIIMOWHH.
3 piBHAHHS | BHIHO, IO MIBUIKICTH 3BYKY CHJIBHO 3aJIC)KUTh BiJl TEMIIEpaTypH BOIH
T. ConsiuHe BUIIPOMIHIOBAHHSI HArpiBa€ MOBEPXHIO OKEaHy, XBHJIbOBA JIisi MA€ TCHJICHIIIIO
3MINIyBaTH TEIUIy TIOBEPXHEBY BOJY Ta CTBOPIOBATH TMOBEPXHEBUU Iap 13 JIOCUTH
OJTHOPIAHOIO TEMIMEparyporo. Y TOMIPHUX 1 TPOMIYHUX BOJAX LEH 130TepMIYHUMN
MMOBEPXHEBUI 11ap MOKe TpocTaraTucs Ha mouny Bifg 20 M 10 200 M. Temneparypa Bonu
miJ UM IIapoM IIBHAKO Tagae. Taka o0gacTh NaiHHS TEMIIEpAaTypy Ha3UBAETHCS
HEraTUBHUM TEPMOKJIIHOM [81].
I'muboke mMope, Kynu MPOHHUKAE Masio abo B3arajil He MMPOHUKAE COHSYHE CBITIIO, Ma€

PIBHOMIpHY TeMIIepaTypy, KoJuBaroduch Jiniie Ha 1-2 °C Ha mubuHi Thcsd metpis [80]. YV
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UX 130T€PMIUYHUX OOJACTIX IIBUAKICTH 3ByKy C 3HAYHOIO MIPOIO BU3HAYAETHCS THUCKOM,
AKUW HEYXWJIBHO 3pocTae 3 muouHor. [Ipupict mBuakocti craHoBuTh 0,016 mM/c Ha MeTp
[JIMOWHU.

[lin wac mnomMpeHHs 3BYKy IIiJ BOAOIK HEOOXIHO JOJATKOBO pO3MISAaTd
TOPU30HTAIBHI Bapiamii MBHUAKOCTI 3BYKYy um OatmmeTpii. Tomy mpu po3poOiri mMopenen
MOIIMPEHHS MIBUAKOCTI 3ByKYy 3a3BUYail MPOBOAMTHCA BIIMIHHICTH MK MpoOIeMaMu, 110
HE 3ajeXaThb BiJ JaJbHOCTI (MOpE 3MIHIOEThCS TUIBKU SK (QYHKIS DIHOUHM) Ta
npobieMamu, 110 3a1eKaTh BiJ JadbHOCTI (MOpE 3MIHIOEThCA K (PYHKIIIS SIK TTHOUHU, TaK
1 nanpHOCTI). [TapaMerpu, BiAMIHHI BiJ] IIBUAKOCTI 3BYKY Ta INIMOWHU BOIH, TAKOK MOXKYTh
po3mIsAaTUcs B 3aja4ax, 110 3aJie’KaTh BiJl NaIbHOCTI: HANPUKIIAJ, BTpATH Ha MOBEPXHI,
BTpAaTH Ha JH1 Ta NOIIMHAHHS [79].

HIBHUAKICTB 3BYKY € HAlIBRXKJIMBILIOIO T1/IPOAKYCTHUHOIO XapaKTEPUCTUKOI MOPCHKOTO
CepeloBUIlA. 3MIHA 3HAYEHb IIBUAKOCTI 3BYKY pI3HUX TOYKaxX MPOCTOPY BHUKIUKAE
CIIOTBOPEHHSI (PPOHTY aKyCTUYHUX XBWJIb 1 3MIHIOE XapakTep IOIIMPEHHS CHUTHAJIB.
BenuunHa mBUIKOCTI 3ByKY MOXe OyTH BU3HAUYEHA IISIXOM O€3M0Ccepe/IHIX BUMIPIOBAHb 32
JOTIOMOTOI0 ~ CHEIlaJIbHUX TNpWwiIaliB ad0 Ha OCHOBI OOYMCIECHb 3a EMITIPUYHUMHU
dbopmynamu.

AHaNTITUYHI METONIM 103BOJISIFOTH OTPUMATH BUPa3u JUJIsl pO3PAXYHKY LIBUIKOCTI 3BYKY
B 3QJEKHOCTI BiJI TPhOX OCHOBHUX MapaMeTpiB: TEMIEPATypHU, COJOHOCTI Ta THUCKY
(rmubunn) [81]. 3ayBaskuMo, 1110 SISl BUPIIIEHHS T1IPOaKyCTHYHUX 3aBIaHb BAKIIUBUM € HE
a0COJIOTHE 3HAUEHHSA MIBUAKOCTI 3BYKY, a 3aJI€KHICTh IIBHIKOCTI BlJ NIMOMHU — IpOod1ib
MBUAKOCTI 3BYKY. ONIHaK, Ha TPAKTHII, 11 TTApaMETPHU BUSBIISIIOTH CHJIBHY MIHJIMBICTD 1
BapIIOIOTHCS Y HIMPOKOMY Jialla30H1 3aJIE)KHO BiJ] PETIOHY Ta TOPU POKY.

Tomy, CTOCOBHO BHUpPIIITYBaHOI 3aayil, AJi1 CTBOPEHHS €IMHOI allpOKCUMOBAHOI MO
PO3MOIITY MIBUIAKOCTI 3BYKY HEOOXIHO TPOBEJACHHS HATypPHHUX EKCIEPUMEHTATbHUX
riagpodizuuHuX AOCHIKEeHb. JlJ1 MNpoBENEeHHS LUX JIOCTIIKEHb OaXaHO HAasBHICTh
CUCTEMH, 10 OYKCUPYEThCS, AJII BUMIPIOBAHHS MPOCTOPOBHX 1 THUMYACOBHUX Bapialii
CEepeNHbOI TeMIEparypu Ta COJOHOCTI y BEPTUKAIBLHOMY Iapi PIAMHU 3 KOHTPOJIEM

IMOMHU OyKCUPYBaHHS.
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2.5. BrpaTtu npu nomupeHHi riipoakycTHYHuX XBHJIb

Konu 3ByKkoBI XBHWJII THOIIMPIOIOTHCS, HAWOLIBIIT TMOMITHUMH e(eKTaMu € BTpara
IHTEHCUBHOCTI 4Yepe3 TeOMeTpUYHE MOMUPeHHS (€(eKT po301KHOCTI) 1 MOTTTHHAHHS
aKyCTUYHOI €Heprii caMuM cepeioBuIleM nomupeHHs. Lli BTpaTu npu po3noBCIOMKEHHI
(abo BTpaTH 1pH nepesiadi) € KIIFOYOBUM IMapaMeTPOM Y T1IBOAHIN aKyCTHIll, OCKIJIEKH BOHH
O0OMEXYIOTh aMIUTITyTy NMPUHHATOTO CUTHANY, 3HWXKYIOUM €(PEKTUBHICTh NpHiiMaya, sKa
0e3MocepeIHbO 3aJICKUTh Bl CITIBBIIHOIICHHS CUTHAJ/IIyM [82].

Komnu 3BykoBI1 XBUJII TTOIIMPIOIOTHCS BiJI KEpeTia 3BYKY, MepejaHa aKyCTUYHA eHepris
MOIIMPIOEThCST Ha Benukl Biacrani. Komu eHepris 30epiraerbcsi, 1HTEHCHUBHICTD
3MEHUIY€ThCS 0OEPHEHO MPOMOPLINHO BiJICTaHl PO3MOBCIOMKEHHS 4epe3 MnoBepxHio. Lleit
MIPOIIEC HA3UBAETHCS TEOMETPUIHUMU BTPATaMHU IPH PO3TOBCIOIKCHHI.

[Ipu po3paxyHKy IIMX BTpAaT MOKHA BUXOJUTH 3 MPHUIYIICHHS, IO B PE3yJbTaTi
PO3UIMPEHHSI XBUJIHOBOTO (PPOHTY IHTEHCHBHICTH 3BYKOBOi XBUJII 3MIHIOETHCS OOEPHEHO

MPOTOPIIIITHO BiJICTaH1 BiJ Jkepena [78].

() ::—g (2.20)

ne |, — IHTEHCUBHICTb, CTBOPIOBAHA JKEPEIOM Ha OJVHUYHIN BIICTAaHI,

I — IIOTOYHE 3HAYCHHS BIJICTaHI,
N — MOKa3HUK CTyIeHd (y pa3l 11ealbHOro HEMOIIMHAUOT0 CEpEeOBUIIA IS
chepuyHUX XBUIb N=2)

Hanpuknag po3misitHEMO BHIIAJOK, KOJM CEPElOBULIE — OAHOPIAHE, HECKIHYEHHE
CEpeloBHUIIE, 3 TOYKOBUM JIXKEPEJIOM, IO BUIPOMIHIOE y BCIX HampsiMkax. EHepris, 1o
MepenaeThes, 30epiraeThes, aje MOMTMPIOETHCS M0 chepax Bce OUIBIINX 1 OUTBIITUX PalyCiB.
JIJist TakoTO BUMAJKY 3HUKEHHS JIOKAJIBHOI T1JIPOAKYCTUYHOT IHTEeHCUBHOCTI MK TOYKaMU

paniyciB R 1 R, 00epHEHO NPOMOPLINHO CIIBBIJHOIIEHHIO IOBEPXOHB iX cep =, 1 X, :

L % 4R | R (2.21)
L, %, 2R R,
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e R — pamianbHi BifcTaHi mKepena.
3BizcH BUITIMBAE, 10 IHTCHCHBHICTh 3MEHITYyEThCSI HA 1/ R,, a THck Ha 1/ R. Brpara

Ha PO3IMUPCHHSA MOKC 6YTI/I PO3ITEIHYTA 3 TOYKH 30pPYy ACAKOIO C€TAJIOHHOTO IKCPCia 1

Bupaxarucs B dB [77]:

R
dB=20- log| — (2.22)
Rim

Brpatu posmmpenas cdepudHoro ¢GpoHTY XBWII 3a3BUYAl BHPaXaIOThCS SIK

dB=20- log(R). Llet Bupa3 HaBOAWTHCS O3 MPHUB'SI3KK 10 OIWHUIII BHMIpPYy BiJICTaHI.

[IpuponHo, 1m0 Takui 3amuC € HEKOPEKTHUM 3 momiany (i3uku mpoliecy, ajne 4depes
3py4YHICTh BUKOPUCTAHHS BOHA HAOyJa IIMPOKOTO MOIIUPEHHS B T1/IPOAKYCTHII].

VY mpoueci OwiHKKA BTpaT Ha cepuyHEe MOLIMPEHHS, CHOPSIMOBAHE BIJ TOYKOBOTO
JoKepesia, BUKOPUCTOBYETHCA SIK TEPIIMM HAOIMXKEHHS TPU OIlIHII BTPAT HA MOIIMPEHHS.
JIist Takoro BUIAJKy €TaJOHHWM pIBEHb y METpl €TaJOHHOTO aAiana3oHy Rlm B
OJTHOPIAHOMY cepenoBuIll. To/l BTpaTH Ha MOIIMPEHHS MOXKHA 3alUCaTH B 3arajlbHOMY
BUIIIAI[ 79]:

dB=20- log R + aR, (2.23)
m

ne aR — nesiki BTpaTH, CyTh SIKHX Oy/le PO3KPUTO HUXKYE.

Ha puc. 2.5.1 npexacraBieHi po3paxyHKOBI 3HaU€HHs 3racaHHsS Ha TOIIUPEHHS IS
JESKOr0 CHEKTpAa 4acToT, JJIsi YMOB HaBKOMMIIHBbOro cepepouma: T=10 °C, S=35 %o,
rmmouna 10 m. Haityactime ¢opmyna (1.10) moctatHs ominku BTpar. OpHak Aesiki
MporpaMy BUMAraroTh CICIiaJbHO aJlallTOBAHUX MOJEJIEH MOIUpPEeHHs (TeoMeTpUYHI

IIPOMEHI, METOJl HOPMAJIbHUX MOJI, TapaboiyHe HAOTMKEHHS).



78

-100 ——20Tn
100 'n
-120 —e—200 T'n

Brparu, nb
=

0 20 40 60 80 100

JlanbHICTh, KM

Pucynok 2.2. Po3paxyHKOBI 3HaU€HHS 3racaHHs Ha momupeHHs 11 yactot 20 Hz,

100 Hz, 200 Hz BiamoBigHO

TakuMm 4MHOM, BTpaTH Ha MOILIMPEHHS BIIITPAIOTh BAXKJIUBY POJIb Yy MpOLECi 00Ky
BTpaT €Heprii ImpHu PO3MOBCIOMKEHHI TIIPOAKyCTUYHUX XBWJIb 1 MOBUHHI OOOB'SI3KOBO
BpPaxOBYBAaTHCh Yy MaTeMAaTUYHINA MOJEI.

Y MOpChKOMY CEpeloBHII BHACIIIOK JUCUMATUBHUX MPOIIECIB YaCTHUHA aKyCTUYHOT
EHEPrii MOTTIMHAETHCS CEPEIOBUILIEM Ta NIEPEXOUTH Y TEIUIOBY. [IpH 1IbOMY 1HTEHCHUBHICTh
1 aMIUTITy[la XBUJIl 3raca€ He TUIBKH uepe3 pO3MMUpeHHs (PPOHTY XBWII, a ¥ YHACIIJIOK
MOTJIMHAHHS €HEPrii CepeOBUIIEM, K€ BUKIUKAETHCA, 30KpeMa, B'SI3KICTIO (BHYTPIIIHIM
TEPTSIM).

BpaxoByroun gucunarvBHI BTpaTd, Hampyra B's3koro tepTs T Oyae mponopuiiHOo
mBuAKoCTI nedopmariii  yactuHok cepemoBumia[80]. Jis  MIOCKUX  XBWIb, IO

PO3MOBCIOMKYIOTHCS B3JJOBXK OC1 X HANpyra B'S3KOro T€PTs 3aUIIEThCS Yy BUIIIAI

J¢
OX oV
T= =u—, 2.24
i A (2.24)
e L — KOe(IIIEHT B'I3KOCT1 CEPEIOBUIIIA,

& — yCYHEHHsI YaCTMHOK CepeIoBHUIIIA.
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Edexr mormmuanas GopMaabHO MOKHA BPaxyBaTH 3allPOBAKEHHIM KOMILUIEKCHOTO
MOIYJIst 06'€EMHOT IPYKHOCTI ¥ = ¥ + 104 , KOMIUIEKCHOT mBHAKOCTI 3ByKy C=./y/ p, Ta

KOMIIJIEKCHOTO XBUIILOBOTO yncia k = w/ €.

AwmrmtiTyna xBuii 3MeHIyetbes ($>0) 31 301IbIIeHHSIM BiJICTaHI 32 €KCIIOHEHIIHHUM
3aKOHOM. MHOXHUK € KOe(DII[IEHTOM MPOCTOPOBOTO 3racaHHs 1 BU3HAYae BiJCTaHb X=1/[3,
Ha SIKOMY aMIUTITyla XBHJIi 3MEHIITYETHCS B € pas.

ExcnioneHuiiHe 3HWKEHHS THUCKY Ja€ BTpary B 1B mpomopuidHO giama3oHy
normupeHHs[ 81]: 11e 3py4Ho BUpaxaeTbes yepes KoedirieHT a B aenundenax Ha MeTp (1b/m),

noB'si3anmii 3 P depe3 cmiBBigHOmeHHs o =20f1loge=8.684. Bapro Bim3HaumTH,

MPaKTUYHO 3TacaHHS 3BYKy B MOPCBHKIM BOAI HaWKpale NpPEJCTaBISATH B OJUHHUIIX
BuMiproBanHs dB/km.

Y MopchKilt BOJII MOJIEKYJIM MalOTh KiJIbKa CTablIbHUX CTaHIB 1 IEPeXiJ] BiJ OAHOTO J0
THIIOTO 3aJIeXUTh BiA TUCKY. {1 3MIHM NEpETBOPIOIOTH EHEPTit0 BiJl KOJIUBAHHS 3ByKOBOI'O
tucky Teruio[80]. Pi3Hi (a30Bi 3MiHM MalOTh pi3HUN Yac BIATYKY. Lle 3ami3HeHHS BIATYKY
XapaKTEepU3yEeThCS YacoM pefakcarii abo dactororo penakcarii. IlIBuaki 3MiHM He
BIUIMHYTh, OCKUIBKU MOJICKYJIM 3MIHIOIOTh CBIM CTaH 3aHaJITO MOBLIBLHO. TOMY MOTJIMHAHHS
BUSBJIAITUMETHCS Ha HIDKYMX YacToTax. J[BoMa OCHOBHMUMHU XIMIYHMMH PEYOBHUHAMH Y
MOPCBHKIN BOJ1, SIKI CIPHUSAIOTh BUINE3rajaHiil penakcailii, € OopHa KHUCJIOTa Ta Cyibdar
MarHiro.

TakuM YHMHOM, y HaWOUIBII 3araJlbHOMY BHIVISAI KOEMIIEHT IOTJIMHAHHS IS
MOPCBKOT'O CEPEIOBHINAa MOXKHA PO3KJIACTH HAa TPU CKJIAJOBI, IO BIAMOBIAATUME B'SI3KOCTI
BOJIY, BKJIay cylb(ary marHiro 1 60pHoi kucioTu 3a Monesuto @pancya-I'appicona[82]:

f f? f,f?

WU ap. L ap. g2 225
f12+f2 A22 f22+f2 A33 ( )

a=AR:
ne A, A, A, — xoe(Ili€HTH BIUIUBY TEMIIEPATYPH,
P,P,, P, — koe(inieHTH MUOUHU MOPsI (THCK),

f,, f, —dacroru penakcarii O0pHOI KMCIOTH Ta CyJb(}aTy MarHito BiANOBIAHO.

[Tepmi nBa momaHku 1i€i GOpMyaU TOKa3ylOTh BHECOK JIBOX IMPOIIECIB peiakcariii;

TpeTi AOJaHOK BijnoBigae B's3kocTi Boau. Yactoru pemakcainii fi ta xkoedimientn AiPi
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3aJIe’KaTh Bij] TEMIIEpATypH, TAPOCTATUYHOTO THUCKY Ta COJOHOCTI; BOHHW BU3HAYAIOTHCS
€KCIIEpUMEHTAJILHUM IUIIXOM Y Jlabopatopii uu Mopi. 3anponoHoBana popmyna dpancya-
["appicona onucye 3ByKONOTIIMHAHHS B IIUPOKOMY YacToTHOMY aiana3oHi Bix 400 Hz mo 1
MHz. Pe3ynpraTi MareMaTHYHOTO MOJIETIOBAHHS I[HOTO PIBHSHHSA Ty OJH3bKI [0
MPAKTUYHUX PE3YIbTaTIB.

[HTeHCHBHICTD MpolieCcy NOTTTMHAHHS 3aJI€KUTh BiJl CIIBBIIHOIICHHS MIXK IIBUAKICTIO
NPOIIECiB CTUCHEHHS Ta PO3IIMPEHHS, 110 BUKIMKAIOTHCS 3BYKOBOIO XBHJICIO, 4 TAKOXK BiJ
gacy penakcarlii. Xoda B MOPCBHKiM BOfi Cyib(aT MarHiro CTaHOBIATH jumie 4.7 % Bin
3arajbHOI Bard BCiX PO3YMHEHHX COJICH, MPOTE iX BIUIMB HA TIOTTIMHAHHS 3BYKOBHX XBUIIb
IyXe CyTT€BO.

Teopis, po3pobiiena CTOKcoM, KOe(ILIEHT MOITIMHAHHS P, 0OYMOBICHHI N1€I0 CUII

B'I3KOCTI, B y3araJIJLHEHOMY BHUIJISI/II BU3HAYA€THCS BUpa3oM|[82]:

2 uw’
IB# = E . ;
oC

(2.26)

3 nanoi (opMyinu BUIHO, IO Y€pe3 BILUIMB B'SI3KOCT1 PIAMHU B1IOYBA€THCS MOTTTMHAHHS,
MPOMOPIIIHE KBAJIPaTy YaCTOTH 1 KOE(IIIEHTY B'SI3KOCTI.

ExcriepuMeHTanbH1 JOCTIIKEHHS B Tally31 TpOaKyCTUKH Tal0Th YTOUHEHE 3HAUYCHHS
JUIsl TIOIVIMHAHHS, OOYMOBJIEHOTO B'SI3KICTIO, $IK€ MJIA YHMCTOI BOAM 3alMCY€ThCA Y
BUnIsIi[81]:

f,=@1-383- 10°h+4.9- 107°°h%)- f*. A (2.27)

TakuM YMHOM, MPU OIIHII BTPAT MOTY>KHOCTI Ta IHTEHCUBHOCTI 3ByKOBOTO CUTHAJy Y
BOJII BHACIIZIOK TOMIMHAHHSA CJiJI BpPaXxOBYBaTH MPOILIECH MOJEKYISAPHOI peakcarii
PO3YMHEHUX Y MOPCBHKIN BOAI cyhb(dary MarHiro Ta cojieid 00pHOi KUCIOTH. Jj1s iXHBOTO
001Ky 3aIpOIIOHOBAHO eMITipUyH1 (HOPMYIH JUTsl pO3paxyHKy Koe(]iIli€HTIB 3racaHHs.

30UTbIIIEHHST TTOTIMHAHHS 13 TTHOWHO. [TMOMHA € 11e OJHUM Ba)XJIHMBUM (HaKTOPOM
OpU PO3PAXyHKY Koe]ilieHTa MOIIMHAHHA. SIKIO 4YacTOTa CUTHAIy BHUIPOMIHIOBAHOTO
00'ekTa TOCUTHh BUCOKA, TO €PEKT penakcallli cyabdar Martito nepeBakaruMe, BiAMOBITHO

IMEPEBAKAaTUME BHECOK, IO BHOCUTLCS ITOITPABKOIO Ha FJII/I6I/IHy

a(H)=1-1.37- 10*h+6.21- 10°h’ (2.28)
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Tak, nanpuxnan, npu yactoti curHaiy 100 kHz, skmo ocnabneHns curnainy mooiausy
noBepxHi craHoButh 40 dB/km (T=14 °C, S=38%0), To Ha mmmbuni 2000 m BOHO

smertyeThest 10 30 dB/km, 1 BignoBigHo Ha rubuai 6000 M 10 16 dB/km[81].

Tabmuus 2.1 3mina koedinienta P, (GopMyaH BTpaTH 13 NIMOUHOIO.

['mubuna, m 0 500 1000 2000 3000 4000 5000
Koeoiuienr P, 1 0.93 0.87 0.70 0.64 0.55 0.47

Y Tabmuui 2.1 nume narTh MOPSAJIKU BEWYMHU TIMOWHU, SKi1 O BIUTMBAIOTh Ha
3racaHHsi, 1 BOHH MOXYTh OIMCAaTH KOXEH KOHKPETHUW BUMAIOK. JlJI1 MpakTUYHOTO
3aCTOCYBaHHS PEKOMEHIY€ETHCS BUKOPUCTOBYBATH IIOBHE PIBHSHHS, BUKOPUCTOBYIOYH TOUHI
TEMIIepaTypHi Ta COJIOHI MPOodii.

Crij1 3a3HaUUTH, 1110 111 TAOJIUIII JTUIIE JAI0Th MOPSIIKY BEJIMUYUHM, SIK1 O BIUTUB INIMOWHU
Ha 3racaHHs, 1 BOHH MOXXYTb ONMHUCATH KOXXCH KOHKPETHHWH BHMAAOK. [ TpakTHIHOTO
3aCTOCYBaHHS pEKOMEHIY€ThCS BUKOPUCTOBYBATH IIOBHE PIBHSHHS, BUKOPUCTOBYIOYH TOYH1
TEeMIIepaTypHi Ta COJIOHI MPOQiil.

[ToBiTpsiHi OynbOaIIKu B MOPCHKiM BOAI 31€0UIBIIOT0 BUKJIMKAHI pyXaMHd MOBEPXHI
MOpSI, @ TAKOXK PYXOM KOPITyCiB MOPCHKUX Cy/ieH. BOHM yTBOPIOIOTH HEOJHOPITHUUN IIap,
pO3TaloBaHWil Ha ONM3bKIA BiJICTaHl 10 moBepxHi. Hailbinbin BHCOKa KOHIIEHTpAIlis
ra3oBux OynbOaIlIoK BiJ3HAYAETHCS Y MPUIIOBEPXHEBOMY IIapi Mops 3aBroBiiku 10-15 m.
Ha mmbunax nonan 20 m edekr mNoBEepXHEBUX OyabOalloK MOXHA 3HEXTYBaTH.
MakcumanbHe  TIOTJIMHAHHS —~ 3BYKOBOTO  CHUTHAJIy  CTBOPIOETHCS  PE30HAHCHUMU
OynpOamikamMu, i SKUMU PO3yMIIOTBCA Taki OynbOallku, BJIacHa 4acToTa pajiadbHUX
KOJIMBAHb AKUX 301ra€ThCs 3 YaCTOTOIO 3ByKOBHUX KOJIMBaHb, 10 NOLIKUPIOIOTHCS Y BOI [82].

J1y1st BU3HAYEHHS BIIACHOI YaCTOTH KOJIMBAHD IUISIIICUKH MOXKHA CKOPUCTATHUCS
HaOMKEeHOI0 (HhOPMYIIOH0

f| z%\/1+ 0.1h, (2.29)
0

e f, —4acTora,
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10 — paniyc Oynp0amkwu,
h — rmmbuna.

SIK110 BpaxyBaTH, 1110 B IPUIIOBEPXHEBOMY IIapi AiaMeTp OyJIb0allloK JISKHUTh B MEKaxX
0.1-0.4 MM, TO MOXKHA B TIEpPIIOMY HAaOJMKEHHI BBaXKATH HAMOUIBII CXUIBHUM JI0 BIUIMBY
pe3oHaHCHUX Oynp0OaIoK, Jiama3oH 4acTOT SKUX 3HAXOAWTHCS B Mexax Bin 8 mo 33 kHz.
[ToBepxHeBi OynabOalIKM TaKOXK 3MIHIOIOTH KOE(IIIEHT BiIOOpaXKEHHS 3BYKOBHX XBHIIb
JIeKUTh Ha ToBepXxH1 Mops. el edekT excTpa-ocnabiieHHsT HeOOXITHO BpaXxOByBaTH MpHU
MOJICTIIOBaHHI TTOMIMPEHHS T1IPOJOKAIIHHAX CHUTHAIIB, IO MOIUPIOIOTHCS MO JEKITBKOX
HampsIMKax 1 BITOMBaIOThHCS Ha MOBEpxHI[81].

Brpara iHTEHCMBHOCTI, IO TEPENAETHCS, MOKE OyTH 3MOJIENTbOBAaHA 32 JTOTIOMOTOIO
JIOKJIbHOTO €KBIBAJICHTHOTO KO€(ili€HTa MOTIMHAHHS B 3aJICKHOCTI BIJl 1HIUBIAyaIbHUX
XapaKTepUCTUK OyIh0aIIOK Ta iX CTATUCTUYHOTO PO3IMOALTY PO3MIpIB.

TakuM 4MHOM, BTpaTH IHTEHCUBHOCTI 3BYKOBOTO CHUTHATY B MPHUIIOBEPXHEBOMY IIapi
MOPCBKOi aKBaTOpii 3HAYHOIO MIPOI0 OOYMOBIJIEHI HasBHICTIO MOBITPSHUX OyiabOallIoK y
BOJlI, SIKI 3'ABJISIFOTHCS BHACHIJIOK XBHJIBOBOTO PyXy IOBEPXHEBOIO Iapy Boau abo
MepeMIIIEHHS! MOPCHKUX CYJI€H. CTATUCTUYHUX MapaMeTpiB OylnbOaIIoK.

VY mporieci OIIHKY BTpAT Ha MOTJIMHAHHS CJIiJI TaKOK BpaxoByBaru 1HI BTparu. e
OJTHIEI0 TIPUYUHOIO MOTIIMHAHHS 3BYKY € TEIUIONPOBIAHICTh piauHu. [Ipouiec nmommpeHHs
3BYKOBHX XBWIb MepecTaB OyTu cyBopo aniadatuuyHumM[80]. B akyCTU4HId XBUIII
BiI0yBa€ThCA YACTKOBE HE3BOPOTHE TIEPEHECEHHS TeIa BiJ MICIh 13 BHIIOIO
TeMrneparyporo (objacTel CTUCKYyBaHHSI) 10 MICI[b 13 HHXKYOIO TEMIEpaTyporo (o0iacTsam
po3psikeHHs ). Uepes BiiiHY BiI0YBAETHCS HE3BOPOTHI BTPATH €HEPT1l XBUJII. TaKUM YMHOM,
1151 IPUYMHA TOTJIMHAHHS 32 PaXyHOK TETUIOOOMIHY € I11€ OJTHIEI0 MPUYNHOIO BTPATH €HEPTIi
3ByKOBOi XBmJIi. OgHaK HWOro BHECOK HE3PIBHSHHO MEHINWN BiJ BTpaT, BUKIMKAHHX

BTpaTaMy Ha MOJICKYJISIPHY PeJIaKcallito i BTpaTH Ha B'SI3KICTh BOJIH.

2.6. BuCHOBKHM /10 po3iiay 2

Mopchbke IHO sBIisiE CO0010 B1IOMBAE 1 PO3CIIOE KOPIOH, 110 MA€ Pl XapaKTEPUCTUK,

MOCTIMHUX y 4aci. MopcbKe NIHO € MIapyBaTHM CEPENOBHUINEM, IO XapaKTePU3Y€EThCS
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minpHicTI0. Moro ckmax MoXe 3MiHIOBATHCh BiJl TBEPIMX HOPIJ 10 M'SKHMX IPYHTIB, TOMY
IIBUJIKICTh 3BYKY ITOCTYNOBO a00 PI3KO 3MIHIOETbCS 3 THOMHOIO. Takok uepes3 pi3Hy
cTpatudikalio JOHHUX BIAKIaIeHb Ha 0araTboX AUISHKAX 3BYK YaCTO MOTIMHAETHCS THOM
1 3a’moMiitoeTbesi a00 BIIOMBAETHCS BCepelMHY. TakMM YHWHOM, MOPCBKE JHO €
CEPEOBHILEM, IO MOIIUPIOETHCS 1 XapaKTePU3YEThCA SK MIBHAKICTIO 3CYBY, Tak 1
MIBUJKICTIO 3BYKy CTHCHEHHs. [liBojHI XpeOTH Ta MiABOAHI TOPU MOXYTh €(EKTUBHO
OJIOKYBaTH MOUIUPEHHS 3BYKY.

[onoBHUMEU TIpUYMHAMH, 110 BIUIMBAIOTH Ha POOOTY TiAPOAKyCTUYHOI CTaHIIii, IO
BJIOBJIIOE CUTHAJIM, IO B3a€EMOJIIOTH 3 THOM MOpS, € BTPATH 4Yepe3 MOITTMHAHHS 3BYKY B
IPYHTI, a TaKOX BIJIOOpa)KEHHsS, PO3CIIOBAHHS, 3aJOMJICHHS Ta JOHHA peBepOepallis.
[lepeniueni (akTopyu BU3HAYAIOTh TIAPOAKYCTHUYHI XapaKTEPUCTHKU JHA MOpS, Kl Y
KUIBKICHOMY BHUTVISIIII HATAFOTHCS 32 JIOTIOMOT'OO BIIMOBIAHUX KOS(DIIIIEHTIB Ta IX YaCTOTHUX
Ta KYTOBHX 3aJIEKHOCTEN.

VYci po3mIsHYTI BUINE BHITAIKU MOIMIMPEHHS 3BYKY BPaxXOBYBaJIH JIMIIE BEPTUKAIbHY
pedpakiiito aKkyCTUYHUX MPOMEHIB. 3MiHA MIBUAKOCTI 3BYKY JTOJIATKOBO B TOPU3OHTAIBHIN
IJIOIIMHI MPU3BOJUTH JI0 3arajibHOi IPOCTOPOBOI Aedopmariii mosis, 3MIIIEHHS! TPAEKTOPIN
npoMeHiB, (a30BHUM CIOTBOPEHb 1 3MIHM TMapaMeTpiB 3aJeKHOCTEH 3HMIKEHHS

IHTEHCUBHOCTI I10JIS 3 BIICTAHHIO.
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PO311JI 3. YIOCKOHAJIEHHA METOAY HOPMAJIBHUX MO/l TA
CTBOPEHHS METOJJUKH PO3POBKHU KOMII'IOTEPHOI MOJEJI 51
HHPOI'PAMHOI'O 3ABE3IIEYEHHA MOJAEJTIOBAHHS I'TTIPOAKYCTUYHOI'O
CUTI'HAJIY

3.1. KnacuuHuii MeToa HopMaJbHuX MoJ. IloctanoBka 3anaui.

Po3rmisiHeMo 3BykoBe TOJi€ TOYKOBOTO JKEpelia B HEOAHOPITHOMY XBHJICBOAL 3
HENEPEPBHOIO HIBUJAKICTIO 3BYKY. Y CEpeIuHI LIapy pIIIEHHS PErylIO€ThCs PIBHSIHHIM
aKyCTU4YHOI XBuJI1 [83].

Hexail Mu MaeMo XBUIJIEBOJ, NIMOMHOIO Z, Ta PaJlyCcOM XBUJIEBOY I, TOJ1 aKyCTUUHHIMA

THCK P MOo)kHa po3misanary sk (QPyHKINIO, sKa 3aJIeKUTh BiJl TITMOWHU, Jl1alma30Hy Ta 4acy —

Pzre).

®Z=2 Pl =0
NN NN NN NN NN

Pucynok 3.1. 'eoMeTpruyHa rmocraHoBKa 3a1adi

Hepme CIIPOIICHHA, SIKC MHA p06I/IMO, e NpunyCcTuTH, Mo Hac HiKaBI/ITB JIUIIC OJHAa

YacTOTHA CKJIaJ0Ba, TOOTO peakilisi OKeaHy Ha Oe3nepepBHHU Tryia. TakuM YUHOM, MU

IIPHITYCKAEMO, IO BHXiHA acoBa (GyHKIisS Mae BUran S(t) =e .
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3amaua 3BOAUTHCS 10 3HAXOMKEHHS PO3B’S3KY ABOBUMIPHOTO PIBHAHHS | enbMrosnbia
B IIWJIIHAPUYHIA CUCTEM1 KOOpAUHAT (1,Z) 31 3ByKOBOIO IIBUJIKICTIO C(Z) 1 MIUIBHICTIO P(Z)

[84]:

10( op 1 op o’ —8(z-1,)8
?ar( arj ()_(EE}CZ(Z)'O_ 2zt G-
oP

=0, a TAaKOX YMOBOIO BUIIPOMIHIOBAaHHS HE
z=h

3 TpaHMYHUME yMoBamu P, =0, —

HECKIHYEHHOCTI (Iim p= O).

r—o0

. 2 . . .
Bub6i1 H1 a6o0 H; BH3HAYaeThCS YMOBOIO BHIIPOMIHIOBAHHS 1 OCKIJIBKHU IIOIIE CAHLO
0 0

—iwt

3aJIe)KHICTh Yacy Oyia MpuiHATa 32 € 3 JI0AaTHIM ® 1 OCKUIIBKHM 00paHuii k BITHOCUTBCS
710 TOJATHHOT'O HANPSMKY MOIIKMPEHHSI XBUJI1, MU MaeMo 00paTtu QyHKIIito [ eHkens nepioro
tuiy. BpaxoBytoun 1e, po3B’s30k 3aaaui (1) 1 (2) 300paxyerbes y Burnial [85]:

Pir.2) :24;(20)

W, (2,)¥, ()H(K,r) (32)

2 k=g : :
s Hé(kmr) ~ k—e[ ‘J ,a ¥ _(z) —BusHayae (popMy Moau 1 Mae m + 1 HymiB Ha
K T

m
npoMikky [0, h].
BukopucToByour aCUMOTOTHYHY anipoKcUMaIlito GyHKIIio [ eHKens oTpuMy€eMo

p(r )~ o S, (2) ¥, (2) S
871 p(z,) & J’m

[To3HAYMBIIM KOHCTAHTy PO3IMOALICHHS 4epe3 Kk, OTpUMAEMO HACTYIIHE MOIYIbHE

J( 1 o¥,() a)_z_ 5 _
pa)@z(p(z) 0z jJ{cz(z) kmj‘{’m(z) 0

Y(0) =0, 6—‘11
0z

PIBHSIHHSL:

(3.3)
=0

z=h

MopganbHe pIBHSHHS Ma€ HECKIHYEHHY KUIBKICTh  pillleHb (MOA), SIKi

XapaKkTepu3yloTeCcs (QyHkuicro ¢popmu mMoau W, (z) Ta KOHCTAHTOK TOPH30HTAIBHOIO
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noummpenHss k.. KoHcTaHTHM ropu3oHTanbHOro nommpeHHs pisHl. PyHkimia W (z) €

. 2 2 . . .
BJIACHOIO (pyHKIIi€r0, a K° a0o K € BnacHMM 3HaueHHAM [86]. Yci BlacHi 3Ha4eHHS MEHIII

10 . ) )
3a —, 1€ C,, HalMeHIIa IIBUIKICTb 3ByKY B 3a]aul.

min

n

SIxkmo p(z) = p —const, To 3aragbHUA PiBHIHHS

0¥, (2)

+72¥ (2)=0
P V¥ 0 (2)

MAa€ BUITIAI
Y. (z) = Acosy,z+Bsiny,z

3acTocyemMo rpaHUYHI YMOBU

¥(0)=0=A=0

oY

=0= By, cosy,h=0=y, =
0z

z=h

Toni BnacHi ¢pyHkuii piBHi: W _(z) =Bsiny, z,m=1,2,3...

h \py2
B cuity BnactuBocTi I \Pm—(z)dz =1, Maemo:
> P(2)
h 25,2 2
J'B sin"yyzdz _, _ Bh_ g 2P
0 p 2p h

Otxe, B cuiy (3) 1 (5), popMmyna po3paxyHKy aKyCTUYHOTO THCKY METOOM
HOpPMaJIbHUX MOJl MaTuMe BUIA [85]:

z(m-0,5)

- (3.4)

p(r,2) = %isin(ymzo)sin@mz)Hé(kmo, e 7, =
m=1

3.2. Y10CKOHAJIEeHHSI METOAY HOPMAJbLHUX MO HAa OCHOBi BBeJ€HHSI 3MiHHOI

IIBHAKOCTI 3BYKY

[IBUAKICT, MOIIMPEHHS aKyCTUYHUX XBWUJIb - 1€ HAaWBaXKJIMBIIIA T1APOaKyCTHYHA

XapaKTepUCTUKa MOPCHKOTO CEpeloBHUINa. 3MiHA MIBUAKOCTI 3BYKYy B PI3HHX TOUYKax
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MIPOCTOPY BUKIIMKAE CIIOTBOPEHHS (DPOHTY XBUIII Ta 3MIHIOE XapaKTep MOIIUPEHHS CUTHAITY,
110 BIUIMBAE HA €(PEKTUBHICTh BUKOPUCTAHHS €XO0JI0TIB (T1IpOaKyCTUYHUX 3aCO0IB).

HIBUAKICTD 3BYKY 3aJIEKUTh Bl TAKMX MapaMeTpiB sk [87] mmbuHa MOpsi, opa pokKy,
reorpadiyHui paiioH, yac J00H.

Benuunna mBHUAKOCTI 3BYKYy MOKe OyTH BH3Hau€Ha MUIIXOM 0e3MocepenHix
BUMIPIOBaHb 3a JIONIOMOTOI0 CIEIiaJbHUX MPUIAIiB BUMIPIOBAHHS IIBUAKOCTI 3BYKY, a00
00YHMCIICHHSAM 3a eMITIPUYHUMEU (HOpPMYJIaMU, IO € 3aJCKHICTIO BUIY[88]:

c = ¢ +Ac(T) + Ac(S) +Ac(P) +Ac(T, S, P) , (3.5)

ne ¢, = 1449.30 m/ ¢ - omopHe 3HaueHHs MWBUAKOCTI 3ByKy nipu 7' =0°C, S =

35%0 1 P=9,8061la, iHmi 4ieHM — TONPAaBKU-TPUPAIICHUS, BPAXOBYIOTh PO3IUIBHE i

CIIUUIbHE BIUIMB PI3HUX YMHHUKIB. 3a3Buyail Bijg mompaBku THUCKY Ac(P) mepexonsats no
nonpaBku 1o rmbuxi Ac(Z) [89].

[IBuaKICT, 3BYKY B OKEaHaX 3MIHIOEThCA IO BEPTUKAJl BIAMOBIIHO 10 3MIH
TEMIIEpaTypH, COJOHOCTI Ta TIAPOCTATUYHOIO TUCKY. Y BEpXHIX IIapax OKeaHy Ha I0Jie
IMIBUJIKOCTI 3BYyKY HaMOLibllle BIUIMBAaE TeMIEparypa BOAU. THCK CHIBHO BIUIMBAE Ha
MIBUJKICTh 3ByKY Ha BEJMKHUX TIHOWHAX, 1€ HU3bKI 3HAUEHHS TEMIEpaTypH 1 COJIOHOCTI.
3HIKEHHSI TEMIEpaTypu MPHU3BOIUTH 10 3MEHUICHHSI IIBUAKOCTI 3BYKY, a ITiJIBULICHHS
TUCKY — 70 i 30UTbIIEHHS.

3BYKOBI TMPOMEHI, 10 BUXOAATH BIJ JKEepena MiJ NEBHUM KyTOM 1O TOPU30HTY,
BUKPUBJICHI, NMPUYOMY HAIpPSIMOK BUKPHUBIECHHS 3aJICKHUTh Bl PO3MOAULY IIBHAKOCTEH
3BYKY B cepenoBuii[90]:

—  BIIITKY, KOJIM BEpXHI IIapy TEILJIIII 32 HUXKHI, IPOMEHI BUTMHAIOTHCS TOHU3Y 1
3/1e01IBIIIOTO BIIOMBAIOTHCS Bijl HIDKHIX, BTpayalouy 3HAYHY YaCTUHY €HEprii;

—  B3UMKY, KOJIU HIDKHI IIapu BOAM 30€piraroTb CBOIO TEMIIEpaTypy, a BEpXHIi
[Iapy OXOJOKYIOThCS, MPOMEH1 BUTMHAIOTHCS Bropy 1 0aratopa3oBO B1AOMBAIOTHCS BiJ
MOBEpXHI BOAM, IpPHU LBOMY BTPAavya€ThCs 3HAUYHO MeHuIe eHeprii. ToMy naabHICTDH

NOIIUPEHHS 3BYKY B3UMKY OUIbIIA, HIXK BIIITKY.
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Brecok po3noaity TeMepaTtypu, TipOCTaTUIHOTO TUCKY Ta COIOHOCTI B KOHKPETHUX
palioHaX OKeaHy BHU3HAYa€ XapaKTEPUCTUKHU BEPTHUKAIBHOIO PO3MOILTY HIBUIKOCTI 3BYKY,
110 BiamoBimae[91]:

— [To3utuBHE 3a70MIIEHHS (3pOCTAHHS IMIBUIKOCTI 3BYKY 3 TNIMOWHOIO).

— HeraruBHe 3amoMieHHs (3MEHIIICHHS IIBUKOCTI Ta INTUOUHU 3BYKY).

— [ToBepxHeBUIl 3BYKOBMI KaHai (3pOCTaHHS HIBUIKOCTI 3BYKY 3 IJIMOMHOIO
3MIHIOETHCS 3MCHIIICHHSIM ).

— [linBomHMI1 3BYKOBUI KaHal (IIBUAKICTh 3ByKYy Ma€ MIHIMYM Ha TEBHIH
TJTHOHHI).

OcHOBHUM JKepesioM 1H(pOpMaIlii PO MPOCTOPOBO-YACOBI 3MIHM MOJISI IMIBHUAKOCTI
3ByKy B CBITOBOMY OK€aHI € JaHi TiAposoriyHux cTaHiii. CepeaHe 3HAYCHHS MIBUIKOCTI
3ByKy y CBiTOBOMY OKeaHi nmpuitHsTo piBHUM 1500 M/c, a MOkuBuUi fianazoH 3miHu 1400
- 1600 m/c. [liana3oH npocTOpOBOi MIHIMBOCTI BIJIIIOBIJIA€ PO3MIpaM BOJOMMHU, a 4aCOBA —
B1JI KOPOTKOYACHUX CHHONTHYHHUX JIO CE30HHUX PIYHUX KOJMBaHb. HaliOinbmma Bapiarris
CIIOCTEPIraeThCsA B MPUIIOBEPXHEBOMY aKTUBHOMY HIapi Boau 3 mubunamu 10 100 - 200 m
[92].

Jlist BUpIIEHHS 3a7ad 3 TOIIMPEHHSM 3BYKY BaXKJIMBa HE a0CONIOTHA BEIMYMHA
IIBUJIKOCTI 3BYKY, a 3aJIC)KHICTh IIBUJAKOCTI B/l TIIMOUHU ¢(Z) - TPOPib MBUAKOCTI 3BYKY.
[Ipu pi3HUX BHUJAX BEPTUKAIBHOTO PO3MOAUTY IIBHUIKOCTI 3BYKY BHHHKAIOTH
TAPOaKyCTUYHI SIBUIIA, Kl COPUITIMBO a00 HECHPHUSATIMBO BIUIMBAIOTH HAa 00JacTh MOTO
MO PEHHS.

BenukomacmrabHa BepTHUKajdbHAa CTPYKTypa INIMOOKOBOAHOI BOJM OKEaHy, sKa
BU3HAYa€ THUI MPOQUII0 MIBUAKOCTI, MA€ KUIbKa XapaKTEPHUX AUISIHOK PI3HOI JOBKUHHU.
be3nocepeaHbo Ha MOBEPXHI 3HAXOAUTHCS LIAP, SIKUM MIJAA€THCSA MPSIMOMY BIUIMBY BCIX
MeTeoposioriyHux (QakropiB. Hmkue mOBEpXHEBOTO Iapy 3HAXOAUTHCS CE30HHUU
TEPMOKJIIH ab0 Iap TeMIepaTypHUX CTPHOKIB, Jle Temreparypa pi3KO 3HUKYETbCS 3
mOuHO0. BIiTKy 1 BOCeHU B O€3BITPSIHY MOTOY CE30HHHUM TEPMOKJIIIH CTIMKMIA 1 Ma€ YiTKi
Mexi. B3uMKy 1 HaBeCHI, a TakoK B ApPKTHI[l BiH 3JIMBA€THCS 3 MOBEPXHEBUM IIApOM, 1

BUJUJIUTH WMOro HEMOXUJIMBO. Hukue CE30HHOTO TEPMOKIIHY 3HAXOAUTHCS TOJIOBHUMN
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[JTMOOKOBOHUN TEPMOKIIIH, IO MiTA€TbCS HE3HAYHUM CE30HHUM 3MiHaM. OCHOBHUU
TEPMOKIJIIH - 11€ MICIIE, JIe CIIOCTEPIraEThCsl HaMOUIbIA 3MiHa TeMrneparypu Boau. Hukue
OCHOBHOTO TEPMOKIIIHY JIO THA IPOCTATAETHCS TNMOOKOBOAHUH 130TEPMIYHUI MIap 3 Maike
MIOCTIHOIO TEMIIEPATYPOIO.

HIBUAKICTD 3BYKY € OJHHM 13 HaWBaXJIMBIIIUX aKyCTUYHHUX MapamMeTpiB y BOIHOMY

cepenoBuii. [IIBHAKICTh 3ByKy MOXHA po3paxyBatu 3a hopmynoro[88]:

x
P, (3.6)
ne 4 — koedilieHT 00’ €MHOT MPYKHOCTI;

P — UIJIBbHICTb.

Bapto 3asnaunth, mo 1 Boau mpu Temmeparypi 10°C 1 comonocti S = 15
npomiie, 06'eMunii Momys npyxuocti y = 2,16x1010 oun / e’

VY MOpCBKHMX yMOBax MiJl BIUIMBOM 3MIHU TEMIEPaTypH, COJIOHOCTI 1 CTaTUYHOIO
TUCKY 00'€eMHUIN MOJTYJIb MPY>KHOCTI 1 IIIJILHICTh BOAM 3a3HAIOTh 3HAYHUX 3MiH, B PE3yJbTaTi
YOro MIBUAKICTh 3ByKYy MOKE NpHiiMard 3HadeHHs npuomu3Ho Big 1440 mo 1540 wm/c.
ExcneprMeHTaIbHO BU3SHAYEHO 3aJI€KHICTh IMIBUIKOCTI 3BYKY B1Jl TEMIIEPATypH, COIOHOCTI
Ta CTaTUYHOTO TUCKY. MOJKHa HaBECTU M€Kl eKCHepUMEHTalbHI (OpMYiH, Kl Jal0Th

HaWOLIBII TOYHUM pe3ynbTar. 3a hopmysnoro Byna[89]:
c= 1450+4,206t — 0,0366¢° + 1,137(S — 35) + 0,0175A (3.7)

ne C — WIBUJKICTH 3BYKY, M/C;
t - Temneparypa, °C;
S - COJIOHICTB, TTPOMIIIE;
h - mmbwuna, M.

[Toxnbka po3paxyHKy 3a 1i€r0 GopMysI0r0 MiHIMaJIbHA MPU TEMITepaTypax, OJU3bKUX
no 10°C, 1 pi3HMX 3HAYEHHSX COJIOHOCTI. 3a IIMX YMOB PI3HULSI MK BUMIPSHUMH Ta
PO3paxyHKOBUMHU 3HAUEHHSMHU IIBUIKOCTI 3ByKy He mnepeBumiye 1,5 m/c. Haiibinbmia
nmoxuOka (6 M/c) criocTepiraerbest st picHoi Boau npu Temmeparypi 30°C.

®opmymna [ens ['pocco[91]:
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¢ = 1448,6+ 4,618t — 0,0523t% +0,00023" +1,25(S —35)—0,011(S — 35)t +

(3.8)
+0,0027x- 10°(S — 35)t* —2x10°5(S —35) x(1+0,577t - 0,0072t?).

[To3naueHHs TyT Taki X, K 1 Buiie. @opMyiia 3aCTOCOBY€ETHCS 0 IIBHIKOCTI 3BYKY Ha
piBH1 Mops. 1106 BpaxyBaTy BIUIMB CTaTUYHOTO TUCKY, SIKHH JIHIHHO 3pOCTa€e 3 TIIMOMHOIO,
HE0OX17THO JoAaTH J10 GOPMYITH YjieH, IKUH BpaXxoBYy€e 3MIHY IIBUKOCTI 3BYKY 3 INIMOMHOIO.
3okpema, 3a Bynowm 1ieit noganok nopisatoe 0,0175h (h - mmbuna, m).

dopMyNTH TTOKa3ylTh, IO 31 301IBIIEHHSIM TEMIIEPATypH, COJOHOCTI 1 CTAaTUYHOTO
THCKY MIBUAKICTH 3ByKy 3pOCTa€, a 3 MIABUIIEHHSM COJIOHOCTI 1 CTaTUYHOTO THCKY —
niniiHO [92]. Hampukinan, nigBumieHHst temneparypu Ha 1°C mpu temmeparypi 20°C
BIJIMOBIAAa€ 301TBIIEHHIO MIBUJIKOCTI 3BYKY Ha 2,7 M/C, TOJI SIK 301IBIIICHHS COJIOHOCTI Ha 1
ppm 1 CTaTUYHOTO TUCKY Ha | aTM BUKJIMKae 30UTbIIEHHS IIBUAKOCTI 3ByKYy Ha 1,14 10,175
M/C BiJITTOBITHO.

BignoBigHo 10 mocinikenb Kuraiicbkkoro Mopsi, OyJio BUBEACHO HACTYMHI (popMyiu

3MIHM IIBHJKOCTI 3BYKY Y BOAHOMY CEpEIOBHII, SIKI BIAMOBIIal0Th 0OpaHiil 00macTi:

a=594-10". ¢*/m*,b=4.16- 107 - ¢*/m®

1
C(Z)=—F—,
() vJaz+b
c,(2)=0.42+1950- ¢*/m®

z-100

c,(z) =2000-50e 1

1520,0< 7 < 29
c,(z)=41600—4z,20< 7 < 30
1480,30 < z < 200

c,(z) = 0.5z +1500

Buxopucrtanus naHux (opMmyn J03BOJUTH JOCHIAMTH Pi3HI CIOCOOM 3aJaHHS Ta

MOPIBHSATH, SIKAW 3 METO/IB € €(PEKTUBHIIINUM JJIs1 PO3PAXYHKIB.

3.3. Y10ocKkoHAJIeHHSI METOYy HOPMAJIbHUX MO/l BBeIECHHSAIM 4acOBOi 3MiHHOL

Axio MOpchKe THO PO3IICHE HA JIISHKH, KOTPl BIAMOBIIAIOTH OJHAKOBOMY

(re3minHOMY) KpoKy 1o mmbuHi Ah, tomi h, =h + (i—1)Ah =z, (puc. 3.1).
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h - rmubuHa
hy, = h + Ah,
hy = h, + Ah, = hy + Ah, + Ah,

]'ul

Pucynok 3.1. ITocTaHnoBKa 3a/1a4i MO/ICJIFOBAHHS 31 CTYIIIHYACTUM JTHOM

Po3rnsiHeMo akycTHUHY 3a7a4qy JIJIs1 KOXKHOTO KPOKY Z,,. J[71s1 3pydHOCTI, 1HAEKC n IS
z . Ha xoxHifi nusHIi Oymeemo piBHSHHS [enbMroibiia Jisi TOYKOBOTO TapMOHIMHOIO

JOKEpena

e O o S(r=1)5(z-2)5p-p) 59)

c’*(e,z,p) r
e o(r,z,p,t) = 0(r,z,p0)e " ,

@ - 4aCTOTa BUMPOMIHIOBAHOI KPyrOBO1 XBHIII,

2 2
Ap=10 | o0 +iza (IZ+8 ?
ror ob) r-oe° 0z
ne A® — oneparop Jlannaca,

d(r,z,) — ammutiTyaa MBUIKOCTI,
0 — Qynkuis Jipaka,
c(r,z,¢) — po3MOIiIEHHS IBUIKOCTI 3BYKY.
Jliist akyctuaHo1 BiibHOT moBepxHi @|,—o = 0.
PosmgHemMo akycTuuHy MOJieNb N mapoBOl TOBIIMHU Boau. Hexal mmoBepxHs BOAHOI
TOBIIII € BUTHHOIO, a JTHO XUTKE HAa TBEP/II OCHOBI.

o
82 z=h;
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HIBUaKICTH 3BYKY TO/1 Ha KOXKHOMY IIapi, MOxe OyTH 3amucaHa sk
¢ =c(z)+c (r,p), i=1,n-1,
ae C, — pepraexTopHuU UieH,
¢, (r,) — monpaska 110 NIBUIAKOCTI 3BYKY.

Ha rpannmi koxxHOTO mapy Z = h. 3BykoBe nosie Mae OyTH HETIepepBHHUM.

zI—Ihmop' ZI_Ihm IO|+1CD|+1’ 1=1n-1
lim 0P _ lim Piy ,i=1n-1

-0 07 —H+0 07
HynpoBUM 11apoM BBa)KaeMO IIap JOHHOTO OCaAy VISl SIKOTO BUKOHYETHCS PIBHICTh

lim p.® = lim
anl+Op - 0'00

Ac P, — I'yCTHHa BOIH,

P, — TYCTHHA OCaLy.

Toni lim 822 =0Ta z,=0, 70 liM 82 lim 00,

-4 +0 820 -0 a Z, —h+0 07 -0 07 )

3H&I?II[CMO piIHeHHH JJIA KO2KHOTI'O NIMOMHHOTO mrapy BOIH B BHFJIHI[i CYMH HOpMAJIbHUX

MO

O(r,2,0) = iiiRnd.(r)\Pd.(z)com.(q)) ~@,n-1)

1=l m=
o0 . o0 . . . . cee . .
I (S {é:di}dzl 1 {(Ddi}d:1 BepTI/IKaJ'IBHl BJIACH1 4YHCJIa 1 BJIACH1 CI)YHKLIII Ha l-My mapl

HACTYMHOI KpailoBOi 3a/1a4i:

2

g +(f—2— )Y =0 (3.10)
\P(O) 0 Ilm 10| Ilm 10|+1§0|+1’
lim 83— lim /= Dy c1=1n-1

-0 07 7—H+0 az

zl—lhonjo PP = zl—lhomo PoP:
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oo .. 00,
lim — = |im

2ht00z, %0 0z, '

be3 yMoBu HemepepBHOCTI 3a/jaua BUPIIICHA.
YMOBH HETIEPEPBHOCTI MAIOTh BUKOHYBATUCh 1 JJI1 KOMILJIEKCHOI (DYHKIT (.

[Ipointerpyemo gopmyny 3.10 Bixg 0 10 hy, monepeaHHO MOMHOXHUBIIH PIBHSHHS HA

(DY, (2):
[ va@¥.@v@d-a.[ p@vi@0

BBeneMo koedimieHT 3aTyxaHHS XBUI K = = (1—1y). IlincraBumo ii B hopmyy 3.9 3

ypaxyBaHHSIM YMOB HEIIEPEPBHOCTI:

1d dR,(r) 2 n°'m B W’ _ o(r—-n) p(ZO)‘{’dI(ZO)
Fa[r+T+[§du /2 (C0+AI’)2|’2J Rmdl(r)J = . J o ,O(Zo)\P (2)dz @i (9)

[Ipu HEBenMKOMY pajilyCcl XBUIIL, PILIEHHS PIBHAHHS Ma€ BUTIIS

, 2
w
mdl(r) D H/(;T)u (‘é:nir)i IS ﬂ“mi = nril + C_2

dRmdi(r) o 1 p(ZO)LPdl(ZO)
dr ro_g_ J o' p(2)h (2)dz

1 P(20) Y 5 (20) () |
w(HLEn) | o P@Ya@dz

IIpointerpyemo (3.3.2) B & -okomi Iy:

= O ((00);

tomi D, =—

AMILUTITY/Ia MOTEHIIaTbHOT IIIBUKOCTI

<zo) 0ai(20)Pmi (o) Hyw (&nr)
O(r,z,¢) =
Z mz CZ [ p(2) W3 (2)dz (Hyp (61’

Toxi pimieHHs 3arajJbHOTO PIBHSHHS 3 YMOBOIO 3aTyXaHHS XBUWJII B Yacl Ma€ BUIVISIA

1)
(ZO) @dl(zo)(PmL(QDo) H/lm(fnr) —iwt
O(r,z,p,t) = — 2%) el 3.11

JI1st noJanpIMx MaTeMaTHYHUX pospaxyHKiB HOTpi6Hi 3HAYEHHS HACTYITHUX (PYHKITIH

d(r,z,p,t) 1 @(r,z, @,t) npu TaKUX 3HAYCHHAX 3MIHHUX.
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t =0,200,n =1,2,3,h = 100,¢c, = 1500, (1, 29, ) = (0,0,25); (0,0,50);
Ah = 251Ah = 1 — /11 KOX)XHOTO OKpeMo; py = 1; w = 100l

~ (m(d; —0,5) n(m; —0,5)
@4; = Sin T+Zi ; Qmi = COS T_l_zi

p(zo) = 1F/CM3J To = "251 + ¢

p(z) — ryctuHa cepejoBHIIa BUIIPOMiHIOBa4a

W2, zfz__bzm_ w* :
T odt 2 (G + A(r))2r2]
p=w (ti - %)
w? (%) — wt; + sin (M + zl-) =
(ti — J((ti)z —4 (%)2 sin (M + Zi)> c
W =
2z;

3minHal m,d Big 0 1o 100.

3.4. Y3arajbHeHUiIl MeTOJ HOPMAJbHMX MOJ HAa OCHOBi BBeJleHHSI BaroBHX

Koe(imieHTIiB

Po3rnsiHeMo IBOBUMIPHY 3a/1a4y MOIIMPEHHS 3BYKOBOTO MOJs B1Jl TOYKOBOTO JKepena
B HEOJIHOP1THOMY XBUJIEBO/I1 3 HETIEPEPBHOIO MIBUKICTIO 3BYKY.

3ajaya 3BOAUTHCS J10 3HAXOMKEHHS PO3B’SI3Ky ABOBUMIPHOTO piBHAHHS [ enbpMrosibiia
B LIWJIIHJPUYHIN CUCTEMI KOOpAUHAT (T,Z) 31 3ByKOBOIO IIBUAKICTIO C(Z) Ta HIUIBHICTIO P(Z)

[93]:

19 (0P 9 (1 9P\ _ @ _ 8(r8(z—z)

;E(T 5) + p(Z)E(P(Z) E) B Ep N 2mr (3‘12)
oP

Pl,-o=0; e i =0 (3.13)

Po3B’s3yroum 3amadi (3.4.1), (3.4.2) MeTomoM HOpMaJTBLHUX MO, OTPUMY€EMO (DYHKITIFO

BUITIALY
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20 <o .
P(2) = [ 5i0mn SinG0)sin(r ) (nr) (3.14)
ze Vn =@, m=0, 1, 2,...

[Tpu nanoMy miAXoi KOKEH MOJAHOK € BIAMOBIIHOI HOPMAaJTbHOIO MOOIO, IO HE
3MIHIOEThCSl TIEeBHMM yac. [Ipu BBejeHHI 3MIHHOI 4acy JOIIIBHO Oyia0 O mpocymMyBaTu
3HaiaeH1 Moau. Takui miaxia 3a0e3MeuuTh 3B’SI30K MK HOPMaJbHUMH MOJaMHU, ajie He
3a0e3MeYnTh BIUIMB KOXKHOI MOJM Ha CHCTeMy B LiloMy. TomMy mocTae HEOOXITHICThH
BBEJICHHS KOediIlI€HTIB, 10 3a0e3MeuyBaid BIUTUB HOPMaJILHOT XBUJI1 Ha cucTeMy. B sikocTi
TaKUX KOE€(ILIEHTIB 3aPONIOHOBAHO BUKOPUCTATH KoediieHTH noniHoMa Yedbumona [93-
99], a came

T.(x) = cos(kcos‘l(x)),k =0,1,2,... (3.15)

Po3uiupeHHs MOXIJIMBO MPOBECTU 3a JOMOMOTOI Oyb-sKOT TIaakoi (QyHKIIT Ha

npomixkky [-1,1], To6TO po3B’si30k 3aaaui (1), (2) MOKIUBO 300pa3uTH Y BUITISAL
P(r, %, 2,t) = \/7 iiicos(kcos‘l(x))sm(yn z,)sin(7,2)Hi(k re ™™ (3.16)
n=lk=1m=1

MaeMo AHCKPETHHH psiJl 3 ypaxXyBaHHSM 4acOBOi 3MIHHOI. [HTEpIONMIOEMO 3HAUCHHS
OTpHMaHi 3a JomoMoroto (3.4.5) NiHiiHO0, KBaIpaTUYHOIO, €KCTIOHEHIIIAIbHOIO (DYHKITISIMU
Ta CIUIAITHOM JJIsl MOXJIMBOCT] BCTAHOBJICHHSI HENEPEPBHO1 (DYHKIIIT alipoKCHMaIIii.

JIsist oTpuMaHHS JaHUX JUTSl IHTEPIIOJSIIT BUKOPUCTAEMO HACTYITHI 3HAYCHHS:

Ky = \/‘;’—2 —((m+05)5)2,
7€ (»-4aCTOTa MOUTUPEHHS 3ByKOBOT XBHII,
C-1IBUAKICTH MOMIMPEHHS 3BYKOBOT XBHUJII.
C=1500M/c; ®=25 I't;; Tmy6uHa -100m;
[TouatkoBe momokenHs BunpomintooBada (0,0,50), manpHicTh xBHIeBOAY — S5 000M,

niametp — S0M, Tomi ToBXKHHA 3ByKOBOi XBUJI1 piBHA 60M. Kpok 1o wacy pisuuii 0,1c, o z-

300m.
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3.5. CraTucTr4He A0CTiI>KEHHSI CTBOPEHOI MaTeMaTUYHOI MoeJi

Sk mpaBmio, Oyab-KE CTATUCTHYHE JOCIIHKCHHS TOYMHAETHCS 1 3aKIHUYETHCS
aHaJ130M BUIY 1 (JOPMH MOKA3HUKIB. Y3arajibHEHE CTAaTUCTUYHE JOCIIIKEHHS, HE3aIEKHO
BiJl 100 METH Ta 0OCHTY, 3aBKIU 3aBEPIIYETHCS OOUMCICHHSIM 1 aHATI30M CTaTUCTUYHHUX
MOKAa3HUKIB PI3HUX BUIB 1 (hopM BupakeHHs. CTaTUCTUYHI MOKA3HUKH BUKOPUCTOBYIOTHCS
JUISl CTBOPEHHS, Tepesadl Ta 30epiranHs iH(opmMariii mpo po3Mmip, Nporopiiii, 3MiHK B Yaci
Ta 1HII 3aKOHOMIPHOCTI JIOCHI[DKYBaHHUX sBUII. [loKa3HUKHM, SKI CTaTUCTHYHO
XapaKTepU3YIOTh TOCIIIKYBAHY CyKYITHICTb Y LIJIOMY 200 OKpeMI il YaCTUHHU, Ha3UBaKOThCS
y3araJibHIOIOUMMH OKa3HUKAaMU 1 pO3PI3HAIOTHCA 3a CIIOCOOOM OOUMCIICHHS (TIEPBUHHI Ta
MOX1JIH1), YaCOBOIO O3HAKOK (IHTEpPBaJbHI Ta MOMEHTHI) Ta AHAJIITUYHUMH (PYHKIISMHU.
VY3aranpHeH! TMOKa3HUKU MOXYTb OyTH TMpeACTaBieHI aOCONMIOTHUMH, BITHOCHUMH 1
CepeqHIMU BeIMYMHAMHU. BaXTMBOIO YMOBOIO CTAaTUCTHYHOTO aHANI3y € KOMILICKCHE
BUKOPHUCTAHHS BCIX BUIB y3arajibHIOIOUUX MOKA3HUKIB.

CratucTUyHE JOCHIDKEHHS METOLy B IPOLECI KOMII IOTEPHOIO MOJIEIIOBAHHS

MIPOBOAMIIOCH 3a IONOMOIOI0 BPAXyBaHHS HACTYITHUX 3MIHHUX, (JaKTOPIB Ta METO/IB!

1. Barosi noka3HukH

2. BinHOCHI OKa3HUKH

3. JloBipul IHTEpBAIM 711 CEPEIHBOIO Ta AUCHepCii
4, CepenHs noxuoka

3. [lepeBipka rinore3 Npo BUJ pO3NOALTY JAHUX

6. Bubip Ta nepeBipka GyHKIIINA IHTEPIOIALIT

6.1 Iloxubka ampokcumartii

6.2  AHaJi3 TOYHOCTI BU3HAUYECHHSI TAPAMETPIB PIBHSIHb
6.3 IloxmOka Ta TOYHICTH IMOKA3HMKIB alpOKCHMAITii
6.4 EkcnoHeHUialbHA IHTEPIOJALIIS

6.4.1 3HaxomkeHHs KOe(ILIEHTIB PIBHIHHS

6.4.2 OrriHka afeKBaTHOCTI TOOYI0BaHOT MOIET1

6.4.3 IIporHo3yBaHHS 3a JIONIOMOTOI0 CTBOPEHOI MOJIETI

6.5 CruraitH-1HTepIOJIAIIis
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6.6 KsagparnuHa iHTEPIOIAIISA
6.7 JliHifiHa IHTEPIOJIALIIS
6.8  JlorapudmiuHa iHTEPIOIAILIS.
[TynkTH 6.4.1-6.4.3 MOBTOPIOBAIMCH JJIS BCiX BUIIB IHTEPIOJIAIIII.
Jlani mpo OILIHKY aJeKBAaTHOCTI MOOYJOBAaHUX MOJENEH y BUIVISAL MOXHOKU

ampoKCcUMaIlii Ta MOXUOKHU BigoOpa>keHo B Tabmuii 1.

Tabmuus 3.1 [lapameTpu afekBaTHOCTI MOOYAOBaHUX MOJETCH.

Anpokcumytoya QyHskiis | [loxuOka anpokcumarii | TouHICTh anpoKcuMaItii
(Y BiJICOTKAX)

Jlinitina 26,9 0.56

KBaaparnuna 14.83 0,9

Caiin 15.36 0,72

Excrionenmanbpaa 14,81 0,88

Jlorapudmiyna 21.2 0,63

AHam3yroun JaHi, HaBeICeHI B TaOJMWIl, MOXJIWBO 3pOOMTH BHCHOBOK, IIIO
anpoKCHUMAIlisl KBAaJIPAaTHYHOIO Ta EKCIMOHEHINATbHOK (YHKIISIMU MaiXKe pPIBHOIIHHI.
BpaxoByroun MIBUAKICTE KOMII IOTEPHOI OOpOOKHM HMX (PYHKIIH PEKOMEHIOBAHO Jisi
anpoOKCUMYBaHHS BUOMpaTH KBaApaTuuHy (QyHkimiro. 300pasumo rpadiku, 110
MIATBEPIKYIOTh CTaTUCTUYHY Tinoresy (puc. 3.2, 3.3, 3.4).

I'padix Ha pucynky 3.2 300paxkye 3aJ1€XHICTh 3aJIUIIKY 3MIHHOT t IPU KBaJIpaTUUYHIN
iHTepnonsaiii. Sk BUaHO 3 Tpadiky, PO3MOAUICHHS pPe3y/bTaTiB HEPIBHOMIPHE, HE Mae

(h1KCOBaHUX 3aKOHOMIPHOCTEH.
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3annLokK

3miHHa t. Mpadik 3anuwwkis

100 -
o
50 -
0’ ¢ *
O 7*’% T ‘ . T 99 ‘ "\
. . . ¢
0 5 10 ft 20 25
50 o ®
¢ .
-100 -
.
-150 -
3miHHa t

30

Pucynok 3.2. I'padik 3aaumnikiB 3MiHHOT t TpH KBaJApaTUYHINA IHTEPIIOJAIIIT

Ha pucynky 3.3 300paxeHo rpadik 3aJ1eXHOCTI pe3y/ibrary Bija HigiOpaHOi 4acoBOl

3MiHHOi. OTpUMaH1 3HaYEHHS MOXKHA OMUCATH MPAMOIIHINHOK (PYHKIIIE€I0, TAKUN MIIX1]

J03BOJISIE JI€TAJIBHO BIACIIIKYBAaTH 3MIHU B pe3yJibTaTaXx OOYMCIEHHS IpH 3MiHI t.

1000

500

-500

-1000

3miHHa t. Mpagik nigb6opy

3miHHa t

30

Pucynoxk 3.3 I'padik migbopy 3MiHHO] t

Pucynok 3.4 300paxye rpadik HOpPMaJIBHOTO PO3MOALITY JaHUX Ta MPOTHO30BaH1

3Ha4eHHs (BICh ). SIK BUIHO 3 Tpadiky, nependadyeHs pe3yabTariB J0CTaTHBO OJU3bKE, Ma€

HE3HAYHy MOXHUOKY.
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padik HoOpmanbHOro po3noginy AaHux
600 -

400 -

200 -

) 20 40 60 80 100 120
-200 |

-400 -

-600 -

Pucynok 3.4. I'padix HOpMaasHOTO PO3MOALTY TaHUX Ta MPOTHO30BAHI 3HAYCHHS

KoxHe oTpuMaHe 3HAYeHHS PSATY BIAXWUISETHCSA BiJl HOTO CEPEIHBOTO 3HAYCHHS Ha
27.137, e B CBOIO uUepry 3acBiUy€ MPO OJHOPIAHICTb OTpUMaHUX naHuX. [lepeBipka
rinore3 no kputepism [lipcona 3acBiquye, o 3HadeHHs As Ta EX miaTBEpIKYIOTh T1IoTe3y
PO HOPMAaJbHUH po3noait Aannx. HopMansHUI pO3MOALT JTaHUX MOXKE CITYTYBaTH SIK OJTUH
3 KpUTEpiiB BUOOPY (PYyHKIIIT alpOKCUMYBaHHS JUIsl OTPUMAHUX JIAaHUX Ta BBEJAEHOT (YHKITIT
Jacy.

Takoxx Oysi0 MPOBEEHO OLIIHKY JOIIIBHOCTI BUKOpUCTAaHHS KoedimienTiB Uebumona
JUTsE anpokcuMartii GpyHKIii 3MiHH aMIUTITYId 3BYKOBOTO TUCKY 3 YaCOM.

Jlist mpoBeieHHs! 0OpaxyHKIB OyJiM BUKOPUCTAHHI HACTYIHI BX1/IHI JaHI:

— HIBuakicts 3ByKy: ¢ =1500 m/c

— Yacrora: f =251

— I'mubuna cepenonuiia: h =100 m

- [TonoxenHns mxepena: z, =50 m

- Jucranmis: r=5000 m

- Yacosi Touku: t; Big 0 1o 10 ¢ 3 kpokom 0.1 ¢

— Kinbkicts HOpManpHUX XBWIB: N =10

[Tpu nopiBHSAHHI OyJ10 MPOBEACHO AUCKPETHE BUOIPKOBE OOUYMCIICHHS aMILTiTyn P, 3
BUKOPHCTaHHAM Ta 0e3 BUKOpHUCTaHHS KoediuieHTiB YeOuiioBa B MOMEHTH dacy t, Ta

obuncaumo koedinientu C .
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Jlnst obOumciieHHs cepenHbokBanparnuHoi mocuiku (MSE) BukopucToByBaniach

HacTynHa Gopmyla:
1
MSE = MX(P%% (t)—P,. (), (3.17)

ne M — KUIBKICTh 4aCOBUX TOUYOK.

Jlyis OpIBHSIHHSI TaKOXK OOEpeMO KibKa 1HIIMX METOJIB: METOJ alpoKcHMaIlii 3a
JIOTIOMOTOI0  CIUTIaliHIB Ta METOJ HaWMEHIIMX KBaApaTiB 3 BUKOPUCTAHHSIM IOJIHOMIB
Jlexxannpa. BuxopucroBytoun dopmymy 3.5.1, BUKOHaEMO OOUYMIIaHHS A KOKHOTO 3

MeTofiB. Pe3ynbpraTtu oOuncieHHs nmpencrasieHi y Tabmur 3.5.1.

Tabnuis 3.2. Pesynabratu 004MCIICHHS CEpEeTHBOKBAIPATUYHOT TOMUITKH.

Meton anpoxkcumanii MSE
Buxopucranns koedinientis Yebumiona 1.2x107°
CruaiiHoBa anpoKCUMalLis 2.5%x107°
[Moninom Jlesxanapa 1.8x10°°

Meton 3 BukopucTaHHSIM KoedilieHTiB YeOuioBa 3a0e3neuye HAaMEHIITY MOMUJIKY
MSE cepen po3misitHyTUX METO/IB, 110 CBIAYUTH MPO WOTO BUILLY TOYHICTh 32 JAHUX YMOB.
KinbkicTh HEOOXITHUX WICHIB PSAY JJIA JOCATHEHHS 3aJ]aHOT TOYHOCTI NMPU BUKOPUCTAHHI
nosiiHoMiB YeOuioBa mMeHIe, HixK s noiaiHoMiB Jlexxanapa. O04ucieHHs: Koe(ilieHTiB
YebumoBa MoxkHa e(EKTUBHO peaiizyBaTH 3a JOMOMOIOK IIBHUIKOTO JUCKPETHOTO
nepetBopeHHs Yebemiosa, 1o 3MeHIrye yac obunciienb. OTpuMaHi pe3yabTaTu CBi4aTh
MpO JOUIIBHICTh BUKOPUCTAaHHA KoediuieHTiB YeOumoBa Mg anpoKCHUMallii 3MIHH
aMILUTITYJIM 3ByKOBOTO THCKY 3 YacoM Yy JaHii 3aaa4di. MeTos 3a0e3neuye BUCOKY TOUHICTh
Ta €(QEeKTUBHICTh OOYHCIICHb, 110 € KPUTHYHO BAXKIWBUM IS 3a7a4 MOJCITIOBAHHS
XBWJIbOBHUX TiporieciB. JIjist 3amay, /e BaxJIMBa BHUCOKA TOYHICThH alPOKCHMMAIlll 4acoBOi
3aJIeKHOCTI, PEKOMEHIYEThCSI BUKOPUCTOBYBaTH mnojiHomu Yebumona. [Ipu nomaBanHi 10
BXIJHUX JJAHUX HEBEJIMKOIO IIYMY, METOJ 3 BUKOpUCTaHHAM KoediuieHTiB Yebumora MSE

3pocia HE3HA4YHO, 1110 CBITYUTH PO MOKA3aB BUCOKY CTIMKICTh IO IAHOTO IIIyMY.
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Ha ocHOBI npoBeaeHOro KiJIbKICHOTO aHali3y 3 BUKOPUCTAHHSAM KOHKPETHHX JaHUX
MOXXHa 3pOOMTH BHCHOBOK, IO BHUKOpPHUCTaHHS KoedimienTiB YeOuiioBa B 3aaadl
MOJICTTIOBAaHHS PO3TOBCIOKEHHS 3BYKOBUX XBHJIb 3 YaCOBOIO 3aJICKHICTIO € JOIIILHUM 1

e(eKTUBHUM.

3.7. BUCHOBKH 10 po3aiiay 3

3a BUKOPUCTAaHHSIM MPOTPaMHOTO 3a0€3MeUeHHS MOJICTIOBAaHHS T1POAKyCTHYHOTO
noJisi OyJI0 MPOBEJECHO KOMIT IOTEPHE MOCIIIOBAHHS, 32 PE3YAbTaTaMH SIKOTO OTPUMaHI1
3aJIe)KHOCTI JJO3BOJISIOTH BBECTU YaCOBUM MapaMeTp B PO3B’ 130K XBUIJIOBOTO PIBHSHHS
METOJIOM HOpMaJIbHUX XBWJIb. Lle 3a0e31euye MOKIMBICTh MPOTHO3YBAaHHS PO3BUTKY
3BYKOBOI XBHJII 3 IUTMHOM 4Yacy Ta He MOTpeOye A0aTKOBUX JTOCIIIKEHb YaCOBOI 3MIHHOI.
HasBHICTh 4acOBOi 3MIHHOI 103BOJISIE MPOBOJUTH OUIBII IMTMOOKUH aHam3 (QI3UYHHUX Ta
aKyCTUYHUX BJIACTMBOCTEN 3ByKOBHX MOJIB: MOUIUPEHHS iX B IMiIBOJHOMY KaHAaI,
BU3HAYECHHS aKyCTUYHOTO TUCKY IPU BEPTUKAJIbHUX NEPETUHAX CEPEOBUIIA B OyIb-SIKHii
MOMEHT 4Yacy, BCTAHOBJICHHS KOe(DilieHTY 30ypeHHs B TOMY YHCII 1 B 3aJI€KHOCTI BiJ 4acy.
[Tepexin 70 TPUBUMIPHOT MOJIETI PIBHSHHS HOPMAJIBHOT XBUII1 3 BpaXyBaHHSIM 4acy
JI03BOJISIE BpAaXyBaTH B MOJAJBIINX JOCIIKEHHSIX 3MIHY MapaMeTpiB HEJIHIMHOTO
nporiecy 3 yacoMm. Lle 703Bossie CIpOrHO3yBaTH MOAANBIITY B3a€EMO/II0 3BYKOBOI XBHIII 3

BUIIPOMIHIOBAYEM.
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PO3I1JI 4. PO3POBJIEHHS ITPOI'PAMHOI'O 3ABE3ITEYEHHSA
MOIEJIOBAHHA I'TTPOAKYCTHUYHOI'O CUT'HAJIY METOJIOM
HOPMAJIBHUX MO/

4.1. BUKOPHCTAaHHS MOJEJIbHO-OPiEHTOBHOIO MiAX0AYy B NMOOYIOBi apXiTeKTypH

nmporpaMHoro 3a0e3neuYeHHA

Po3poOky Momesni OHTOJNOTII JOIIIPHO PO3MOYMHATH 3 BU3HAYCHHS TIIHMOWHU Ta
MaciTaly Mojelni nmpeaMeTHoi obnacti — npeametHoi odnacti (I1J]). To6ro cemanTuyHa
mogens (onTosoris [IpO) HactpaBi € BIAMOBIIIIO HA A€KIbKa (yH/IaMEHTAIbHUX TUTAHb
[100]:

1) sKy rany3b 3HaHb Oy/Ie OXOIUTIOBAaTH CEMaHTHUYHA Mojiesib PR?

2) Ha SK1 TUIIU TUTaHb TOBUHHI BiJNMOBIJIaTH 3HAHHS B 0a31 3HaHb?

3) skl METOAM OTPUMAaHHS HOBUX 3HaHb OyAyTh BUKOopucToByBaTucs B [1C?

4) XTO 1 SIK OyJ1le BUKOPUCTOBYBATH Ta MIATPUMYBATH MOJIETh OHTOJOTIT MPOTATOM ii
KUATTEBOTO LIUKITY?

3BHYaiiHO, BIAMOBIAI Ha IIl TMHTaHHSA 3MIHIOIOTBCS MPOTATOM YCHOTO TIPOLECY
npoekTyBaHHs Mojieni PR, ane B Oynb-sikuit MOMEHT BOHH JO3BOJIIIOTH OOMEXKUTH MacIiTad
MOJIeII, SKIIIO BOHA CTA€ 3aHAITO CKIIAIHOIO.

Po3rnsiHeMo BUKOPUCTAHHS METOJOJIOTIT CEMAaHTUYHOTO MOJICTIOBAHHS Ha MPUKIIAJI
I1C niyist po3po0OKU anrOPUTMIB Ta MPOrPaMHOTO 3a0e3MeUeHHS BUSIBJICHHS, Kilacudikailii Ta
BU3HAUEHHS MapaMeTpiB pyxy MOpchbkux 00’exTiB [101].

Oco0OIMBICTIO TaKOT CUCTEMH € HAasIBHICTH IBOX BUIIB iH(Mopmartii [101]:

1) peanbHi JaHi, OTpUMaHl B PE3yJbTaTl CKAHYBaHHS OKEAHCHKOTO MpocTopy (3
TApOaKyCTUYHHUX TIPHUIIAJIB);

2) naHi MOJEJIOBAHHS, OTPUMaHI B Pe3yJbTari MaTeMaTUYHOTO MOJEITIOBAHHS
IIOBEIIHKU 00'€KTa.

MonentoBaHHS TIAPOAKyCTUYHHMX TIPOIECIB BUMAara€ po3poOKH KOMITOHEHTHUX
MoOJIeJIel, IO BKJIIOYAIOTh 1H(OpMaliiiHy MOJAEIbh BOAHOTO MPOCTOpPY, 0azy JgaHUX

napameTpiB MOPCHKOTO cepeoBuIla (MOPCHKUH IITyM, BIIACTUBOCTI IPYHTY, OEperoBa JiHis,
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TEMIEpaTypa BOAU, INIMOMHA, COJIOHICTD), a TAKOXK MapaMeTpu TiapOaKyCTHUYHOI MPUCTPOI
Ta X B3a€MOJIS 13 CEPEeIOBUILIEM MOJICTIOBAHHS.

Taxwuii miaxia 103BOJIAE MOETHATH MIEPEBATH MPSIMOTO MOJETIOBAHHS (AJI1 OTPUMaHHS
00'€eKTUBHUX JAHUX MPO MOPCHKI 00'€KTH) 3 €KCIIEPTHUMHU 3HAHHIMHU, NPEACTABICHUMH Y
BUIVISIAI XapaKTepHOTo Ha0oOpy MapameTpiB peadbHUX O0'€KTIB 1 iX OIIHKOIO HAa OCHOBI
JOCBITy €KCTIepTa.

KonrnenTyansHa MOJIENb CKIAAA€ThCS 3 HACTYITHUX CTPYKTYPHHUX KOMITOHEHTIB:

1. MongentoBaHHS MOPCBKOTO CEpEIOBHINA — BUKOHYE (DyHKINI mapaMeTpudHOTO
HaJalITyBaHHS aKBaTopii: NMUOWHU, TEMIEPaTypH, COJIOHOCTI BOAM, TUIY JTHA, XapakTepy
OeperoBoi JiHII Ta 1H.), @ TAaKOXX HAJAINTYBAHHS MapamMeTpiB MOPCHKUX OO'€KTIB s
MOJIETIFOBaHHS (BUJ, PO3MIp, HAIIPSIMOK PYXY, IBHIKICTb, IIIyM TOLIO).

2. MopentoBaHHsl TIIpPOAKyCTHUHOI CHUCTEMH - YTOYHIOETHCS PO3TAllyBaHHS
(1IKCyIOUMX MPUCTPOIB B aKBaropii Ta ix mnapameTpu (TUm, DIHMOMHA PO3MILIEHHS,
Yy TIUBICTb, CHIEKTPAIbHI XapAKTEPUCTUKH).

3. AHam3 TiIpOAKYCTUYHUX CHUTHAJIB — CIEHIaJi30BaHl 1HCTPYMEHTH IS
MOJIEJIFOBaHHS T1IPOAKYCTHYHUX CUTHAIIB 1 METOAM iX aHam3y (IIBUAKE NEPETBOPEHHS
®dyp'e, mudpoBa GiIbTpallis, CIEKTPaTbHO-YACTOTHUM 1 KOPETALIMHUN aHai3).

4. Po3mnizHaBaHHA MOPCHKUX 00'€KTiB - HaOIp 3ac00iB NIl BU3HAYEHHS MapaMeTpiB
MOPCBKUX O00'€KTIB, BKJIIOYAIOYM QJITOPUTMH KJIacTepH3allii, HEUITKY JOTIKY, METOI!
imenTrdikamii Ta kmacudikarii 00'€KTiB HA OCHOBI METO/IIB MAallTMHHOTO HaBYaHHS.

5. Benenns 0a3u 3HaHb - MICTUTh HaOip IHCTPYMEHTIB AJIsi CTBOPEHHS Ta MIATPUMKHU
6a3u manux, BKItodaroun pegaktop ontosorii, DL Query, SPARQL, Semantic Web Rule
Language, 3aco0u iHTerpaiiii 3 6azaMu JaHuX (PESSIITHUMEU Ta HEPETALIHHIMHU).

6. MexaHi3M JIOTiYHUX MipKyBaHb (Reasoners) — mpu3HaueHuMid JUisl Oprasizanii
JIOT1YHOTO BUCHOBKY Ha OCHOB1 HAKOITMYEHHUX 3HaHb. BKIIIOUa€ IHCTPyMEHTH JJIsl CTBOPEHHS
NpaBWJI, CAMOHABYAHHS Ta a/IanTallii.

7. 3acobu agMIHICTpYBaHHS Ta YNPABIiHHSA - IPU3HAYEHI ISl yIIPABIIIHHS CEpPBICaMU
Ta TporpaMamMu JOCTYIy KOPUCTyBadiB 70 iH(MOpMaIiiiHuX pecypciB, Oe3meku Ta

IPOAYKTUBHOCTI CUCTEMHU MOJIEITFOBAHHS.
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[Tporonosana [1C noBuHHA 3a0e3neuyBaTy TOKyMEHTYBAHHS €KCIIEPUMEHTIB Ha BCIX
erarnax ix nposefeHHs. Kpim Toro, B HboMy Mae 30epiratucs iHpopMallis 3 eKCIIepTHUMHU
OLIIHKaMH, K1 BUBOJIATHCS 1] 4ac eKcriepuMeHTiB. Lle cripusie popMyBaHHIO TOCTOBIPHUX
3HaHb PO JOCIIPKYBaHI MPOLIECH.

[Iporiec cTBOpeHHs CUCTEMH MOJIETIOBAaHHS 11eHTU(DIKaIii Ta Kiacu(ikaiii MOPCHKIX
00’€kTiB mepeadavac:

- CTBOpEHHS Ta MiATpUMKa 610T10TEKH TAPOaKyCTUYHUX MOJIETICH, 1110 BKITIOYAE:
MOJIeNIl TeHepallli CUTHaJIiB, MOJEN BHJIUICHHS CHUTHAJIB, MOJENI aHaji3y CHUTHAJIB,
peanizaliio anropuTmiB i1eHTudikaii Ta knacudikaiii 00'€KTiB;

— dbopmyBanusa kinacudikaropi [IC (TiapoakyCTUUHHMX CHUCTEM, aKBaTropid Ta
1HIINX);

- CTBOPEHHSI 3aC001B BBEJICHHS Ta 30€piraHHs JaHUX 000X THITIB, K MOJCIIbHHUX,
TaK 1 pealibHUX JIaHUX, OTPUMAHUX IT1J] 4aC CIIOCTEPEIKEHHS 32 aKBATOPISIMU;

— PO3pOOJICHHSI OHTOJIOTIT MPEIMETHOI 00IaCT1 AJIsl CTBOPEHHS Ha ii OCHOBI 0a3u
3HaHb;

— po3poOiieHHs iHTepdelcy I HaJlalTyBaHHS YMOB MOJEIIOBaHHS CIICHH
(XapakTepuCTHKU aKBaTOpli, IyM MOps, BIACTUBOCTI JHA, OEPEroBoi JiHii, Temmeparypa
BOJIM, DNMHOWHA, COJOHICTh TOIIO) Ta CTBOPEHHS CIleHapito (MOCAIOBHOCTI 1)
EKCIICPUMEHTY ;

— po3poOiieHHsT  3aco0iB  peecTpamii Ta JOKYMEHTYBaHHS  pe3y/bTariB
EKCIIEPUMEHTIB, a TAKOX BEJECHHS CUCTEMU 30epiraHHs;

— po3poOiienHst abo apganrariito amroput™iB 1 [I3 mus igeHTudikamii Ta
kJacudikaiii MOPCbKUX 00'€KTIB;

— po3po0sieHHs 1HTEp(EeiciB KopucTyBada il (h)OPMYBAHHS MPABUII JOTTYHOTO
BHUCHOBKY 3 METOIO OTPMMAHHSI HOBUX 3HAaHb Ha IiJICTaBl MOOYI0BAHOI OHTOJIOT1.

[TpuponHO MPUITYCTUTH, 11O IS YCHIIITHOTO (PYHKIIOHYBAHHSI MOJEIIOE CUCTEMH 3
BUKOPHUCTAHHSIM 3HaHb, MEPII 3a BCE, CIIJ 30CEPEAUTH 3yCHIIIS Ha PO3poOIl Momeni

onrosorii [TpO B TepMiHax Teopii 0OpoOKH 3HAHD.
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4.2. IlodynoBa OHTOJIOTII MpeaMeTHOI 00J1acTi

[ToyaTkoBUM €TamoM CEMaHTHYHOTO MOJENIOBAHHSA € IMOOYyAOBa KOHIIETITYyalbHOI

moneni [IpO. Ile o3Havae, 1m0 HEOOXIHO BU3HAYMTHCS, SK OyIyThb MPEACTABISATHCS B

OHTOJIOTTYHMX MoOJesIX cyTi crtBopioBaHoi IIC: 00'exkTH, KJIachk OCHOBHI KOHIICTITH,

BITHOCMHHM MK KJIaCaMH, XapaKTEPUCTHKHU KJIaciB, aKCIOMH, €K3EeMIUISIpU KJAciB 1 1HIII

KOMITOHEHTH oHToJorii [102].

dopmanbHO KOHIENTyaldbHy Monenab onrtomyorii [IpO - MokHa mpencTaBUTH y

BI/II‘J'ISII[i MaTCMaTU4IHOI'O BUPA3y

Jc

Ont(sD),g = (€, Rel ™) T, Ax) () RUI®)) (4.1)

c™) - migMuoxuHa KiaciB (<Classes™>) OCHOBHHUX KOHIENTIB - moHATh [IpO E
(<Entities>), K1 B11I0OpaxaroTh iX CYTHOCTI;

Rel™ - migmuokuHa BigHocuH (<Object properties>) mik kigacamu C%) |
BIaCTUBOCTAMHU TN | ki 3amaioThest mpeaukaramu Rel) - miecmoBamu i yepes
SIK1 OMTUCYIOThCS BIIHOCUHM (TUIH 3B's13KiB) B [1pO;

T® - miamHOXHMHA aTpulyTiB (<Data properties>), ki ONUCYIOTh BIACTUBOCTI
KJaciB  (TUIM TaHUX, 00JIACTI 3HAYEHB);

AX®) - migmMHOXKHA akcioM (SAxioms™>), 10 BU3HAYAIOTH OCHOBHI moHATTs [1pO,
K1 3aBXKIU 19 Hel MpaBauBi. AKCIOMH 3alUCYIOThCSA MPEAUKaTaMu TEPIIOTO
MOPSIAKY 1 3aJal0Th MpaBWJia BUBEACHHS ISl BUPIMIEHHS (YHKLIIOHAJIBHUX
3aBaanb I1C;

Ex©) - 6e3niu exsemmsapis (<Instances™>) knmaciB C* | ki BUKOPHCTOBYIOThCS
JUA HarOBHEHHS b3 KOHKpETHUMH MPHUKIaJaMu, KOTPl XapaKTepU3ylOTh KIac B
MOJIeJI1 OHTOJIOTI], 1 6epyTh yuacTh y OpPMYBaHHI1 JIOTTYHOTO BUCHOBKY Ha OCHOBI
TIPaBHIT;

Rel®) - miIMHOXWHA MTPABUJI JIOTTYHOTO BUCHOBKY JIJIs1 OTPUMAHHS HOBHX 3HAHb.

Monens OHTONOTIT Ont(SD) pa3oM 3 Oe3JY4I0 1HIUBIAYyaJIbHUX NPUMIPHHKIB KIIACIB

ExX©) uepe3 mimMHOKMHA aTpuOyTiB Kiacie T 1 BiAHOCHH (3B'sA3KiB) Mik HUMH Rel(

dopmytots B3 I1pO [103].
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Hetanpauii pos3msg koHuenTiB [1pO 1 QpyHKIIOHANTBHUX 3aBAaHb MOJETIOE CHCTEMU
s ineHTudikamii Ta kiacu@ikaiii MOPCHKUX O00'€KTIB IPU3BOAUTH JI0 BHJAUICHHS
HACTYITHUX OCHOBHUX KjaciB [104]:

1. ExciepuMenT C® - kjac, KM BU3HAYa€ XapaKTEPUCTUKM EKCIIEPHMEHTY -
imeHTuikaiiHuii HOMep 3aBIaHHsS, JaTy TMPOBENEHHS, 1ACHTU(]IKATOp TOCIHITHUKA,
CITY’>KOOBI JaHi.

2. Mogenp rigpoakycTHuHOro mpomecy CMed

- KJIac IS OMHUCY PI3HUX MOJENeH,
METOMIB 1 aJrOpuTMIB TreHepallii, BiAOOpYy Ta aHai3y CHUTHAIIB, a TaKoX METOMIIB 1
aaropuTMIB i1eHTU(DIKAIT Ta KiIacudikaiii MOPCHKUX 00'€KTIB.

3. T'igpoakyctuuni 00'ektn €O - kac, 0 CKIAAA€THCS 3 ASIKHX ITiAKIACiB (MOPCHKI
00'eKTH, T1JIBO/IHI 00'€EKTH 1 OBITPSIHI 00'€KTH), SIKUI OMTUCY€E BIACTUBOCTI 00'€KTIB.

4. Axgaropist C5 - gyrac 1y OMKCY 337aHOT TS eKCIIEPUMEHTY MOPCHKOT 30HH: THIT
aKBaropii, Ha3BM 1 mapaMeTpu (KOOpAWHATH, TIUOWUHU, TEMIepaTypu, COJOHOCTI,
XapaKTEPUCTUKH T'PYHTIB).

5. Tigpoakycrtuuna cucrema C(PY) - kjac, 10 ONWCY€ CKJIaj, THIH 1 HapameTpu
TAPOAKyCTUYHHUX TMPUCTPOIB (CHEKTpaIbHI XapaKTEPUCTUKH, YYTIMBICTh) 1 KOOpAUHATU
pO3TalllyBaHHS CHCTEMHM B 3aJIaHIN aKBaTopii.

6. Ciiena excriepuMenTy CG" - kj1ac j1st OMKCY CIIEHU MOJICTIOBAHHS, 3 ypaxXyBaHHIM
XapaKTePUCTUK MOPCHKOTO pailoHy, a TAKOXK XapaKTEPUCTHK 00'€KTIB, 1110 OEpyTh y4acTh B
EKCTIEPUMEHTI.

7. Cuenapiii momgemoBanus CS™) - kmac mIs 3aBHaHHS MOCTITOBHOCTI BUKOHAHHS
OKpeMHX eTariB MojenoBanHsa. KoxeH erarn 11e - Hallp mpoIenyp «3amyck - BUKOHAHHS -
(ikcarlist pe3ynbTaTy».

8. Ominka momenmi CV - kmac s ¢ikcarmii pe3yabTaTiB MOICITIOBAHHS 1 OLIHKH
KOPEKTHOCTI MOJICJICH.

9. Akyctuunmii curaan CE9 - kjac, sIKMii BHU3HAYa€ XapaKTEPUCTUKH CHUTHAIY,
BKJIFOUAIOYM JIaTy BUSBJICHHS CUTHANY, a TaKOXK MapaMeTpy PO3TaIlyBaHHS MPUCTPOIO i

YMOBH €KCIUTyaTalii.



107

10. XBunein ¢ - kyac ass OMUCY CepeIOBUINA MOMIMPEHHS aAKyCTUYHUX CUTHATIIB
(Boma-Boza, BOAA-MOBITPSI, BOJIA-AHO) 1 MEPELIKO Ha IIJISIXY MOIINPEHHS CUTHAIIIB, & TAKOXK

3aco0u HEUTpaTi3alli mepermKo;I.
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Pucynok 4.1 OnTOoNOTIYHA MOJIEh MPEIMETHOT 00IACTI.

BignoBigHo 10 ocHOBHUX mpaBuid MoBu OWL, ki1ac onucyeTbest TPUILIETOM, SIKUIH
MOXKHA 1HTeprnperyBatu y Bunisiai RDF-rpada. YV upomy rpadi BepimHamu € cy0'ektu ta
00'eKTH, a B IKOCTI YT - MPEANKATH. 3 MAaTEMAaTUYHOT TOYKH 30PY TPHUIUIET € €K3EMILIIPOM
JIESIKOTO OTHAPHOTO BITHOIICHHS. TPUIIIET CTBEPIKYE, 10 IEBHUN CTOCYHOK, BUPAKEHUN
4yepe3 MpeauKar, MoB'sI3y€e CyTi, MO3HAYEHI K CY0'€KT 1 00'€KT B KOHKPETHOMY B TPUILIETI
[107].

HaiiGinpin BiTOMUM 1HCTPYMEHTAJIBHUM 3aCO00M CEMAaHTUYHOTO MOJICIIOBAHHS €
penaxTop oHTONOT1H Protégé 5, po3pobnenuit y CrendopacbkoMy yHiBepcuTeTi - Free open-
source ontology editor and framework for building intelligent systems. Penakrop onTomorii
Protégé 5 peanizye KOHLEMNIIIO BI3yaJlbHOTO MPOEKTYBaHHA. BisyanbHi MeToIU
MIPOCKTYBAHHS OHTOJIOTIi CIPHUSAIOTH IIBUIIIOMY i TTIOBHOTO PO3YMIHHS CTPYKTYpPH 3HAHb
[TpO, 0cobmuBO 11€ BAaromMo Jjisi KOPUCTYBAYiB, 110 MPAIIOIOTH B HOBIM IPEIMETHO1T 001aCTi.
Protégé 5 nosmosise miaTpUMyBaTH BCi (Da3u KUTTEBOTO IUKIY OHTOJIOTII BIJIMOBIAHO /10
Bumor [SO / IEC 15288: 2002 - Bim po3poOKu ceMaHTU4YHOiI Mepexi NoHsTh [IpO mo
ctBopenHs 1 cynposoay b3 [108].
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Penaxrop outonorii Protégé 5 peanizye monens momanns 3Hanb OKBC (Open
Knowledge Base Connectivity), 1 BinoOpaxkae naHi y BUIIIAII PppeiiMiB, ane KpiMm Gpeiimis
peMaKTOp MATPUMYE HaWOLIBIN MOImmMpeHi MoBU mpeacTaBieHHs 3HaHb (SHOE, XOL,
DAML + OIL, RDF / RDFS, OWL2 ) [109].

Koxna mozpens onrtonorii Ont (SD) cTBOpPIOE€ThCA 3 BUKOPUCTAHHSAM YHIKaJIbHOTO
imeHi - inentudikaropa pecypcey (URI). besymoBHO, B mporieci MpoeKTyBaHHS OHTOJIOTS
MOke OyTH 3MIHEHa, MOXKYTh OyTH JI0/IaHi 1 BiJIpeJaroBaHi iMeHa KjiaciB, aHOTallli, a TAaKOXK

iHII1 KoMnoHeHTH Mozeni [110].

| i
— o . _— S Core Ray2DMath
Ray3DMath ——————————TTT] } —
- [ _ — Core OneLayer
| ,
Calculation
Core
f
ResultRayParame h '
ters ‘ CoreBathCheck
Ray2D

Pucynok 4.2. OHTON0TIYHA MOJIENTH MPOTPAMHOTO 3a0€3MeYEHHS.

V w™oBi ontonorii OWL2 KokeH Kjac JOIIOBHIOETHCS BJIACTUBOCTIMH, SKI
J03BOJISIFOTH OMKCYBATH 3B'A3KH MIXK KJlJacaMU 200 BU3HAYAIOTh XapaKTEPUCTUKU KJIACIB 1 1X
MPUMIPHHUKIB (SIK sIKiCHI, Tak 1 KuibkicH1) [111]. Came s sSIKICTh B TOEAHAHHI 3 JIOTTYHUMU
OpaBUJaMU BUBEACHHS JI03BOJIS€E BHUKOPUCTOBYBAaTH OHTOJIOTIUYHY Moxenbs [IpO s
BUBEJICHHSI HOBUX 3HAHb.

VY Bepcii OWL2, peamizoBanoi B Protégé 5, mig ommcy BIacTUBOCTEH KJaciB
BUKOPHUCTOBYIOTHCS JIBa TUIH Bupa3ziB[112]:

— <ObjectProperty> - omnucye CTOCYHKH (TUIM BIAHOCHH, 3B'SI3KIB y BUIVISAL

JIECIIOBA), SIKI BCTAHOBIIIOIOTHCS MIDK OKPEMUMU KJIACAMH OHTOJIOTIT a00 1X eK3eMILIsipamMu.
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- <DatatypeProperty> - omnucye crieuudiuni aTpuOyTH (XapaKTEpPUCTUKH), K1
BU3HAYaAIOTh KJjac oHToJorii. Hampukmnan, mBHAKICTE MOPCHKOro 00'€kTa, HOTro po3MipH,
TEXHIYH1 TapaMeTPH TOILIO.

Y cTBOproBaHiil cuctemi BiacTUBOCTI kiaciB C (AX) OmMHMCYIOThCS aTpulyTaMu
(Attributes) T (A), siki BAKOPUCTOBYIOTHCS JIJ1s1 BBEJICHHS KOHKPETHHUX 3HAYEHB MPUMIPHHUKIB
kiaciB Ex (C) [113].

TexHiuHO opMyBaHHS IMIAMHOKUHH aTpHOyTiB B peaakTopi Protégé 5 BUKoHyeThCS
3a nmonomMororo 3aknaaku <Datatype Properties>. Jlami BiAKPUBA€THCS BIKHO, B SIKOMY
Mmictutbest <OWL: DataProperty>. Ilicnsi BUKOHaHHS BIAMOBIMHUX diH, mepeadoadeHux
mpoiecoM,  3'SBISIETbCS  HOBMM TN  BJIacTUBOCTI  (puc. 3.6),  Hampukiaj,
<Wibration Speed Vx>.

[ToBTOprotoun 1ei mporec, popmyeTbes Oe3miy aTpuOyTiB, MO BigoOpa)karTh
po3yMiHHS ocoOnuBocTe moOymoBu oHTozorii. s ckmamnoi [IpO OWL: <Datatype
Properties> moxxe OyTH mpeacTaBiieHa y BUIVISAL 1€papXiyHoi cTpykTypu. CdopMoBaHi
arpulyTHU BKa3ylOThCA B CIOBHUKY cxeMr XML 1 MOXyTh OyTH MpeacTaBieH! Pi3HUMU
dbopmaramu TaHUX: LI YUCJIA, 3 TJIABAIOYOI0 TOUKOIO, PSIKH, JIOT1YHI 3HaYeHHS Tomo[ 114-

117].

Object property hierarchy: Adapts_d: ZIII S ® &
= e M O Asserted v 14t

V- owl:topObjectProperty

L JAdapts_data_for

BN Calculates

= Controls

B Finds_Layer

B Uses_in_calculations
mm Validates_data

Functional d

Inverse functional

Transitive B owl:topObjectProperty
Symmetric

Asymmetric

Reflexive

Irreflexive Ray3DMath

CoreRay2DMath

PucyHok 4.3. 3a1anHs BJaCTUBOCTEH KJ1aciB Ta 00’ €KTIB y cepenoBuilli Protege



110

Cnin Haramatu, 1m0 B CEeMaHTH4YHIA Moxeni kokeH kimac C(AX) omucyerbes
1HIMBIAyalbHUM HaOopoMm arpuOyTiB , BJIACTMBUX caMe IIbOTO Kiacy. MeTomooris
moOyI0BY CEMaHTUYHOT MOJIei Tiepen0adae HamOBHEHHS b3 KOHTPOIBHIUME TTPUMipHUKAMUA
- 3pa3KkaMy OCHOBHHX KJaciB Mojeni. Ha mijcraBi 1ux 3pa3kiB BUKOHYEThCS IEpeBipKa
KOPEKTHOCT1 (D)YHKIIIOHYBaHHS MOJIENII OHTOJIOTIT MPH BIAMPAaIIOBaHHI HA MOBAaX JIOTTYHOTO
BUCHOBKY DL-3amutiB a60 SPARQL-3amutiB no b3 [118].

[Ipouec dopmyBanHs mnpuMipHUKiB KkiaciB Ex(C) BUKOHY€ThCS 3a JOIOMOTOIO
3aknanku <Individuals by class> na maneni iacTpymentiB Protégeé 5. Ilicns BukoHaHHS
MOCIIIOBHOCTI 1M, 3a3HaueHuUXx B 1HTepdelici, 3'aBnserbcs ¢dopma <Creat a new
OWLNamed Individual> jist BBeieHHs iIMEH1 HOBOTO TIpUMipHUKA, Hanpukiaa, < Taiwan
Strait>.

[Tponenypa <Create a new OWL Named Individual> Takox BUKOPHUCTOBYETHCS JIJIst
3arOBHEHHS 0a3M 3HaHb TECTOBUMHM 3pa3kaMu. J{Jis 1[boro HeoOX1AHO BUOpaTH HEOOX1IHY
nponenypy <Individuals by class> 1 gami BuOpaTtu moTpiOHUN €K3EMIUIAP 3a3HAYEHOTO
Kiacy outojyorii (Hampukiaa, <Southern Seas>), BuOparu BiANOBIIHUN arpudyT |,
Hanpukiaa, <Maximum_depth> 1 BBeCTH KOHKpeTHE 3HaueHHsA B mone <Value> [119].
[Ticns 3aBepmienns mpouenypu <Individuals by class> konkpeTHe 3HadeHHs <Value>

3anmucyeThes y BianmoBiaHik exzemiisip b3 Ex(C).

Data property hierarchy: X BIE Annotations: X

e X O Asserted
V- owl:topDataProperty
VB Acoustics
== Amplitude
= EndA
Lo
ETO
. xFi
- X0
- Characteristics X_ IS EE
¥ BN Enviroment .
B CoefBotiom Functional
. CoefSurface
B DepthProfile = Position
B GradientSoundProfile
= Sound SpeedProfile
V- Geometric
1 Angle Four-dimention
. Length
- P Three_dimention
¥ B Position Two-dimention
-mw
iy
-y d
-7 @ xsd:integer
v-EmTime @ owtreal

T

Pucynok 4.4. 3aganHs iCHYIOUHMX JaHUX Y CUCTEMI Ta iX TUIK y cepenoBulll Protege
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3aJIe)KHO BiI CEMAaHTUYHOTO CEHCY KJIac MOXE OMNHCYBAaTUCA BU3HAYEHOIO
1 IMHOKUHOIO aTpUOyTIiB, TOMY JIJIsi CTBOPEHHS epeKkTUBHOI b3 He00X1AHO, 1100 eK3eMILISIp
kiacy Ex(C) Tex micTuB Bei miaMHOKHHA aTpuOyTiB [120-122]. Takum unHOM, mporieaypa
<Individuals by class> nonaBanHs 3Ha4eHHS B 1oJjie <Value> moBWHHA IMOBTOPIOBATUCS IS

KOYKHOTO arpuOyTa 10 MOBHOTO 3anmoBHEHHs npuMipauka Ex(C).

4.3. ApxiTeKkTypa NpPOrpaMHOr0 KOMILJIEKCY MOJEJIOBAHHSI TiIPOaKyCTHYHHUX

CUTHAJIIB

ApXxiTeKkTypa po3poOKH HpOrpaMHOro 3a0e3NeYeHHs — L€ Po3pobJeHa CTPYKTypa
J0JaTKa, sIKa BKJIFOYAE BU3HAYEHHS B3a€MOJIl KOMIIOHEHTIB 1HTEepQeEiCy 3 BHYTPILIHIMU
nporecamMu nporpamu. [IpocTime kaxydu, 1€ CBOEPITHUN IMIAX1T, KUK BU3HAYAE SKi
(yHKILIT 32 0 BIANOBIAAIOTH Ta SIK BOHU B3aEMOJIIOTH MK COOOI0.

TouHOrO PO3yMIHHA Ta YITKOTO (DOPMYIIOBAHHS 1HOTO Mpoliecy Hemae. OCHOBHUM
3aBIaHHSIM € CTBOPEHHS JIOTIYHOI CTPYKTYpPH JOJlaTKa Ta CHPOIIEHHS B3a€EMOJII MIXK
po3poOHuKamu. Lle 1ae MOXKIIMBICTh HaZall BHOCUTH 3MiHHU JI0 TPOTrpamMu, ONpPalbOBYOUN
KOHKPETHI acleKTH, a He TIepepoOsIsiioun Bce MpOorpaMHe 3a0e3nedueHHs. ApXiTeKTypa Ta
npoektyBanHs [13 3a0e3neuyroTs rapaHTiio TOTO, IO J10IaTOK BUKOHYBAaTUME 3aBIaHHS Ta
CJIIIyBaTH CBOEMY MPU3HAYEHHIO, BU3BHAYEHOMY II1]] 4acC MOYAaTKOBUX €TaIliB PO3POOKH.

[onoBHa imest apXiTEeKTypHu TOJSATAE Y TOMY, 1100 3HU3UTH CKJIQJHICTh CIIPUUHSATTS
CHUCTEMH BHACIIJOK PO3MEKYBAaHHS TOBHOBAXCHh Ta CTBOPCHHS YITKOI CTPYKTYpH.
ApxiTekTypa Ta Ju3ailH MPOrpaMHOro 3a0e3MEUeHHS JO3BOJIAIOTH CTBOPUTH UITKY
CTPYKTYPY, 3a KOO 3pYUYHO IpalfoBaTH Imporpamictam. Bij 1 SKOCTI 3a1€KUTh, HACKIIbKH

MPOCTO MpoxoauTrmMe odcityropyBanHs [13, ioro 3MiHM, TOMOBHEHHS Ta MiATPUMKA.
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MporpamMHUiA KOMNNEKC MOAENOBAHHA MAPOAKYCTHYHUX

CHrHanis

.| Mogayne B3aemogii 3 KOpUcTyBaua 3
>

KOpUCTYBauiB

IHTepdeicom

A

MiacKCcTEMa YNpaBniHHA CLEHOK eKCNEPUMEHTY

!

Mogyne nigroToskM

Pi3HUX METOOIB

rigcucTema MoLenioBaHHA rigpoaKyCTUHWUX CUTHANIE 3 BUKOPUCTaHHAM

CLEHN eKCNEPUMEHTY

IHiyianizaLyin
™ EKCNEPUMEHTY, 33AaHHA
cepenosua

CWrHAanIE Ta TPAEKTOPRIA X

Mogayne reHepauii

PO3NOBCHOXEHHA

Moaynk po3paxyHky
AKYCTUYHOTO TUCKY KNACHUHUIM
1ETOIOM HOPMATTEHUX MOJL

Moayne po3paxyHKyakyCTA4HOro
TUCKY y3aransHeHnM
3 BUKOPUCTAHHAM
BaroBux KoedilieHTIB

Mogynb NigroToBKK

Hapf aHHs [ ocTyny 40 penaryBaHHa peansHux ob'ekTie y Gasax gaHux

napameTpie
pOo3paxyHKy
L Moayne hopmyBaHHA
IHiYianizayia o0'ekTy ORY: Cb puy!
BUNPOMIHIOBaHHA CueHapils y cleAax
eKCnepuMeHTy Moayne BUPILLEHHA PIBHAHHA
IHiYianizayisa . lenbMronbUA MeToaoM
rapoakycTUUHOT . lanbopkiHa
CTaHLiT
Y
\ . Mogyne eKCnopTy
3 pesyneTaTtie
B/ NiaroToBKM cLUeH Cxoeulle MOLENoBaHHA Moayns
EKCNIEPUMENTIB basa lc PO3paXYHKOBMX Basa statb onpaLoBaHHA
carHanis NOMMNOK
A
Migcuctema 30epiraiHA Ta OTPUMEHHA Migcucrema o0poGkK Ta NIAroTOBKKM
A3HUX AdHUX Ta pesyneTatie eKCﬂepHMeHTiB

Pucynok 4.5. ApxiTekTypa CTBOPEHOTO MPOTPAMHOTO KOMILIEKCY.

Pucynok 4.5 BigoOpaxkae apxITEKTypy HpPOTrpaMHOIO KOMILJIEKCY MOJICITFOBAHHS
T1POAaKyCTUYHUX CUTHAIIIB, IKHH CKIIATA€ThCS 3 KUIBKOX MIACHUCTEM, 110 B3AEMOJIIOTH MiXK
co0oro, 3a0e3meuyrour MOBHUM LUK JOCHIIKEHHS aKyCTUYHUX MPOLECIB Yy BOJHOMY
cepenoBuilll. Y BEpXHiil 4aCTHHI CXEMHU MPEICTABIICHA 1JCUCTEMA KOHTPOJIIO 1 YIIPaBIiHHS
JIOCTYTIOM, SIKa BKJTFOUA€E JIBA KITFOYOBI MOJYJIi: aBTOpH3allii Ta ayTeHTU(]iKaIlli KoOpucTyBadiB
1 B3aeMozii 3 KopucTyBayeM uepe3 iHtepdeiic. [lepmmii Moaynp Biamosiziae 3a Oe3neKy
po0OTH cHCTEMHU, MEpPEeBIPSAOYM 0COO0y KOpPHCTyBaua Ta MOro piBEHb JOCTYIY JO PI3HUX
KOMITOHEHTIB KOMIUIEKCY. [le Bak/INWBO, OCKITBKA TPOTPAMHHUA KOMILJIEKC MOXKE

BUKOPHUCTOBYBATH KOH(IACHIIIHY a00 KPUTHUYHO BAKIUBY 1H(OPMAIIIIO, JOCTYI 0 SKOI

Mae OyTH OOMEXKEHUM [JIsi 3aro0iraHHs HECAaHKI[IOHOBAHOMY BUKOPUCTaHHIO. J[pyrwii
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MOIy/bh 3a0e3ledye 3pydyHUN Ta I1HTYITUBHO 3pO3yMIIHMil 1HTepdeiic ans B3aeMomil 3
CUCTEMOIO, IO JO03BOJIIE KOpPHUCTyBauaM €(GEKTHUBHO HAaJAlITOBYBaTH MapaMeTpu
EKCIIEPUMEHTIB, aHaIi3yBaTH OTPUMaHI1 JaHi Ta MpalloBaTH 3 pe3yJbTaTaMi MOJCITIOBAHHS.

HactynHum BaXJIMBUM €JIEMEHTOM € I1JICUCTEMa YIPABIIIHHS CIIEHOIO €KCIIEPUMEHTY,
sIKa CKJIAIA€ThCA 3 KUTBKOX MOJYJIIB, 110 3a0€3MEeYyIOTh ITITOTOBKY Ta HAJAIITYBaHHS YMOB
nocmipkeHb. [lepmmuii MOAynmhb — TATOTOBKM CIICHH EKCIIEPUMEHTY — JIO3BOJISIE
KOpUCTYyBauaM 3aJaBaTy apaMeTpu HaBKOJUIITHBOTO CEPEIOBHUIIA, TAKI SIK XapaKTEPUCTUKU
BOJIHOTO TIPOCTOpPY, IMHOWHA, TEMIIeparypa, PiBE€Hb COJOHOCTI, MO0 € BAKIWBUMH IS
TOYHOTO BIJITBOPEHHS peanbHUX yMoOB. Jlami ¥ae Momylb MIATOTOBKH IapaMeTpiB
pO3paxyHKy, SKUWA 3aliMaeTbcs  1HINIami3amier0  00'€KTa  BUIPOMIHIOBAaHHSA  Ta
HaJIAIITyBAaHHSM T1pOaKyCTU4YHOI cTaHIli. [le kimo4oBU eTam, OCKUIbKH MapameTpu
JpKepesa CUTHaTy Ta MPUMMaIbHOTO OOJaHAHHS MAalOTh 3HAYHUW BIUIMB Ha KIHIEBI
pe3yapTat MonentoBaHHs. [licig nporo cucreMa NepexoAuTh JO TeHepalli CUTHaNIB Ta
MOJICJIFOBAHHS iX PO3MOBCIOMKEHHS, IO JO3BOJISIE BIACTEXKHUTH, K aKyCTHYHI XBHWJI
POXOIATh 4epe3 CepelOBHINE, B3a€MOMIIOTH 13 MEPEIIKOJAaMH Ta BIJOMBAIOTHCSA Bij
00'ekTiB. 3aBepuIyeTbCcsl L€l mpouec (OpPMyBaHHAM CLEHApIiB E€KCHEPUMEHTY, [€
00'€THYIOThCSL BC1 TIOMEPE/IHI HANAIITYBaHHS B Y3TOJDKEHUM IUIAH JIOCIIKEHHS, IO
JI03BOJISIE TIPOBECTH YHWCIEHHI CUMYJISIIT Ta TMOPIBHATH PE3yAbTaTH IMPHU 3MIHI MEBHUX
napameTpis.

OxpemMuii po3aisl CXeMU MPUCBIYCHUHN MIJACUCTEMI MOJEITIOBAHHS T1APOaKyCTHYHHUX
CUTHAIIB, SIKa BUKOPUCTOBYE PI3HI MAaTE€MaTH4HI METOAW AJii OOUMCIEHHS Ta aHalli3y
AKyCTUYHHX TOMIB. Y Mii MiJCKHCTEMI MPEICTaBIICHI TPU OCHOBHI MOy, KOXKEH 3 SKUX
BIJIMOBIAA€ 3a MEBHUM MMIJX1J O MOJACIIOBaHHSI. MOIyllb po3paxyHKy aKyCTUYHOTO THCKY
KJIACHYHUM METOJIOM HOPMAJIbHHX MOJ 3aCTOCOBYE MEPEBIpEHY MaTeMaTHYHY MOJACIb JIJIs
aHai3y TOIIMPEHHS XBWIb y CEPEIOBHINI, IO JJO3BOJSE OTpUMATH 0a30Bl OIIHKHU
aAKyCTUYHOTO THUCKY B PI3HHUX TOYKAaX MPOCTOPY. Momyib po3paxyHKy aKyCTHYHOTO THCKY
y3arajJlbHEeHUM METOJIOM HOPMaJbHUX MOJI 3 BHUKOPUCTAHHSIM BaroBUX KO€(QilI€HTIB
PO3IIMPIOE MOMKJIMBOCTI KJIACHYHOT METOJWKH, JTO3BOJISIIOYM BPAXOBYBaTH JOJATKOBI
napaMeTpu, 10 poOUTh PE3yJbTaTH OLIbII TOYHUMHU Ta HAOJMIKEHUMH J0 peaTbHUX YMOB.

Monyns BupiiieHHs piBHSHHS [ e1bMrombIt MeTonoM ["aibopkina peaisye e OAuH MixXia
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70 MOJICNTIOBAHHS aKyCTUYHUX XBWJIb, 10 0a3ye€ThCs HA YHCETBbHUX METOJaxX 1 Jae
MOJKJIMBICTb aHaJII3yBaTH CKJIQIHIII CIieHapii MOIIMPEHHS 3ByKY Y BOJAHOMY CEPEIOBHIIII.
3aBIsSKM BUKOPUCTAHHIO IIMX METOMIB CHCTeMa 3a0e3ledye THYYKICTh Yy BHOODI
PO3paxXyHKOBHX MIXO/IIB 3aJI€KHO BiJl 3aB/IaHb €KCIIEPUMEHTY.

Jliarpama Tako)k MICTUTB MiJICHCTEMY 300py Ta OTpMMaHHS JaHMX, KA BIAMNOBIIAE 32
30epeKeHHs Ta JOCTYN 10 HEe0oOXiaHOi iH(hopMaii Jjis MPOBEACHHS MOJEToBaHb. BoHa
BKJTFOYAE KiTbKa 0a3 JaHUX, KOXKHA 3 SIKUX BUKOHY€E CBOIO (h)yHKIIIO. ba3a 1aHuX miIroTOBKU
CIIEH EKCIEPHUMEHTIB MICTHTh HaJAINTYBaHHS PI3HUX CIEHapiiB, IO A€ MOXJIMBICTb
MIBUKO 3aBaHTaXyBaTH TOTOB1 KOH(DIrypailii Ta MpoOBOJUTH €KCIIEPUMEHTH Ha IX OCHOBI.
['eoindopmarriiina 6aza (I'IC) mictuth kaptorpadivsi gaHi Ta iHdOpMarlio npo QizuyHi
napaMeTpu CEPe/IOBUINA, TaKl IK MOPChKE JTHO, TeYil Ta MPUPOHI nepemkoau. CXoBuiie
PO3pPaxyHKOBUX CUTHAIIIB BUKOPUCTOBYETHCA JIJIsl 30€piraHHs pe3ysbTaTiB 004HCIIeHb, 110
JT03BOJIsIE€ TIOBTOPHO aHAJII3yBaTH BKE OTPUMaH1 JaHi 0€3 He0OX1JHOCTI MPOBEICHHS HOBUX
oOuucieHb. baza 3HaHb BUKOHY€ (DYHKI[IIO CXOBHIIA HAKOMWYEHUX EKCIIEPUMEHTATIbHUX
JaHUX, 10 Ja€ 3MOTY BHUKOPHUCTOBYBAaTH pPE3yJAbTaTH MOMEPEAHIX IOCTIHKEHb IS
MOKPAILEHHS] TOYHOCTI MaiflOyTHIX MOJICTIOBaHb.

Ha 3aBepmansHOMy ertami BigOyBaeThcsi 00OpoOKa Ta TMIATOTOBKA PE3YJbTaTIB
EKCIICPUMEHTIB, IO 3IIHCHIOETHCS BIAMOBIAHOIO MifcHCTeMOl0. BoHa BKiIIOYaE MOMYIb
EKCIIOPTY PE3yJIbTaTiB MOJIETIOBAHHS, IKUI JO3BOJIA€E 30epiraT OTPUMaHI JIaHl y 3pyYHUX
dbopmMaTax ajis MOAAJIBIIOTO aHajidzy abo mpeacTaBiieHHs y 3BiTax. KpiM Toro, Momyinsb
OTIpAIlfOBAaHHS KOMITUTIOIOUMX JTaHWX aHAl3y€ Ta CHCTEMATHU3y€ PEe3YJIbTaTH, YCYBAarOUd
MO>KJIMBI HETOYHOCTI Ta TMOMUJIKH, IO MOXYTh BUHUKHYTH MijJ 4ac MmozentoBaHHs. Lle
rapaHTy€ BUCOKY SKICTh BUXIJIHUX JIaHHMX 1 3a0e31edye iX TOTOBHICTH IS BAKOPHUCTAHHS B
peaTbHUX TOCTIKCHHSIX a00 MPAKTUYHUX 3aCTOCYBAaHHSX.

3aramom, JaHa JiarpamMa JEMOHCTPY€ J00pe CTPYKTypOBaHy MOJEIb pPoOoTH
IPOTPAaMHOTO KOMIUIEKCY, SKHUA OXOIUIFOE BCl €Talu Mpolecy — BiJ MiATOTOBKU
EKCIIEpUMEHTY Ta 300py BHUXITHUX JaHUX [0 MOJICIIOBAHHS, aHalli3y Ta EKCIOPTY
pesyabTaTiB. Bzaemomiss MK MmiJcHCTEeMaMH JO3BOJISIE  JOCSTTH BHCOKOTO  PIBHS

aBTOMATHU3allii Ta TOYHOCTI, IO € BaXJIUBUM JJIs1 JOCHIJIKEHD Y cepi rIpOaKyCTUKH.
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Jliarpama JE€MOHCTpPY€ CTPYKTYpOBaHYy 1 MOIYJIbHY apXiTEKTypy HpOrpaMHOTrO
KOMILICKCY, sIKa 3a0e3Ieuy€e THYUYKICTh y HaJallTyBaHHI €KCIIEPUMEHTIB, TTOTYXKHI 3aC00U
aHamizy Ta HaJAliHy CHUCTeMYy YyMpaBIiHHS JaHUMHU 1 KOPUCTyBauaMH. Taka apxXiTeKTypa
MOJICTIITY€E IHTETPAIlll0 HOBUX MOAYMIIB 1 (PYHKIIIH, III0 pOOUTH CUCTEMY MacIITabOBaHOO 1
a/IalITOBAHOIO JI0 3MIHHUX MOTpeO AociimkeHb. KpiM TOro, MOAyIbHICTH J03BOJISIE JIETKO
OHOBJIIOBaTH OKpPEMi KOMIIOHEHTH 0€3 BIUIMBY Ha poOOTY BCHOTO KOMILIEKCY, IO MiABHUIIYE
3arajibHy CTIMKICTh 1 €)eKTUBHICTh CHCTEMH.

Ha pucynky 4.6 miarpama TpereieHTIB BioOpa’kae B3a€MOJII0 KOPUCTYBadiB i3
IPOrpaMHUM KOMILJIEKCOM JJIS MOZCIIIOBAaHHS TAPOAKyCTUYHUX CUTHAJIB, & TAKOXK OMHUCYE
OCHOBHI CIleHapil BUKOpUCTAHHS cucTeMu. Ha Hill 300pa’keHl JBa OCHOBHUX aKTOPH:
«HayxoBenp» 1 «AIMIHICTpaTop», sIKI BUKOHYIOTh Ppi3HI poini B cuctemi. HaykoBeupb
3aiiMaeThCsl HANAIITYBaHHSAM TapaMeTpiB EKCIEPUMEHTIB, 3allyCKOM PO3PaxXyHKIB Ta
aHaAII30M pEe3YNbTaTIB, TOAl SIK AJMIHICTpATOp BIANOBIAA€ 3a YOPABIIHHS JOCTYNOM 1
naHuMHu B 0asi. Lle diTke po3mexxyBaHHsI 000B’SI3KIB CIIpUsE OpraHi3aliii pooo4oro npouecy
Ta MIABUIIECHHIO Oe3neku JaHux y cuctemi. KpiMm Toro, Taka poiboBa Mojelb 3a0e3nedye

THYYKICTh B YIPaBJIiHHI TpaBaMU KOPUCTYBay1B.
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c<includes> 3afauHA CLBHapio
nepecysasHa oF'ekTy

=<include>=

380aHHA NapaMeTpie
pO3NOBCHI¥YBaYE 3BYKY

AN AHHA PO3TALYEAHHR T3
poaMipie

=<includes=

BuGip dyHEUIT 2a08HHA 3MIHW

WBWAKOCTI 3 MWOWHOW

3a0aHHA CLUEHW
BKCMEPHMEHTY

380aHHA NapaMeTpie
rigpoaKyCTUUHOT CTaHLLl

380a8HHRA NapameTpie
CepenoEMLLa

30epeseHHA SMIHHMX
CepenoBvlLa eKcnepumMeHTy

Buwdip KiNLKOCTI Mo ANA
MOJEMIOBAHHA

/|

Haykxoeeus

JABAHTAKEHHA
nonepenxix cuex

BKCNEPHMEHTY
HapgaHsHR Npag Ha aMiHy

od'ekTie B Da3i naHux

Budip maTemMaTi4Hol
Mogeni

==includes=
=<include==

Janyck poapaxyHekis
Y
)

==gxiend==

/—\< =<gitend=>
Bisyanizauis pesynsraTtie

J0epeXeHHA pe3yneTaTie

MOOENOERHHA

[oaaHHA/penarysaHHal
BMJANEeHHA HOBMX MOJEnen

POZNOBCHOKYEaYIB 3BYKY

Bubip meTogy po3paxyHky

==exiend==

CTBODEHHA KNYIE QOCTYNY
=zinclude=>

~J

AnmidicTparop

KepyeaHHA gocTynom
[onaHHA/penarysaHHa/
BWOANeHHA Mogenei

) MApoaKyCTHYHUX CTaHLR
<<includes=

EHeCceHHA MiH B Dazu
OaHuX

[ooaHHA/penaryeaHHal
EMJANEHHA JaHHWX Npo pensed

[NA OKPEMMX TEPUTOPIA

=zinclude==

Pucynok 4.6. Jliarpama npereneHTiB NporpaMHOTrO KOMILJIEKCY

HaykoBentb Mae 3MOry 3ajaBaTh  TapaMeTpH  PO3MOBCIOKYBada  3BYKY,
TAPOAaKyCTUYHOI CTaHIli Ta CepeAOoBHINA, IO BHU3HAYAIOTh YMOBHU TIPOBEICHHS
eKCIiepuMeHTy. B mpoleci HajmamTyBaHHsS BIH MOXXE OOMpaTu cCIeHapii nepecyBaHHs
00'e€KTIB, IX pO3TalTyBaHHS Ta PO3MIPH, @ TAKOXK 3a4aBaTH KIJIbKICTh MO/ JIJIs1 MOJICTIOBaHHS.
Ili mapameTpu TICHO MOB’si3aHI Mik CO00I0, 110 BiJI0OpakeHO 3B’sizkaMu «includey» Mix
BIIMOBITHUMH TperieieHTaMu. Takuil miaxid J03BOJISIE MOJETIOBATH CKJIQJHI CIieHapii
PO3MOBCIOPKEHHS 3BYKOBUX XBHJIb, BPAXOBYIOUM PI3HOMAHITHI (PI3MYHI XapaKTEPUCTUKH
cepenoBuina. TakuM YUHOM, AOCTIAHMK MOXX€ TOYHO BiJITBOPIOBATH YMOBU pPEATbHUX
€KCIIEPUMEHTIB, 110 MABUILYE JOCTOBIPHICTH PE3YJbTATIB.

Kpim namamryBanuss mapamerpiB, HaykoBemb TakoX MOKe OOUpaTd METOAH
pO3paxyHKy, MaTeMaTHU4HI Moiell Ta (QyHKIIT 3MiHU MIBUAKOCTI 3BYKY 3 nOuHoM0. Lle nae

3MOTY JOCJIIHUKY aJalTyBaTH METOIUKY OOYUCIEHb A0 CHEHU(IKH €KCIEPUMEHTY, IO
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3a0e3mneuye THyYKICTh MoaentoBaHHs. [lica HamamTyBaHHS BCIX TapaMeTpPiB 3A1HCHIOETHCS
3aIyCK PO3paxyHKiB, Pe3yJbTaTH SKUX MOXYTh OyTH Bi3yasizoBaHi Ta 30epexeHl s
MOJANBIIOTO aHamizy. 3aBAsku IIboMy HaykoBelnp OTpuMye MOBHUI IHKI poOOTH 3
€KCIIEpPUMEHTAJbHUMU JJAaHUMU — BiJI HAJAIITYBaHHS A0 aHamizy. Takuil migxia crpuse
e(eKTUBHOCTI JTOCTI/DKEHb 1 JO3BOJISE BUSBIATA 3aKOHOMIPHOCTI Y  TIOBEIIHII
T1IPOAKYCTUYHHUX CUTHAMIB.

AJIMIHICTpaTOp BIJNOBIIA€E 3a KEPYBaHHS JOCTYIIOM JO CUCTEMH, CTBOPEHHS KIIIOU1B
JIOCTYTy, a TaKOXK 32 BHECEHHs 3MiH 70 0a3u nanux. BiH MoXe jomaBatu, pefaryBatu Ta
BUJIAJIATH MOJIEJII T1IPOaKyCTUYHUX CTaHIIIH, pO3MOBCIOMKYBayiB 3BYKY Ta JiaH1 IIPO pelbed
st okpemux Tteputopii. lle 3abesneuye akTyanpHICTH 1H(pOpMaIli B 0a3i JaHUX 1
MOXJIMBICTh afanTallli CHCTEMHU 10 HOBUX JAOCIIAHUILKUX NOTpeO. Takok AaMiHICTpaTop
MO>KE HaJIaBaTH MIpaBa Ha 3MiHY 00'€KTIB y 0a31 JaHUX, 1110 J03BOJISIE€ THYUKO HAIAIITOBYBATH
JOCTYII 10 TaHuX. Takuii MiaxXij MiBUILY€E PIBEHb O€3MEKH Ta KOHTPOIIIO HaJl IHPOpMAII€I0
B CHCTEMI.

3B’s3kM «include» Ta «extend» MK TpeneneHTaMu BioOpaxaroTh 3aJI€KHOCTI MIXK
J1SIMA KOPHUCTYBAUIB 1 MiIKa3yOTh NOCIII0BHICTh BUKOHAHHS 3aBAaHb. 30KpeMa, «include»
BKa3ye Ha OOOB’SI3KOBI KPOKM B paMKaxX TEBHOTO MpoIlecy, Toal Ak «extend» mokasye
nonatkoBi (YHKINI, 10 MOXYTh BUKOHYBaTtucs 3a norpedu. Hampukian, 30epexeHHs
3MIHHAX CEpENOBHUINA EKCIEPUMEHTY BKIIOYAa€ TIONEpPEeIHE 3aBIaHHS IMapaMeTpiB
CEpEeNIOBHUIIA, a 3aMyCK PO3PaxXyHKIB MOXKE CyNPOBOIKYBATHUCS Bi3yalli3alli€lo pe3ysbTaTiB.
Ile momomarae opraHi3yBaTH JIOT1Ky POOOTH CUCTEMH Ta 3a0€3MEUUTH MOCHTIOBHICT 1N
KOpPHCTYBAauiB.

3aranom, jaiarpama MpeleseHTIB AEMOHCTPY€E YITKY 1 JIOTIUHY CTPYKTYPY B3aeMOJii
KOPUCTYBaulB 13 CHCTEMOIO, BijoOpa)katoud BCl KIJIIOUOBI MPOIECH MOCTIOBAHHS
TiApOaKyCTUYHMX CcuTHamIB. Posmomin ponelr Mk HaykoBiem 1 AamiHicTpaTopoM
3a0e3neuye 4iTKUH po3no/iia 000B’ A3K1B, MABUILLYOUX MPOTYKTUBHICTH 1 0€3MEKY CUCTEMH.
Taka apXxiTekTypa CHpHUS€ THYYKOCTI Y BHUKOPUCTAHHI MPOrPAMHOTO KOMILIEKCY,
JI03BOJISIIOUHU JIETKO MaciiTadyBaTH oro ¢yHKIiOHaIbHI MOXIHUBOCTI. Lle pobuts cucremy

aJIanTOBAaHOIO JI0 3MIHHUX BUMOT JIOCIIIJIPKEHbD 1 3a0e3neuye 1i ePeKTUBHY EKCILTyaTallito.
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ABTOpM2aUIA KOpWUCTYEAUA ]

KopHCTyBEa4a KopHcTyEaqy
He icHYE lchys

( OTPUMAHHA JaHux W

POSMOBCKYL¥YEAYE, NpUAMaya HaykosLj AMIHICTpATOR
L Ta cepefosnwa J

¥

~
Y Y
OTPUMAHHA YMOE
i CTBOpeHHA, PenaryBaHhA | | craopennn EaHHs abo
A, i WM a00 sunanes 1035 | | cynancuis obiexris y Gasex
X oCTyn A KOPUCTYEAYIB
BOJHOMY CEpeoBMLLi, 3BEPHEHHA 10 Ba3n AOCTYNY ANA KOPHCTY! OaHuy
~l, oy IHaHE
DOPMYBAHHRA CLEHAPID
EKCNEpHMEHTY
i — 3aKiHMTH Mpog o

v
PozpaxyHok xoedillicHTie ]

PoapaxyHok KoedilieHTis
CEpPEnoBMLLE ANA NOTOUHOT
mepauii

PozpaxyHor LWBMAKDCTI

o _ NOMWHAHHA, PO3CIKBAHHA,
3EYKY B NOTOYHIA iTepaui

BInOKTTA

N

Po3paxyHor aKyCTMYHOMD THCKY
oSpaHuy METDA0M

¥

COPMYBaHHA 3BITY 3

Bisyanisallis pesynsratie peayTILTATAMM OOpaXYHKY

J0epeseHHA pezynLTaTie ¥
BUMMAL danny

MpogoasMTH BEIﬁHHMTHT

J0epeweHHA QaHux
npo CEaHC

Pucynok 4.7 Jliarpama AisuibHOCT1 YaCTUHU MTPOTPAMHOTO KOMILIEKCY, sIKa 3aiiMa€eThCs

MOJICTTIOBAHHSM T1IPOaKyCTHUYHUX CUTHAIIIB.
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Jiarpama Ha pucyHky 4.7 BijoOpaka€ NPOIIECH, IIOB’s3aHI 3 MOJICIIIOBAHHIM
TIpOAKyCTUYHHUX CUTHAIIB y MPOrPaMHOMY KOMILIEKCi. BoHa mounHaeThes 3 aBropu3aiii
KOPUCTYBaya, Jie TIEPEeBIPSETHCS HOTO HASBHICTh y CUCTEMI. SIKIIO KOPUCTYBau ICHYE€, BiH
OTpUMY€ JOCTYN BIATIOBIAHO 7O CBOEI poOii: HAyKOBIlT abo aaMiHicTpatopa. Y pasi
B1JICyTHOCTI OOJIIKOBOTO 3aIKCy CUCTeMa HE HAJa€ JOCTYII 1 3aBEPIITy€ BUKOHAHHS MPOIIECY.
Ile mo3Boisie KOHTpoJOBaTH O€3MEKy Ta PO3MEXKYBAaHHS MpaB JOCTYIYy MK PI3HUMHU
TUTIAMU KOPUCTYBauiB.

HaykoBelb oTpuMye aaHi Mpo po3MOBCIOKYBAY, MPUMad Ta CEPEIOBUIIE, a TAKOXK
YMOBH MOJIEJIOBAaHHS, 110 BKJIKOYAIOTh METOIM Ta (PyHKLII 3MIHM HIBUAKOCTI Y BOJHOMY
cepenoBuill. [licas HbOro BUKOHYETHCS Cepisd PO3PAXYHKIB: BU3HAYAIOTHCS KOEPIIEHTH
CEpeOBMILA, IIBUIKICTh 3BYKY, a TaKOXX MapaMeTpH NOINIMHAHHS, PO3CIIOBaHHS Ta
B110UTTSA. L1 po3paxyHKH € KpUTUYHO BaXXJIMBUMU JIJISl TOYHOCTI MOJEIIOBAHHS, OCKIIbKU
HABITh HE3HAYHI 3MIHM Yy TMapaMeTpax CepeloBUINa MOXYTh CYTTEBO BIUIMHYTH Ha
pesynbraTti. Bcl oTpumaHi aHi BUKOPUCTOBYIOTHCS Ha HACTYIIHUX €Talax aHalizy ajs
3a0€e3MeueHH MAaKCUMAJIbHOI BIIMIOBITHOCTI MOJIEN PeaJlbHUM YMOBaM.

Jlami 3MiiCHIOETHCS pO3paxyHOK aKyCTUYHOTO TUCKY BIJIOBITHO O 0OPAHOTO METOY.
[Ticnst bOTO pe3ynbTaTH BI3yalli3ylOThCs, (DOPMYEThCA 3BIT 3 OTPUMAHUMU JaHUMH Ta
30epiraroThCsl pe3ysibTaTy y BUNNIsIAL (aiiny. Bizyanizalis qonomarae KOpucTyBadam Kpaiie
3pO3YMITH OTpPHUMaHI1 PE3yJIbTaTH, M0 OCOOJWBO BAXKIMBO JJIsI aHATI3y CKIQJIHHUX
AKyCTUYHMX SIBUII. 30€pekeHl JaHl MOXYTb OyTH BUKOPHCTAaHI g MNOAAJIbIINX
pPO3paxyHKiB a00 MepeBipKU KOPEKTHOCTI MOJIeTIel Yy MallOy THbOMY.

AnMIHICTpaTOp, y CBOIO Yepry, 3aliMaeThCsi CTBOPEHHSM, peIaryBaHHSIM a0o
BUJIQJIEHHSIM TIpaB JOCTYIY JJIsi KOPUCTYBadiB, a TAKOXK YIPABIIHHIM 00'eKTamMu y 0azax
nanux. Moro GyHKITIT BKJIFOYAIOTh KOHTPOJIb HAJ 30€PEKEHHSIM JaHHUX 1 3a0€3MeUCHHSIM
iXHBOT aKTYaTbHOCTI. 3aBASKH I[bOMY CHCTEMA 3aJTUIIAE€THCS OPTaHi30BaHOI0, @ KOPUCTYBadi
OTPUMYIOTh JIUIIIE HEOOX1HUH PiBEHb AOCTYy A0 iHGopMaliii. Takox aamMiHICTpaTop Moxe
KOpUTYBaTH 0a3¥ JJaHWUX Yy pa3i BUSBJICHHS MOMUJIOK 200 HEOOX1THOCTI OHOBJICHHS JIaHUX.

[Ticns 3aBepuieHHS poOOTH 30€peKEHHS TaHUX MPO CECilo 3a0e3neyye MOKIUBICTh

MOJIAJTIBIIIOTO aHaJ3y Ta BUKOPHUCTaHHS oTpuMaHoi iHdopmarrii. Ile mo3Bomse cucremi
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30epiraT iICTOpi0 OOYUCIIEHD, III0 MOXKE OyTH KOPUCHUM I BIITBOPEHHS €KCIIEPHUMEHTIB
a00 mepeBIpKH pe3yabTaTiB. Takui Miaxij MiABUINY€E HAAIMHICTh OTPUMAHKUX JIaHUX Ta JIa€
3MOTY TIPOCTEKUTH JIOTIKy BUKOHaHUX oOumciieHb. Kpim Toro, 30epexkeHHsS cecii
JI0TIOMarae KOpHCTyBayaM YHHUKaTH ITOBTOPHOTO BBEICHHS THUX CAMHX JaHUX Y pasi

MPOIOBKEHHS POOOTH.

Mepenaya pe3ynsraTie

l, po3paxyHKE ONA 30epeseHHA
Models
MySqiData ModCompGeoFunction View
HydroAcModComp
PoboTa 3 Gazamu gaHmx, PoGota 3 Daszamu regaHumx,
iMNOpT Ta eKCNOPT gaHux x iMnopT Ta excnopT
'y IHTEpGERC NPOTPaMHOrD 3a083NeYeHHA, o
Bifo0paweHHA 3MIHW KYCTUUHOMD
THCKY 3 HacoM. Mpadiky 2MiHKM

BEYCTUUHOMD THUCKY

3anut

'3GepeeHHn cLeH OTpuMaHHa
Ha,D,EHHFI',\'J.aHH)l EKCNEPUMEHTY GaTAMETpIi oBnacTi
npo o0'exTH

EKCTEPUMEHTY
OTPMMEHHR BXIOHAX JaHWx
LMA MOAEMOBaHHA
Controller HydroAcModCompViewModels
v
NormalModes |
OBpOGKa BEEnEHIR JaHUX " Donomixnmit knac HydroAcModComp
pO3PAXYHOK HEOGIXHWX KoeDiLEHTIE, Pezyrstati ANA KOPPEKTHOrO Bif0OpakeHHn rpadikia
peanizauif MeTo/is MO4ENOBaHHA po3paxyHkie
33 BUKODUCTAHHA METOLY HOPMANEHMX MOZ

Pucynoxk 4.8. Opranizaifisi Koy NpoeKTy 3a apXiTeKTypHUM madioHnom MVC

Ha pucynky 4.8. mpencrasiieHa giarpaMa, sika TIOCTPY€ OpraHi3alliio KAy MpoeKTY 3a
apxitekrypaum 1mabionom MVC (Model-View-Controller). Bona pozainsie mporpamy Ha
TPU OCHOBHI KOMIIOHEHTH: MOJIEIb, KOHTPOJIEP 1 peacTaBiieHHs. Takuii miaxij 3ade3nedye
YITKYy CTPYKTYpY, 11O CIIPOIIY€E MIATPUMKY Ta PO3IMIMPEHHS MPOEKTY. Y 1bOMY KOHTEKCTI
MOJICJIb BIJINMOBiAa€ 3a poOOTYy 3 JaHUMH, KOHTPOJEpP BHUKOHY€ OOUUCIICHHS, a
MIPENICTABIICHHS BiIOOpa)kae pe3ylbTaTd MJisi KOPUCTyBaya. 3aBISKH I[bOMY IMiJIXOMY
PO3POOHUKH MOXYTh HE3JIC)KHO 3MIHIOBATH OY/Ib-IKUI 3 KOMIIOHEHTIB, HE BIUIMBAIOYHA HA
1HII1 yacTuHU cuctemMu. Lle poOuTh cucTeMy THYYKOIO Ta aJalTUBHOIO J0 3MIH BUMOT YU
PO3IIMPEHHS 11 PyHKITIOHAITY.

Monenb BKIIOYae Kijibka MoaymiB, Takux sk MySqlData Ta ModCompGeoFunction,

K1 MpalowTh 3 0azamu ganux. MySqlData o0po0iisie iMIIOPT, €KCIOPT 1 B3aEMOIIO 3
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O0azamu  nmaHux,  3a0esnedyioud  OoTpuMaHHsS  1HQopmamii  mpo 00 €KTH.
*ModCompGeoFunction® BignoBizae 3a poOOTy 3 T'€0laHUMH Ta OTPUMAHHS OaTHUMETpii
obmacrti ekcriepumenTy. Lli Moy 103BONISIIOTH 30epiratu Ta 0OpOOISATH BEIUKY KUIBKICTh
JAHUX, 1[0 € BAXKJIMBUM JUIsI TOYHOTO MOJICTIOBAHHS T1IPOAaKyCTUYHUX MpolleciB. Bonu
B3a€MOJIIIOTH 13 30BHIIIHIMU JDKEpENaMy JaHHWX, Ha/Ial0odl KOPUCTyBadaM aKTyalbHy Ta
TOYHY i1H(OpPMAIlII0 Ui MOJATBIIUX PO3PAXyHKIB. TakuM YHMHOM, MOJIEIb € OCHOBOIO
CHUCTEMH, sika 3a0e3Ieuye TOCTYIHICTh Ta IIIICHICTh TaHUX.

Kontponep mpencraBiennii kimacom NormalModes, sikuii 3aiiMaeTbcsi 00OpOOKOIO
BBCICHUX JIaHUX Ta pPO3paxyHKOM HEOOXTHMX KoedilieHTiB. BiH peanizye Meroau
MOJICJIIOBaHHsI, BUKOPUCTOBYIOUH METOJ] HOpMaJIbHUX MoA. KoHTposnep Biairpae Kito4oBy
POJIb Yy 3B’SI3KY MK MOJICJUTIO Ta MPEACTABICHHSIM, OCKUIBKUA CaMe TYT BiI0yBalOThCs BCI
OCHOBHi oGurcieHHs. Floro po6ora BKIII04ae nepeBipKy KOPEKTHOCTI BXiJIHUX MapaMeTpiB,
ONTHMI3allll0 MPOLECIB PO3paxyHKy Ta Iepeaavy pe3yJbTaTiB A Mofaibuioi oo0pooku. Le
JI03BOJISIE 3HAUHO TMIJBUIIUTH MPOIYKTUBHICTH CHUCTEMH Ta 3a0€3MEeUUTH TOYHICTh
OTPUMAaHMX pe3yJbTaTiB. 3aBISKH IIbOMY HIAXOAY CHCTEMa MOXKe MaclutadyBaTucs 0e3
3HAQYHUX 3MIH Y KOl KOHTpOJEpa.

[IpencraBnenns CKJIaJIa€ThCsI 3 HydroAcModComp Ta
HydroAcModCompViewModels, siki BiamoBiiaioTh 3a BioOpakeHHs i1HOpMaIii.
HydroAcModComp € inTepdeiicom mporpaMHOro 3a0e3neueHHs, SKui IEMOHCTPY€E 3MIHU
akyctuyHoro THCKy B 4aci. HydroAcModCompViewModels BuKOHYe HOMOMIXKHY
dyHKLII0, 3a0e3meuyour KOpekTHEe BigoOpaxeHHs rpadikiB. Ll yacTmHa apXiTekTypu
JI03BOJISIE KOPUCTYBa4aM TEPETIAIaTH Pe3yIbTaTd OOYMCICHb Y HAOYHOMY BHIJIAI, IO
MOJIETIIIY€E aHaJi3 1 MPUUHATTS pilieHb. Bidyamizaliis JaHUX J1a€ 3MOTY IIBHIKO BUSIBUTH
3aKOHOMIPHOCTI Ta aHOMaJli, L0 BaXKJIMBO JUIsI HAYKOBUX JOCHIKEHb Ta I1HKEHEPHHUX
PO3paxyHKiB. 3aBISIKU I[bOMY KOPHUCTYBaul OTPUMYIOTH IHTYITUBHO 3pO3yMLIuil iHTEpPeEiic,

SAKUH CIIPOIILY€ B3aEMO/IIO 3 TPOIrPAMHUM KOMILUIEKCOM Ta aHai3 3MOJIEJIbOBAaHUX MPOLIECIB.
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NormalModes

Formulae

# MethodSonicFieldModifiediter(z: doublefL.."], r: double(1..*], 20: double, i Integer, waveFreq: double, modes: Integer, speedType: Integer, g: double, D: double, kms: Complex{1..']): Complex
# MethodSonicFieldModified(z: doublef1..*], . double[1..*], consts: Constants, modes: Integer, speedType: Integer, 20: double): Complex{L.'
{# MethodSonicField(z: double[1..*, : double[1..
i AmpltudeSpeedPotential(z: double[?.."], . double
 FintteDifference(z: double[1..*], consts: Constants, mode: Integer, s
 Haliorkins(z: double[1..*], : double[1..*], consts: Constants, mode: Integer, speedType: Integer, zGas: double, gs: KeyValuePair<double, double>): Complex[1."]
 GradientShift(z: double[1..*], r: double(1.."], consts: Constants, modes: Integer, § : Integer, 20: double): Complex(1..*

7/ \

/
« :mw\z
/

/
/

«use»
I

MathMethods
ThomasSLAE(A: Complex(*), B: double[1..*]): Complex(1."

N
Constants
5} ata: double
5} atb: double
 Calc_km(w: double, c: double, m: double, D: double, zi: double): Complex 5 atmoOne: double
# Calc_Phi(z: double, q: double): double 5} a: double
i Calc_kmax(w: double, z double): double 53: double =
# Calc_gm(m: double, h: double): double 1 _def g: double eiper
i Calc_gm_k(w. double, c: double. k: Complex): Complex E1_q: double s.<m.soaoz== (v: Vector3D, n: double): Vector3D .
# Calc_gm _D(m: double, D: double): Complex 53q: double i GridCreate(x: %S_m, _A%S_m xh: double, yh: double, xmin: double
 CalcLevelM(m: double, M: double): double 53 h: double {, ConvertTwoToOneDim(input: double{*]): double(?.’
 Calc_H(km: Complex, . double, level: double): Complex E3r. double ﬁ\_Wm .
 Calc_H1(km: Complex, r: double, level: double): Complex 3 waveFreq: double _,
# Calc_J(z: Complex, v: double): Complex 3 waveLen: double \
#, CalcHv(km: Complex, r. double, v. double): Complex 5}D: double Interpolation
4 Calc_Phi_m(z: double, m: double, h: double): Complex 3 eps_allowed_deviation: double &} eps: double
 Calc Miu(z: double, r: double, c: double, gs: KeyValuePair<double, double>): double E3n_eta: double  searchinterval(a: double, b:
# Constants() &
{8, Constants(String) @ interpTriinear(s: Vector3D, e: Vector3D, p: Vector3D): Vector3D
g Constants(h: double, D: double, waveLength: double, waveFreg: double, . double) & : double, c00: Vector3D, ¢10: Vector3D, cOL: VectordD, ¢11: Vector3D): Vector3D
4 Defaultinit()
 WriteStream(writer: JsonWriter)
 ExportISON()

0JIEHOTO TTPOTPAMHOTO 3a0€3MeUCHHS.

iarpama KiaciB po3po

Pucynoxk 4.9. J1
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PosrisiHeMo kovkeH 3 pealli3oBaHUX KJIAciB, 1X 3MiHHI Ta (yHKIIIT AeTaIbHIIIC.

OcHoBHa pearizariisi 00uuciIeHb 3HaX0auThCA B Kimaci Formulae. Knac cknamaerses 3
HACTyIHUX MeToiB (puc. 4.9):

— MethodSonicField(double[] z, double[] r, Constants consts, int modes = 7, int
speedType = 1, double z0 = 0.1) — MeTox B IKOMY peai30oBaHO PO3PAXYHOK HOPMAIBLHUX
MOJl TIpH 3arIMOJICHOMY BUIIPOMiHIOBaul Ha mubuny z(0. 3a 3amModyBaHHSM, DIHOMHA
3aHypeHHs BUnpoMiHoBada 100M, a KUIBKICTh MO /ISl OOpaxyHKy — 7.

— MethodSonicFieldModified(double[] z, double[] r, Constants consts, int modes
=7, int speedType = 1, double z0 = 0.1) — moaudikoBanuit MeTo] 0OpaXyHKy HOPMATHHUX
MOJI, sIKUi ayg oOpaxyHKy BukopuctoBye meron MethodSonicFieldModifiedlIter(). 3a
3aMOBUYYBaHHSM, BUIIPOMIHIOBAY 3HaxXoAWThcs Ha THOuWHI 100M, KUIBKICTH MOA MJIs
oOpaxyHky — 7. OO4uCIEHHS MPOBOJUTHCS YEPE3 pO3MApaJICIIOBAaHHA OOYHUCICHHS
HOPMAaJIbHUX MO,

— AmplitudeSpeedPotential(double[] z, double[] r, Constants consts, double? z0
= null, int mode = 1, int speedType = 1, double[] t = null) — meTox, sIKUW BUKOPUCTOBYE
MOTEHIIIAJ MIBUAKOCTI JJISI MOACIIIOBAHHS

— FiniteDifference(double[] z, Constants consts, int mode = 1, int speedType =
1)- MoneTIOBaHHSI HOPMAJIBHUX BUKOPUCTOBYIOUU KIHIIEBO-PI3HUIIEBY TUCKPETU3AILIIO.

— Haliorkins(double[] z, double[] r, Constants consts, int mode = 1, int speedType
= 1, double? zGas = null, KeyValuePair<double, double>[] qs = null) — meTon, saxuii
pearizoBye po3paxyHoK 3a ¢opmynamu ["anbopkiHa.

— GradientShift(z: double[1..*], r: double[1..*], consts: Constants, modes:
Integer, speedType: Integer, z0: double): Complex[1..*] - O6Guucatoe 3mileHHs rpaaieHTa
JUTSI 3ByKOBOTO TIOJISI HA OCHOBI KOOPJIMHAT Z 1 I, KOHCTAHT consts, KITLKOCTI Moa modes,
tumy mBuakocTi speedType, 1 mouaTkoBoi koopauHat z0. [ToBepTae MacuB KOMITJIEKCHUX
3HAYCHb JIJIs TPAJAIEHTHUX 3MiH 3ByKOBOTO MOJIS.

Knac Misc (puc. 4.9) mictuth MareMaTH4Hi (QyHKIII1, MPU3HAYEH] JJIT PO3PAXYHKY

(G13MYHUX TapaMeTpiB B KOHTEKCTI TIAPOAKyCTUYHUX JOCTIIKEHb. BUIbIIICTH METOAIB
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3anexarb BiA (I3MUHUX MapaMeTpiB, TaKUX SIK YaCTOTA, IIBUAKICTh 3BYKY, XBHJIbOBUUI
BEKTOp, KOOPAWHATH, Maca Tomlo. Pe3ynsratd OOYHMCIIEHb TMOBEPTAIOTHCS y BHIVISI
KOMIUTCKCHHX uuceln. Lleir kimac BKiIo4ae pi3Hi (QYHKINI, [0 BUKOPUCTOBYIOTHCS ISt
00paxyHKy pI3HOMaHITHHUX TIlapaMeTpiB Ta 3MIHHUX CHCTEMH, SKI HEOOXIH1 s
PO3paxyHKYy.

SpeedSupportedTypes: Integer[1..*] {read-only} - 11e MacuB iUX Yrcen, TOCTyTHUN
JuIIe I YydTaHHsA. BiH Bu3Hauae pi3Hi MATPUMYBaAHI THUIU MIBUAKOCTI, K1 MOXKYTh OyTH
BUKOPHUCTaH1 B 00YHMCIICHHSX, HAIIPUKIIA]I, IBUAKICTh 3BYKY B PI3HHX CEPEIOBUIIAX.

DensityFunc(z: double, q: double): double - ¢yHKIIsS 004YHCTIOE MIUIBHICTH
cepeloBuUIlla Ha OCHOBI 3MiIHHUX Z (mubuHa) 1 q (). [loBepTae pe3ynbrar y BUIVISAL YUCTa 3
MJTABAIOYOI0 KPAIKOIO.

SpeedFunc(z: double, type: Integer): double - oOuuciroe MBUAKICTH 3BYKY B
CEpeIOBHUILI Ha OCHOBI KOOPIMHATH Z Ta TUITY IIBUAKOCT1, BU3HAYEHOTO LIIIUM YHCIIOM type.
Tun mBUIKOCTI BIAMOBIa€ KOHKPETHOMY CEPEIOBUIIY a00 MOJIE1 PO3PaXyHKY.

Calc_km(w: double, c: double, m: double, D: double, zi: double): Complex - o6unciroe
koedimieHT km, 1110 3aneKuTh BiJl YaCTOTH XBUJII W, IIBUJIKOCTI 3BYKY C, MaCH m, BiJICTaH1
a6o mmmbunu D, 1 koopauHatu zi. IloBeprae pe3ynbrar sSIK KOMIUIEKCHE uucio. Lle
XBUJILOBUH BEKTOp a00 iHINIA (Pi3nyHA BEIMUMHA, TTOB'A3aHa 31 3BYyKOBUMHU XBUJISIMHU.

Calc_Phi(z: double, q: double): double - obuucaroe pynkiiro dhazu adbo MoTeHIIATY
3BYKY Ha OCHOBI1 KOOPJIMHATH Z Ta MapaMeTpa (.MKOPUCTOBYETHCS JUIsl aHATI3y 3MiHU (a3u
a00 IHTEHCUBHOCTI 3BYKOBO1 XBHIII.

Calc_kmax(w: double, z: double): double - obGumcnroe MakCUMabHHN XBUJIbOBHMA
BEKTOP Ha OCHOBI YaCTOTH XBHWJII W Ta KOOpAWHATHU Z. [loBepTae MakcuManbHe 3HAYEHHS SIK
TIHCHE YHCIIO.

Calc_gm(m: double, h: double): double - obGuucmntoe dyHKIIIO HA OCHOBI Macl m Ta
napametpa h — muouHu.

Calc_gm k(w: double, c: double, k: Complex): Complex - oOuucatoe KOMIUIEKCHY
(yHKII110, 1110 3aJIEKHUTH BiJ] YaCTOTH XBUJII W, IIBHJIKOCTI 3ByKYy C Ta XBHJIbOBOTO BEKTOpa

k (KOoMIUIEKCHE YHCTIO).
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Calc_gm D(m: double, D: double): Complex - o6uucnroe KoMIiekcHy (YHKITIIO Ha
OCHOBI Mack m Ta BiacTaHi/mmmOuan D. BUKOPUCTOBY€TbCS Uil PO3paxyHKyY
PO3MOBCIOKEHHS 3BYKOBOT XBHJTI HA 3a/IaHIi BiACTaHI.

Calc_H(km: Complex, r: double, level: double): Complex ta Calc_ H1(km: Complex,
r: double, level: double): Complex — ¢ynkmii, ki peanizyloTe oOuMcieHHS (QYHKIT
['enkerns, 0 3a7€KUTh BiJl XBIJIBOBOTO BeKTOpa km (KOMILIEKCHOTO YucIia), BiCTaHi I Ta
piBH# level.

Calc_J(z: Complex, v: double): Complex - o6umciitoe KOMIUIEKCHY (DYHKITIIO Ha OCHOBI
KOMILJIEKCHOI KOOPJIMHATH Z Ta WIBUAKOCTI V, BUKOPUCTOBYETHCS JJI PO3PAXYHKY
XapaKTePUCTUKH 3BYKOBOT'O TIOJISI B CKJIAJTHUX CEPEOBHUIIAX.

CalcHv(km: Complex, r: double, v: double): Complex - oOuuciIOE€ KOMIUIEKCHY
(byHKII10, sIKA 3aJIEKUTD BiJ] XBUJILOBOTO BeKTOpa km, BiJicTaHi r Ta MIBUAKOCTI V. MOXKIIHUBO,
BUKOPHCTOBYETHCS JISI OOYMCIICHHS XBHJIBOBUX XapaKTEPHUCTHUK.

Calc_Phi_ m(z: double, q: double): Complex - O6uucnioe dazy abo moreHmian st
MEBHOI TOYKMU Z Ta MapaMerpa (, ajie MoBepTae KoMIUIeKcHe uuciio. Lleit meron Ouibi
TOYHUM a00 BKIIIOYAE JTOAATKOBI mapameTpu nopiBHsHO 3 Calc Phi.

Calc_Miu(z: double, r: double, c: double, gs: KeyValuePair<double, double>): double
- o06uunciioe (i3uvYHy BETUYMHY Ha OCHOBI KOOPJMHATH Z, BIJICTaHI I, IIBUJKOCTI 3ByKYy C Ta
napameTpiB, IpeACTaBIECHUX y napi 3HaueHb gs. [loBepTae pe3ynbTar siK A1MCHE YHUCIIO.

Kinac Constants (puc. 4.3.5) € BaXXJIMBOIO YAaCTHUHOKO MPOTPaMU [JII MOAEITIOBAHHS
3BYKOBHX IOJIIB Y BOJIHUX CepeoBUIaX. BiH MICTUTh apaMeTpH, Kl BA3HAYAIOTh (PI3UYHI1
XapaKTEPUCTUKHU CEPEOBHUINA Ta 3BYKOBUX XBHJIb, @ TaKOXK (DYHKITT JJIs 1HII(IamizaIi Ta
EKCIIOPTY JIaHUX.

Mertoau knacy Constants:

1. Constants() — KOHCTPYKTOp 3a 3aMOBUYBaHHSIM, KU 1HiL1aJi3y€e 00'€KT 3 0a30BUMHU
3HAYEHHSIMHU MapaMeTpiB.

2. Constants(String) — KOHCTPYKTOp, W10 TpUHAMae pAAKOBUM mapameTp st

1HImam3anii 00'eKkTa, MOKIINBO, 3a7a€ IM'sT a00 HIISAX A1 3aBaHTAKEHHS KOHCTAHT.
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3. Constants(h: double, D: double, waveLength: double, waveFreq: double, r: double)
— KOHCTPYKTOP, AKUH 1HIIIaTI3y€e 00'€KT 3 KOHKPETHUMH 3HAUCHHSIMU TTapaMeTpPiB, TAKUX SIK
BHCOTA, BIJICTaHb, JOBKHWHA XBHUIIi, 4ACTOTA Ta PaaiyC.

4. Defaultlnit() — meTon ais iHimiam3anii o0'ekTa 3 TAIOBUMHU 3HAYCHHSIMHA KOHCTAHT.
BukopucToBy€ThCS A1 MIBUIKOT MIATOTOBKH JI0 PO3PaXyHKIB.

5. WriteStream(writer: JsonWriter) — MeTof /TSl 3aMUCy MMOTOYHUX 3HAYEHb KOHCTAHT
B JSON-dopmar. [le no3Bosisie 30epiratu napameTpu B 30BHilIHI (aiti abo nepegaBaru ix
THIITM CHCTEMaM.

6. ExportJSON() — Meron juist ekcriopty nanux kiacy B JSON-dopmar, 1o noserinye
1HTErpalliio 3 IHIUMHU IporpamamMu abo 30epesKeHHs pe3yJIbTaTiB MOJICITIOBAHHS.

Kiac Constants 3abe3neuye poboty 3 (pizuuHMMU mapameTpaMu, HEOOXITHUMHU JIs
TOYHOTO MOJIEJIFOBAaHHS 3BYKOBHX TOJIIB Y BOJHUX cepeoBuIlax. BiH BKitouae GyHKINT 1715t
IHIIAM3ali JaHuX, OOYMCIeHHsT (PI3MYHUX XAPAKTEPUCTUK Ta €KCIOPTY PE3YyNbTaTiB y
JSON-¢popmar, mo poOuTh HOro KpPUTHYHO BaXJIMBUM KOMIIOHEHTOM IpOrpamu Jis
MOJICTTIOBAHHSI T1IPOAKYCTUYHUX MPOIIECIB.

Kinac Interpolation (puc. 4.3.6) Hamae 1HCTPYMEHTH ISl IHTEPIOJIALII Ta MOUIYKY
iHTepBaiB. BiH BUKOPUCTOBYETHCS I PO3PAXYHKIB, 110 BKIIOYAIOTh TPUBUMIPHI BEKTOPHU
Ta IHTEPHOJIAIII0 3HAYCHb.

Kiac Interpolation mae nuiie onne none: eps: double — qonmyctume BigxuieHHs abo
noxuOKa, sKa BPaxOBYETbCA TMPU BUKOHAHHI I1HTEPHOJISAIIAHUX PO3PAXYHKIB IS
3a0e3neyeHHs He0OX1JHOT TOYHOCTI.

MeTtoau knacy Interpolation:

— searchInterval(a: double, b: double[1..*], j: Integer): Integer - BUKOHYy€ TONTYK
1HTEepBaJly B MacHBI 3Ha4€Hb b HAa OCHOBI 33]aHOTO 3HAUCHHS a. [loBepTae iHAEKC IHTEpBAIY,
B SIKOMY 3HaXOJUTHCA a.

— Trilinear(x: double[1..*], y: double[1..*], z: double[*], step: double):
Tuple<double[], double[], double[][]> - BuKOHY€ TpwIIHINHY IHTEPHOJSALID Ha OCHOBI
MacuBIB KOOpAWHAT X, y, Z Ta KpokKy step. IloBeprae KopTex 3 TpPhOX MAaCHBIB, IO

MIPECTABIISIOTH IHTEPIIOIBOBAH] 3HAYECHHS JIJIST KOXKHOT OCI.
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- interpTrilinear(s: Vector3D, e: Vector3D, p: Vector3D): Vector3D - oGuucitoe
THTEPITOJISAIII0 MK JJBOMAa TPUBUMIPHUMH BEKTOPAMHU S 1 €, BUKOPUCTOBYIOUH TOYKY P JJIs
inTeprionsanii. [ToBeprae HOBUM 1HTEPIIONIBOBAHUI TPUBUMIPHHI BEKTOP.

- interpBilinear(tx: double, ty: double, c00: Vector3D, c10: Vector3D, cOl:
Vector3D, c11: Vector3D): Vector3D - BukoHye O1UT1HIAHY 1HTEPIOJISALIIO IS TBOX 3MIHHUX
tx 1 ty Ha ocHoBl 4oTHpboX To4dok c00, c10, c01, cll. IloBepTae pe3ynasrar y BHUIISAIL
TPUBUMIPHOTO BEKTOPA.

Kiac Interpolation 3a6e3neuye TOUH1 IHCTPYMEHTH JIJIS IHTEPIIOJIALIT B TPUBUMIPHOMY
MPOCTOP1, BUKOPUCTOBYIOUM TPWJIIHIMHI Ta OUIIHIAHI METOAW, a TaKOXK (PYHKIIIO s
MOIIYKY 1HTEpBaJIIB B MACUBaX 3HAUYCHb.

Metoau knacy Helper:

— Vector3DMult(v: Vector3D, n: double): Vector3D - BukoHye MHOXEHHS
TPUBHUMIPHOTO BEKTOpA V HA CKaJsipHE 3HaueHHs n. [loBepTae HOBUII TPUBUMIPHHI BEKTOP
K pe3yJbTaT ornepailii MHOKeHHs. L (QyHKIsT BUKOPUCTOBYEThCA JUIsl MacIITaOyBaHHS
BEKTOPIB y TPUBUMIPHOMY MPOCTOPI.

- GridCreate(x: double, y: double, xh: double, yh: double, xmin: double, ymin:
double): double[*] - cTBOprO€ TBOBUMIpPHY CITKY Ha OCHOBI 3Ha4Y€Hb X 1Y, 1110 BIIMOBIIAIOThH
KOOpAMHATaM, a TaKOK TPaHUYHUX 3Ha4eHb xh, yh, xmin 1 ymin. [loBepTae macuB uucen 3
KOOPJMHATAMHU CITKH, 1110 BUKOPUCTOBYETHCS JUIsI MOZCIIOBAHHS MTPOCTOPY B OOUMCIICHHSIX.

— ConvertTwoToOneDim(input: double[*]): double[1..*] - mnepeTBOprOE
JBOBUMIDHUN MacuB JaHUX Yy OJHOBUMIpHUN MacuB. lle KOpUCHO 1Jis 3MEHIIICHHS
CKJIAJIHOCTI JaHuX a0o iX momanbiioi oOpoOku. IloBeprae OmHOBHMIPHUN MAacHB, IO
MICTHTB Ti1 CaMi JIaHi, 10 i BX1JHUN JTBOBHUMIPHUN MaCHB.

Knac Helper nanae gpynkuii ajist po60TH 3 TPUBUMIPHUMHU BEKTOPAMU, CTBOPEHHS CITOK
Ta TIEPETBOPEHHS JIBOBUMIPHHUX JaHUX Y OJHOBUMIPHI, IO JOMOMAara€ B OOYMCICHHSX 1

MOJICJIFOBaHHI 3ByKOBHUX TOJIIB.
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Kopucryeay HidroAcModComp MySQLDatabase Normal Modes HydroAcModCompViewModels
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Pucynok 4.10. [iarpama nocniJoBHOCTI CTBOPEHOT'O MPOrPaMHOTO 3a0€3MeUeHHs

Ha puc. 4.10 300pakena miarpama MOCTiJOBHOCTI pO3pOOJIEHOTO MPOrPaMHOTO
KOMILJIEKCY, 30KpeMa BHJUIEHAa MOCHIJOBHICTh B KOHTEKCTI BHUKOHAHHS OOYMCIIEHb 32
nornomororo crBopeHoro nakery NormalModes. 1s giarpama mociigoBHOCTEH BigoOpaxae
MPOIIEC MPOBEICHHS TiIPOAKyCTUYHOTO EKCIIEPUMEHTY 3a Y4YacTHO KUIBKOX KOMITOHEHTIB:
Kopucrysau, HidroAcModComp, MySQLDatabase, Normal Modes Ta
HydroAcModCompViewModels. KopuctyBau iHiIlil0€ eKCIIEPUMEHT, BBOASUN MTapaMeTpu
cepeioBUINa, JDKEpena 3BYKY, puiiMada, a TakoK BUOWparOuu MOJIel 3MIHM IIBHAKOCTI
3ByKy Ta 00paxyHKy. Ha koxxnHomy 3 eramniB BBeAeHHs AaHux HidroAcModComp 36epirae

iHpopmariito B MySQLDatabase, sixka miaTBep/Ky€e yCHilIHE 30€peKeHHS.
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[Ticns manamryBans Kopuctysau 3amyckae oopaxynku. HidroAcModComp niepenae
naHi B komroHeHT Normal Modes, sikuit BianoBigae 3a o6uucienHs. [licis 3aBepiieHHs
oOumCcIieHb pe3yabTatu nepemaaroThes Hazan 10 HidroAcModComp. Lleit koMmmoHeHT mati
nepenae pesynsratd y HydroAcModCompViewModels st Bizyanizarii.

dinanpHui etan nepeadauvae BigoOpaskeHHS pes3ynbrariB KopuctyBauy y BUDISI
Bi3yaJIbHHX ysBJIeHb. Jliarpama I1eMOHCTPY€ UITKY MOCIHIJOBHICTb /i, a TAKOK B3aEMOIIIO
MK KOMIIOHEHTaMHM, IO 3a0e3Meyye KOPEKTHICTh 1 30epexeHHs] JaHMX Ha BCIX eTamax

EKCIIEPUMEHTY.

4.4. JleMoHCTpalisi pe3yJbTAaTiB PoOOTH Ta OUIHKA €(eKTUBHOCTI CTBOPEHOIO

NPOTrPaAMHOI0 KOMILIEKCY

Jli1st poOOTH TIporpamu, sika BUKOHYE MOJIEIIOBAHHS Ta PO3PAaXyHKH 3BYKOBHX ITOJIIB Y
BOJIHMX CEPENOBUINAX 3 BUKOPHUCTAHHIM TpadiyHAX Ta YHCIOBUX JaHUX, SIK Ha
IPEICTaBICHUX 300pKEHHAX, MOKHA BUJIIJTUTH HACTYITHI BAMOTH J10 00JIaJTHAHHS (3aJ113a):

[Tponecop (CPU):

— Bararosinepauit nponecop (MiHiMyM 4 sifipa): MOJETIOBAaHHS 3BYKOBUX TOJIB
notpelye 3HAUHUX OOUUCIIOBAIBHUX PECYPCIB JUIsl PO3PaxXyHKIB XBUIILOBUX IMPOIIECIB,
IHTerpaIii Ta IHTePIOISIIIM.

- Yacrora nporecopa: peKOMEHAYETHCS IPOLIECOP 3 YACTOTOXO HE MeHIe 2.5-3.0
I'T'11, 0co6aMBO SIKIIIO MOJIE1 BKITIOYAIOTh CKJIAIHI MaTeMaTuyHi (yHKIIT a00 MOJETIOBaHHS
BEJMKUX 001acTell 3 BUCOKOIO TOUHICTIO.

OneparuBnHa nam’sitb (RAM):

— Minimym 8 I'b O3I1 asis 6a30BUX pO3paxyHKIB 1 MOJICTIOBAHb.

— PexomenmoBano 16 I'b abo Oinbmie st koMpopTHOT POOOTH 3 BEIMKUMU
o0'eMaMM JTaHUX, TAKUMH SIK TPOQ1Ii 3ByKOBOIO IMOJISI, YUCICHHI TOUKM JAHUX Ta BEJIMKI

O3MIPHOCTI CITOK, IKI MOXYTh BUMAraTy 3HAYHOI KIJIBKOCTI OTIEPATUBHOI I1aM'sTi.
p p ) Yy p
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[Iporpama BukOpHUCTOBY€E TrpadidHy Bizyami3allilo, sK IMOKa3aHO Ha 300paKeHHSX
(konmpopoBi rpadhiKu Ta TPUBUMIPHI Bi3yallizallii), IHTErpOBaHMM I'padiuHUN MPOIECOP MOXKE
OyTH JOCTaTHIM Ji 0a30BUX Bi3yai3alliil.

[Tpote st 0OpoOKM BEIUMKHX OOCATIB TpadiyHUX AaHUX a00 MOOYTOBH CKJIATHHUX
rpadikiB  (0cOOIMBO 3 BHCOKOI PO3AUIHPHOI 3maTHICTIO abo 3 D-Bizyamizali€ro)
PEKOMEHIYEThCSI:

- Bineokapra NVIDIA a6o AMD 3 minimym 2 I'b Bigeomam'sri.

- PexomenmoBana Bineokapta 3 4 I'b 1 Oinbine, sxmio rpadigaa 06podka 1aHuX €
KPUTHUYHOIO YaCTUHOIO MPOTPaMH.

Minimym 256 I'b SSD ans oneparliiiHoi CUCTEMHU Ta IMPOrPaMHOTO 3a0e3IMEUeHHs.
SSD-auck 3HAUYHO MPUCKOPUTH 4YaC 3aBAaHTAXEHHS BEJIMKUX JIaHUX 1 pe3yJbTaTH
MOJICTFOBAaHHS.

Sxmo 30epiraioThesi BEIMKI OOCSTH JaHUX a00 pe3ysbTaTH OOYMCIIeHb, MOXKHA
BUKOPHUCTOBYBATH J10/1aTKOBUI HakonuuyBad Ha 512 I'b abo Outbie.

Windows 10/11 64-bit abo Linux (sfKimo mporpama MOXeE 3allyCKaTHCs Ha PI3HUX
onepaniifHux cucremax). Onepaiiiiina cuctema Mae OyTu 64-po3psAIHOIO IS MATPUMKU
BEJIMKOTO 00'eMy OIlepaTUBHOI MaM'sITi Ta BUKOPUCTAHHS OaraTosiiepHOTo Mpoiecopa.

Mowitop 3 pozainbsHOo 3aatHicTIo Full HD (1920x1080) nnst po6otu 3 rpadiaaumu
JTAHUMU Ta Bi3yasi3alli€lo pe3ylbTaTiB.

PekoMeHI0BaHO MaTu €KpaH 3 BHCOKOI PO3AUIBHOIO 3/IaTHICTIO (HAMpPUKIIAT,
2560x1440 a6o 4K), skmio mporpami HEOOXITHO TMpaIlOBaTh 3 BEIUKOI KIUIBKICTIO
OJTHOYACHO BIAKPUTHUX JaHWX a00 BUBEJEHHS PE3YJbTATIB Ha BEJIMKOMY IrpadiKy 4M KapTi.

Muria Ta KiaBiaTypa: Ijisi TOYHOI poOOTH 3 1HTepdercoM porpamMu, BUMIPIOBAaHHSIM
Ha KapTi Ta HaJAIITYBAHHS MMapaMeTPiB.

JlocTyn 10 IHTEpHETY: SIKIIO MporpamMa BUKOPUCTOBYE Oa3u JaHMX abo0 MOyl IS
3aBaHTa)XCHHSI Mojielieli ad0 OHOBJIECHBb, MOJKE 3HAJOOMTHCS CTAOLIbHE ITIIKIIOYEHHS JI0
MEpEexi.

30BHIIIHIM Hakonu4yyBay abo XxmapHe 30epiraHHs: A 30epiraHHsl BEJIMKUX HaOOpiB

JAaHUX 1 pe3yJIbTaTiB MOJICITIOBAHHS.
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[Iporpama BuMarae MmOTYHOTO OaraTosSAEPHOTO MPOIECOpPa, MTOCTATHHOI KUIBKOCTI
oneparuBHOi nam'sati (MiHimyM 8 I'b, pekomennoBano 16 I'b), a Takoxx HasiBHOCTI SSD aiis
IBUIKOT poOOTH 3 TaHUMU. Bifgeokapra 3a1eXuTh BiJ 00CATIB rpadivHOi Bi3yami3allii, a ais
BHCOKOTOYHUX OOUYHMCIIEHb Ta BEJIIMKUX JaHUX Kpallle BUKOPUCTOBYBATH CIEIliaii30BaH1
GPU Ta 6inpmmii oOcsr mam'sTi.

3aaHHA CLIEHU eKCIIePUMMEHTY Ta il mapaMeTpiB

IaTepdeiic mporpamMu € I1HTEPaKTHBHUM Ta HaJa€ KOPHUCTYBA4YeBl MOXKJIUBICTh
MOJICTIIOBAT Ta aHAI3yBaTH 3BYKOBI MO y BOTHUX cepenoBuiiax. OCHOBHI €IeMEHTH
BKJIFOUAIOTh KapTy Juisl poOOTH 31 ClLIEeHaMH, NaHelb IIapiB JJis KEpyBaHHs 00'€KTaMH Ha
KapTi, a TAKOXK Bi3yalli3allito pe3yJabTaTiB y BUIVISAIl KOJTLOPOBUX I'padiKiB, sIKI T03BOISIIOTH
JETaTbHO aHATI3yBaTH PE3YJbTATH PO3PAXYHKIB 1 IX BIUTMB Ha PO3MOBCIOKEHHS 3ByKOBHX
XBUJIb Y CEPEIOBHIIIL.

Ha pucynky 4.4.1 300pakennii inTepdeiic KOMIUIEKCY MOJICITIOBAaHHS 3BYKOBUX ITTOJIIB
Yy BOJHHMX CEpeIOBHUINAX. Y BEPXHIM YacTWHI BiKHA BHJIHO MCHIO IHCTPYMEHTIB, Tam
HaXOMSThCs MyHKTU MeHI0 Pan 1 Measuring, siki, 103BOJISIIOTH KOPUCTYBa4€B1 IEPEMIIIaTUCS
o KapTi a0 BUMIPIOBATH BIICTaHI Ta 1HIII TapaMeTpu Ha Marli. J{oaTKoBi eTeMeHTH KapTu:
JIiBopy4 Bij KapTH € KHOTKH JJIsl MacIITaOyBaHHS KapTH + 1 —, IO JO3BOJIAIOTH 3MIHIOBATH

pIBEHb JleTaizarlii.

Pucynok 4.11. Ilpukian po6OTH CTBOPEHOT0 MPOTrpaMHOro 3a0e3MeueHHs
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[aTepdeiic m03BoOJSIE KOPUCTYBaueBl HAJIAIITOBYBATH MapaMeTpPH MOJCIIOBAHHS,
BUOUPATH METOIU PO3PaxXyHKy 3BYKOBOTO TOJS, MEPErNiAgaTh pe3ylbTaTH Ha KapTi Ta y
Burisial rpadiki. [TaHens mapiB j1ae 3MOTy KepyBaTH B1JOOpa)KEHHSIM Pi3HUX OO'€KTIB 1
CIICH Ha Marli, 1110 pOOUTH MPOIEC MOACIIOBAHHS 3pyUYHUM 1 Bi3yaJbHO 1HPOPMATUBHUM.

YMOBHO cam iHTepdeic MOXHA MOAUIMTA Ha TPU OOJacTi: 37iBa 00JacTh, fKa
BIJIMIOBIJIA€ 32 BBEACHHS IMapaMETPiB CEpelloBHUIa, 00JACTh pPO3TAlllOBaHA IO CEPelMHI
BIKHA 3 Maroro, JJisi BHOOPY MICIIS TPOBEACHHS €KCIIEPUMEHTY, 00JIaCTh 3 MPABOi CTOPOHU
JUISL B1IOOpaskeHHS TPOQ1JIiB Ta pe3y/bTariB.

[IpagBime 3HaXOMUTHCSA PO3AUT HANAINTYBaHb PO3paxyHKiB. Bumnamarouuii crnmcok
Calculation Method nns BuOopy mertoay po3paxyHkiB. OOpaTh MOXKHA 3 HACTyHHHUX
BapiaHTIB, SKiI BIJNOBIJa€ HACTymHUM peanizaiisMm: Model 1 — ymockoHajgeHuit mMeTon
HopmaibHux Moja (MethodSonicField), Model 2 — wMerom HOpMalibHUX MOHO 3
BUKOPHUCTaHHAM mapaienbHux po3paxyHkiB (MethodSonicFieldModified), Model 3 —
MOJICTIIOBAHHSI ~ CUTHAJy  BHUpPaxXyBaHHS  MOTEHIlaly  aMIUNTYId  IIBUAKOCTI
(AmplitudeSpeedPotential), Model 4 — peamizauis merony Iampopkina (Haliorkins).
Bunanarounii cnincok Sonic Speed Calculation Method no3Bosnisie 06patu MeToa po3paxyHKy
MBUAKOCTI 3BYKY. JlocTmyHi HacTymii (yHKIIT 3MiHM IIBHJIKOCTI 3BYKY y BOJHOMY
CepeloBUILI 3 NIMOMHOO: TinepOoiuHa, HelepepBHa, MOCTIHA, JIIHIMHA (3MIHHI 30BHILIHI
YMOBH) €KCITOHEHITIaIbHa, moxuiii cxoau. [Ipasimie po3ramosane nosie Mode count B skomy
MOKHA 3a3HAUUTH KUTBKICTh MOJ JJisl po3paxyHKy Ta kHomka Calculate nnsa 3amycky Ha
OCHOB1 BUOpaHHX TTapaMeTPiB.

Ha pucynky 4.12 m0poneMOHCTpOBAaHO 3aJlaHHS CLEHH EKCIIEPUMEHTY Ta
PO3MOJIO0KEHHS T1IPOaKyCTUYHOT CTaHIlii. Y 0a3i JaHUX KOMILIEKCY 30epiraloThCsi MO
ICHYIOUMX T1IPOAKyCTHYHUX CTaHIlIN, a TaKOXK iXHI OCHOBHI MapameTpu, HEOOX1TH1 s
MOJICJIFOBAHHSI T1IPOAKyCTUYHOTO CEPEIOBUINA, TaKi SIK: THIl Ta CEpiiHUA HOMEp, (Pi3uUHi
napaMeTpu. Takox mporpaMHe 3a0e3MeueHHs JO3BOJIsI€ BUBHAYUTH KOOPIAUHATH 1 TTIMOUHY
po3TantyBaHHs 00’ €KTy, Ta 30epiraTH 11 BX1IHI 3HAYEHHS JI1 BUKOPUCTAHHS B MailOyTHIX

eKCIIepUMEHTAX.
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SIk 1 y BUNAAKY 3 TIAPOAKYCTUYHUMH CTaHIISIMU, B MPOTPaAMHHI KOMILIEKC 30epirae
1ICHYIO0 MOJIEJII peaIbHUX 00’ €KTIB, sIKI MICTATh HEOOX1IHI JJIsI 0OYMCIIEHBb MapaMeTpH: iXHi
pO3MipH, KOOPAUHATU Ta IMHOUHY 3aHypeHHs. [Iporpamumii KoMIIeKke J03BosiE 30epiratu
3a/laHl KOOpJIMHATU Ta TIMOWHY 3aHYpPEHHS /Ji1 BIATBOPEHHSI €KCIIEPUMEHTIB, a TaKOX
IIBUIKOTO HAJAIITYBaHHS CLIEHU €KCIIEPUMEHTY JUISl IPOBEICHHS 00OpaxyHKIB.

Ha pucynky 4.12 Takox Mo)kHa MOOaYUTH pe3yabTaT 00UMCICHHS PI3HUMU METOJaMHU
(mpodini 3BykoBoro moiis): IlpaBopyd Big KapTh BigoOpa)keHl JeKiIbKa KOJIbOPOBUX
rpadikiB. Bonu moka3yroTh pe3ynbTaTu po3paxyHKiB a00 MOJIETIOBAaHHS 3BYKOBOTO TMOJIS y
BUIIISIII KOJBOPOBUX MpodimB. ['padiku MarTh pi3HY KOJIBOPOBY raMmy, IO WMOBIPHO
BiJIoOpaxae

— [lepmnii rpagik npe3eHTye pe3yasrar oOpaxyHKIiB yIOCKOHAJICHUM METO/IOM
HOpPMaJIbHUX MOJ;: KOJIbOPOBA IIKaJa BiJl YePBOHOTO JJO YOPHOTO, MOYKIJIMBO, IHTEHCUBHICTb
3BYKOBHX XBHJIb.

— Hpyruii  rpadik JIeMOHCTpye OOpaxyHKH po3NapajieIeHUM METOAOM
HOPMaJIBHUX MOJ: KOJHOPOBA IIKaJa BiJf CHHBOTO JO 3€JIEHOTO 1 YePBOHOTO Ta MOKa3ye
3MIHH aKyCTHYHOTO THUCKY 3 4aCOM.

— Tperiéi rpadik pi3HI piBHI 1HTEHCHBHOCTI 3BYKYy a0o0 3MiH MapameTpiB
CEpeOBHINA: KOJIbOPOBA IIKala 3 XBWJIBOBUMH (OpMaMu, SKi MOXYTh MPEICTaBISATH
iHTepdEPEHITII0 3BYKOBUX XBUIIb.

— YerBeprtuii rpadik peamizamis merony [aibopkiHa: 3aTeMHEHM YEPBOHUU 1
YOpHUU pod1Jib, IKUA MOXKE BIIOOpaxaTy IMUOMHY a00 IHTEHCHUBHICTh 3BYKOBOT'O MOJIS HA
BenuKii Bijictadi. KokeH rpadgik Mae cMyTy IpOKPYTKH, 110 JO3BOJISIE TIEPETIISIIaTH BEIUKI
00CSTH TaHUX y TOPU3OHTAIIEHOMY HaIpsMKY.

Sk mokazaHo Ha puc. 4.12 micas mpoBeneHHS OOpPaxyHKIB, pe3yidbTaTd OOYMCIICHD
MOXKHA TakoX 30epirtv y BUDIsAAl TalOnuui, Ae OyayTh MNpEeACTaBiIeHl YCl NPOMIXKHI

pe3yNbTaTH, IKI BUKOPHUCTOBYBAJIUCH JIJIsl Bi3yalli3allii.
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Pucynoxk 4.12. Ctpykrypa (aiiny 3 pe3yasraTaMu OOUUCICHHS.

['padix € miHifHUM, 110 BiTOOpaxkae 3aJIeKHICTh 3HAUYEHB BiJ] 4acy abo MPOCTOPOBUX
koopauHat. KpuBi maroTh XxBUJIenoniOHy (opmy, 110 BKa3zye Ha OCHUJIAIIT a00 XBUIIBOBI
npoiiecu. Ha rpadiky moka3ano TpH JiHii, KOKHA 3 SIKUX Ma€ Pi3HUHN KOJIp, 110 MPEICTABIISAE
pe3ynbTaTu JUIs PI3HUX 3HAYE€Hb KOOPIMHATH Z: CUHS JiHIA: mo3HadeHa sk Z=100 m,
BiioOpakae pe3ynbratu 1 rmnouau 100 MeTpiB; moMapaHueBa JiHis: mo3HayeHa sk Z=20
m, ToKa3ye pe3ynbTat s mmbunu 20 MeTpiB; cipa diHiss: mo3HadeHa sk Z=180 m,
Bi0Opakae pe3ynbratu A muounu 180 mMeTpis.

Bci Tpu niHii MarOTh KOMUBaJIbHI PyXH, IPUYOMY aMILTITY/1a KOJTMBAaHb 3MEHIIYEThCS
31 30UIBLIEHHSIM 3HAYE€HHS M0 FOPU30HTaNbHINA oci. Lle Bka3ye Ha MOCTyNnoOBe 3aTyXaHHs
XBHJIBOBOTO Ipoliecy a00 3MEHILIEHHS aMIUTITyAH 3 4acoM a0o0 3 B1JICTaHHIO.

KonnBaHHs CHHBOT Ta TOMapaH4€BO1 JIiHIM O1IBII BUPa)KEH1 Ha MOYaTKy rpadika, Toml
SIK Cipa JIiHIS Ma€ MEHIIT BUPAXKEH1 KOJIMBAHHSI.

[opuzoHTa bHA Bich (BICh X): MPEACTABIISIE YaC, BiICTaHbh a00 1HITUI TTapameTp, 10
3MIHIOETBCS M1 Yac MojieNtoBaHHs. KoHKpeTHe 3HaueHHs He BKa3aHE Ha 300pakKeHHI, ajie

1€ BOXXJIMBUN NapaMeTp JUIsl TUHAMIKH MTPOLIECY.
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Beprukanena Bick (Bich Y): BimoOpa)kac BETUYMHH OCIHWJIAIINA (IHTCHCHBHICTD,
aMIUTITYly UM HIIANA (13UYHAN TapaMeTp, MOB'sI3aHUH 13 XBUJILOBUM MPOIECOM). 3HAYCHHS
oci Y KOJNWBAIOTHCS MDK JTOJaTHUMHU Ta BiA'€MHUMHU 3HAYEHHSMHU, IO XapaKTEPHO IS
XBWJIBOBHUX MPOIIECIB.

Y HWkKHIA YacThHI Tpadika 3HAXOMUTHCS JIETEH/A, SKa BKa3y€ Ha BIAMOBIIHICTH
KOKHO1 KpuBoi neBHiH ruouHi (100 M, 20 M, 180 Mm). L{e m03BoIIsIE TOPIBHIOBATH PE3YyIbTATH
JUTS pI3HUX 3HaY€Hb TTTMOUHH.

JliBopyu Bim rpadika po3TanioBaHa TAOMWIA 3 YHUCIOBUMHU JaHUMH, IO MICTITh
kutbka cToBmIliB: Column 0 - Column 6 BimoOpakaroTh JaH1 peabHOI Ta ySIBHOI YaCTHHU

XBUJIb, BEIMYMHU Ta (a3u. 3HAUCHHA B TAOJIUII BUKOPUCTOBYIOTHCS TS TOOY10BU rpadika.

Jlaui MaroTh Jpi6Hi 3HaueHHs (Ha piBHi1l0 ™), 10 CBITYUTH IPO BUCOKOTOYHI PO3PAXyHKH.
['padik BimoOparkae TMHAMIKY XBUJIbOBUX IPOLIECIB HA PI3HUX IIMOMHAX Y BOIHOMY

cepenoBuiili. KomuBaHHs 3MEHIIYIOThCS 31 30UIBIICHHSIM Yacy a0o BIACTaHI, IO CBIAYUTH

Mpo 3aryxaHHs XBuil. JlaHi 3 TabIUIl BUKOPUCTOBYIOTHCS ISl MOOYOBU Tpadika, a pi3Hi

KOJIbOPH KPUBHX JIO3BOJISIOTH aHAII3yBaTH 3MIHH MapaMeTPiB XBHIII Ha PI3HUX TITMOMHAX.

4.5. IlinBuimeHHs e)eKTUBHOCTI MPOrPaMHOro 3a0e3nevYeHHs

OCHOBHMM 17 TIPOBEICHHS EKCIEPUMEHTAJbHUX JOCTIKEHh € OOpaxyHOK
aKyCTUYHOTO THCKY 3a JIOIOMOTOIO IpEICTaBICHUX Mopeneil. TecTyBaHHS MPOBOAMIOCS
JUTA KITBKOX METOJIIB 3 OTHAKOBHMH YMOBaMU cepefoBuia. [logaTkoBo ais 3aqaHHs CLIEHU
noTpiOHO 3aaatu rigpoakyctuuny crasuito (I'AC), sika Oyne npuiiMadeM y eKCIepUMEHTI:
oOparu ButbHuit [AC 3 0a3u qaHuX, 3aJ1aTH KOTO KOOPAMHATH, NIMOWHY 3aHYPEHHS, a TAKOXK
po3Mip Ta Haxwsl cepeioBuila ekcnepuMmeHty (puc. 4.13). YV 0a3l HaHUX KOMIUIEKCY
30epiraloTbCsi MOJENl ICHYIOUMX Ti1IPOAKyCTHYHHUX CTaHIlM, a TakoX IXHI OCHOBHI
napamMeTpu, HeOOX1/IH1 JJII MOJICTTFOBAHHS T'1JIPOaKyCTUYHOTO CEPEOBUINA, TaKl SK: TUI Ta
cepiiHuii HoMep, Gi3UuHI TapaMeTpu. Takok TMporpamMHe 3a0e3NedyeHHs J03BOJISE
BU3HAYUTH KOOPAWHATH 1 NUOUHY pO3TallyBaHHS 00’ €KTY, Ta 30epiraru L BXi/IH1 3HAYCHHS

JUTSl BAKOPUCTAaHHA B MailOyTHIX €KCIIEPUMEHTaX.
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5 Select one item for current Scene - [m] x®

Find all free GAS In DB List of GAS available for placement on the scene , id sceene =1, Name sceene =Scene 1 Exp1

sceneld type

Standart 21
Standart 13
Standart 14
Standart555
STANDART
STANDART_1
STANDART444

Enter the depth for selected GAS CR|

Fixed parameter element selected for current scene | Scene size Scene angle IE'

Pucynok 4.13. Bu6ip I'AC ta 3aganss ioro napameTpiB

Kopabenb, po3nOBCIOPKEHHSI 3BYKY BIiJ SKOTO Oyae BiJICIIAKOBYBAaTHCh, TAKOX HE
3MIHIOETHCS, K 1 HOro Tpaektopis. AHamoridno m0 [AC, mias eKCepuMeHTY 3aJ1a€ThCs

Kopabenb, Horo KOOpAMHATH, IMHOKWHA 3aHYpEHHS, rabapuTH, a TaKoXK MepecyBaHHs (pucC.
4.14).

[a5l Select one item for current Scene

Find all free ships in DB List of shij il for on the scene , id scene =1, Name scene =Scene 1 Exp1

Id sceneld symballd classObj Coord_X Coord_Y Coord_Z Lat Long Depth
Ship_100 NewTup 110412

Ship_145 Qverwater 126.36

Ship-309 Overwater 0

Type 5 Tepmate Ship 0

Enter the depth for selected ship

‘ Fixed parameter element selected for current scene |

Pucynox 4.14. Bubip mocTymHOro Kopadiis Ta 3alaHHs HOTO TTapaMeTpiB.

Sk 1y BUNAAKy 3 T1APOAKyCTUYHUMH CTAHIISIMH, B IPOTPaMHUIN KOMIUIEKC 30epirae
ICHYIO MOJIeJTi peajbHUX 00’ €KTiB, sIKi MICTATh HEOOXiIHI 711 00UMCIeHh TapaMeTpH: iXHi
PO3MIipH, KOOPIMHATH Ta TMHOUHY 3aHypeHHs. [Iporpamuuii KoMIUIeKe 103BOIsIE 30epiraTiu
3a/1aH1 KOOpJAMHATH Ta TIIMOWHY 3aHYPEHHS MJId BIITBOPEHHS €KCIIEPUMEHTIB, a TaKOX

IMBUAKOTO HAJAIOITYBAHHS CHCHU CKCIICPUMCHTY IJIAA IIPOBCACHHS O6anYHKiB.
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CTBOpeHHS HOBUX MoOJIelei KopalOiiB Ta TiIPOAKyCTUUYHUX CTaHIIN 3I1HCHIOETHCS
yepe3 CIeliaibHe OKpeMe IMporpaMHe 3a0e3MedeHHs, 100 YHUKHYTH BHITaJIKOBOTO
3aTUpaHHA a00 3MIHEHHS JaHHMX, a TaKOXK 3a0e3IMeUeHHs JOCTOBIPHOCTI MPEICTaBICHUX
BapiaHTIB.

[Ticns 3amaHHs HEOOX1THUX MapaMeTPIB CEPENOBHUIIA, VIS TECTyBaHHS €(EKTUBHOCTI
CTBOPEHOTO MPOTPaMHOTo 3a0e3MnedeHHs MPOBOAMINCH Ha HOyTOY11 Mozeni Dell XPS 9500,
ocHamenuit miporiecopom Intel Core 17-10750H 13 takToBoto wactororo 2.60 I'Tm, mo
3a0e3mnedye BUCOKY MPOMYKTUBHICTH JJII OOYMCITIOBANBHUX 3amad. OmneparnBHA Ham'sTh
obcsrom 32 I'b rapantye mBUAKY poOOTy B Oararo3ajadHoMy pexuMi Ta €PEeKTUBHY
00poOKy pecypCcoOMICTKUX 3aCTOCYHKIB. [IpucTpiii mpairroe Ha 64-po3psiaHiil onepariiHini
cUCTEMI 3 apxiTeKkTypor x64, mo 3abe3neuye CyMICHICTh 13 Cy4acCHUM MPOTrpaMHUM
3abe3neueHHsaM. Bin npairtoe mij kepyBanusiM Windows 11 Pro Bepcii 24H2, 31 36ipkoto OC
26100.3194 Ta naketoMm iuTepdeiicy dynkuiit Windows 1000.26100.48.0, mio 3abe3mneuye
Cy4yacHUM 1HTepQeic 1 MATPUMKY HOBITHIX (PYHKIIIH.

Jlnst dikcyBaHHS Yacy BUKOPHCTOBYBaiach 0i0mioreka System.Diagnostics, 30kpema
kiac  Stopwatch. s 3amycky  CHOCTEpPEKEHHS  BUKJIMKAETHCS  METOJ  Kiacy
Stopwatch::start(), mis 3ynuaku BignoBigHo — Stopwatch::Stop(). Illo6 orpumaru
pe3yabTaT 3aMipiB, BUKIMKAEThCss Meton Stopwatch:: Elapsed, sikuii moBepTtae cTpykTypy
TimeSpan, e y MuTicCeKyHAaX 30€piraeTbCs pe3yabTaT 3amipy.

st poBeNeHHS TMEpIIOTO EKCIEPUMEHTY, OOpaXyHKH JUIsi KOXKHOTO METOIY
3aMmyCKaJuCh JJIsl P13HOI KIJTLKOCTI MO — Bi 2 10 7 — , 1100 MPOCIIIKYBaTH 3pOCTaHHS Yacy
00poOKH 3 yCKJIaTHEHHAM 00paxyHKiB. Y Tabmuii 4.5.1 mpencraBieHi pe3ybTaTy 3aMipiB.

Sk MOXKHA TIPOCTEXKUTH 3 PE3YJIbTATIB 3aMipy, HaHOUIbIIT e(PEeKTUBHOIO peati3alli€lo €
METOJlT HOPMaJIbHUX MOJI, peajli30BaHWi 3 BUKOPHCTAHHS IMapajeIbHUX OOYMCIICHBb IS
koe(irieHTiB, HCOOXITHUX JJII OOYMCIICHHS. A OCh HAWTOBIIMK Yac OOYHCIICHb 3aiiMae
MeTo/1 00paxyBaHHS Yepe3 MOTEHITIad aMILUTITYIM BUAKOCTI. JJIsl HANJISIAHOCTI pe3yibTaTiB

OyB nmoOynoBanuit rpadik (puc. 4.5.4) BUKOPUCTOBYIOUHU JaH1 y Tadnuii 4.5.1.
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Tabmurs 4.1. Pesynsratu BUMIprOBaHHS 9acy 00paxyHKY peasi30oBaHUX METO/IIB.

KinekicTs

MO/ MethodSonicField | MethodSonicFieldModified | AmplitudeSpeedPotential | Haliorkins
2 406,691 302,298 14341,86084 1160,1864
3 531,362 320,063 18738,35383 1515,8411
4 654,066 501,443 23065,48104 1865,8846
5 815,604 574,161 28762,07997 2326,7115
6 931,5381 778,776 32850,46828 2657,4421
7 1069,667 753,0151 37721,5509 3051,4889

40000
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«» 25000

€
@ 20000
£

= 15000

10000

5000

O )
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Mode count
=@==\ethodSonicField MethodSonicFieldModified
AmplitudeSpeedPotential Haliorkins

Pucynok 4.15. TlopiBHSHHS 3aMipiB IBUJKOCTI B 00paxyBaHHs yCiX peaai3oBaHUX Y

KOMILJIEKCI METO/IIB MOJIETFOBAHHS.

30kpeMa B OTpPUMAaHHX pe3yJbTaTax, HAWIIKaBIIIUM € TIOPIBHSIHHS METOIIB
MethodSonicField Ta MethodSonicFieldModified, ockinbku naHi METOOU peai3oOBYIOTh
OMMH 1 TOM caMuid  ajaropuT™M  OOYHUCIEHHsS, MNpPOTe Yy APYyroMy  MeETOMIl
(MethodSonicFieldModified) oOuncnenHss koeiIlieHTIB I8 KOXHOI MOIU  3a

BUKOPHUCTAHHSAM TapaJiebHUX OOpaxyHKIB, BpaxoBYIOUM 3akoH Awmjana (BeaudyuHa
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MPUCKOPEHHS BHUKOHAHHS POOOTH 3a JOMOMOIOI0 MapaliebHUX OOYHCIEHb Ha PI3HUX

poriecopax 0OMEeXYy€EThCS 4acoM 00pOOKH MOCIIIOBHUX YaCTHH).

1200
1000
800

600

Time, ms

400

200

1 2 3 4 5 6

Mode count

MethodSonicField MethodSonicFieldModified

Pucynoxk 4.16. [TopiBHAHHS 3aMIpiB HIBUKOCTI 0OOpaxyBaHHS peai3aliii METoIy

HOPpMaJIbHUX MO/I.

JUIst 3py4HOCTI MOPIBHSIHHA peami3allid METOAYy HOPMallbHUX MO OyJIO BHBEIEHO
3aMipH 4Yacy ix oOpaxyHKy Ha okpemuil rpadik (puc. 4.16). Sk BugHO 3 pe3ynbTaTiB, 3a
JIOTIOMOTOI0 PO3MapajeieHHs] PO3PaxXyHKIB BAAIOCHh MPUCKOPUTH OOpaxXyHKH OJM3BKO Ha
30%. Takoxx Oyn0 IpPOBENECHO aHalll3 BIUIMBY BUOOPY METOAY 3aJaHHs 3MIHU IIBHIKOCTI 3
TMOMHOI0 Ha MIBUAKICTH OOpaxyHKIB KOXKHOTO 3 MPEACTABICHHX METOAIB. PesynbraTu

3aMipiB TpeicTaBeH1 y Tabmui 4.2.

Tabnums 4.2. PesynbraT BUMIpIOBaHHS 4acy OOpaxXyHKY pI3HHUX METOAIB 3 Pi3HUM

3a/IaHHSIM IBUJIKOCTI 3MIHH IIBUAKOCTI 3BYKY 3 INIMOMHOIO.

Cmoci0 3amanfs

3MIHH IIBUIKOCTI

3BYK MethodSonicFieldModified | AmplitudeSpeedPotential Haliorkins
[Nimep6omiuna 32179,9426 33844,8641 2692,8229
HenepepsHa,

MOCTIiiHa 7425,5225 33798,8956 2683,0153
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JliniiiHa (3MiHHI
30BHIIITHI YMOBH) 2703,33 34754,9932 2740,3572
ExcrioneHiiansHa 16241,2115 34199,4453 2700,767
[Moxwui cxonu 9163,6282 35662,7408 2818,2593

Jlns 3pyuHocTi, mobynyemo rpadik Ha ocHOBI Tabmuil 4.2. I'padik pe3ynbrariB

300paxeHo Ha PUCYHKY 4.17.
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Pucynok 4.17. JlemoHcTparlisi BILIUBY OOpaHOTO 3a/1aHHs (PYHKIIIT 3MIHUA IIBUKOCTI 3

[JTMOMHOIO Ha peali30BaHl METOAU MOJICITFOBAHHS.

Sx BunHO 3 rpadiky, HaliMEHIIe Ha IITBUIKICTh BAKOHAHHS METO/IIB BILIMBAE JIIHIMHE

3aJlaHHsl, IPOTE TaKUil cociO HE BiOOpaXkae peasibHy KapTUHY 3MIHU IMIBUAKOCTI, IPOTE

JI03BOJISIE€ TIPOBECTH MIBUAKI OOUMCIICHHS.

OCHOBHUMHU METOJaMH, SIKi €(PEKTUBHICTh POOOTH, SIKMX MOTPIOHO MPOTECTYBATHU, €

YIOCKOHAJIEHHS METOy HOpMaJbHUX MOJ 3 MOCIIJOBHUM OOpaxyHKOM KOE€(IIIEHTIB Ta

peamizaiisi METOAy HOPMAJIBHHX MOH 3 PO3IUICHHSM PO3PAXYHKIB KOE(QIIIEHTIB IS

napajeabHOro OOYMCIICHHS Ha PI3HUX sIpax Mpolecopy oaHodacHo. Tomy Oyia mpoBeaeHa

OKpeMa cepis TECTIB 3 IUMH JBOMa METOJaMH, 3aJalouyM 3MIHY HIBHAKOCTI 3BYKY 3

TMOMHOIO PI3HUMH crioco0amMu. Pesynbsratu mboro TecTy 300paxeni B Tabnui 4.3, 3 sikoi

MOXKHA 3pOOUTH BHUCHOBOK, III0 HAWIIBUAIIEC BIJINPAILIOBaB METOJl HOPMAJbHUX MO 3

po3mnapayiesIieHHIM MPH 33JaHH] 3MIHU BUIKOCTI 3BYKY 3 TNIMOWHOIO JIHIKHOIO (PYHKITIETO,
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MpoTe TaKWil croci® 3aJaHHS Ja€ HAWMEHIy TOYHICTH 3 ycix oOpanux. Tomy, mo6 He

BTpadaru TO‘IHiCTB, TAKOKX OTpUMATH MAKCHUMAJIbHO IHBI/II[KI/Iﬁ CIT0C10 3a/laHHA BapTO

BHKOPUCTOBYBATH MCTO/I 3aJaHHS ITOXUJIUMU CXOOaMMU.

Tabmuus 4.3. Pe3ynsraTi BUMIpIOBaHHS yacy 0OpaxyHKY peatizallii yI0CKOHaJIEeHUX

METO1B HOPMAJIbHUX MOJ 3 33/IaHHsAM (DYHKIIIT 3MIHU HMIBUAKOCTI 3BYKY 3 TIIHOMHOIO.

Cooci0 3agagHs 3MIiHA
. MethodSonicField MethodSonicFieldModified
HIBUJIKOCTI 3ByKY
INnepOoniuna 32179,9426 33844,8641
HenepepBHa, nocriitHa 7425,5225 33798,8956
JliniiiHa (3MiHHI 30BHIIIHI
2703,33 34754,9932
YMOBH)

ExcrioneniiangsHa 16241,2115 34199,4453
IToxwuii cxomnu 9163,6282 35662,7408

3 METOI0 IGMOHCTpAllli pe3yabTaTiB 3aMipiB, HA OCHOB1 Ta0OnuIli 4.3 cTBOpeHO rpadik

Ha pUCyHKY 4.18. . Sk BuaHO 3 rpadiky, HE 3aJ€XKHO BiJ TUNY (PYHKIi, SKa 3a1aBaTUMe

3MiHY IIBUAKOCTI 3ByKY 3 IIIMOWHOIO, YIOCKOHAJEHHS METOAY HOPMAJIbHHMX MOJ, KUl

BUKOPHUCTOBYE TMapajeibHl PO3PaXyHKH Ha KUIBKOX fJIpax TMpoIecopy, IIBUIIIMN 3a

YIOCKOHAJIEHHSI METO/TY, /1€ OOUMCIICHHSI BUKOHYIOTHCS TIOC1OBHO.

45000
40000
35000
30000
25000
20000
15000
10000

5000

ms

Yac

lnepboniyHa HenepepBsHa, JiHinHa (3MiHHI
nocTiiHa 30BHiLLHi yMOBU)

EKCnoHeHUianbHa Moxuni cxoam

DyHKUiA 3a4aHHA 3MiHW LWBUAKOCTI 3BYKY
=@=— VlethodSonicField MethodSonicFieldModified

Pucynoxk 4.18. ITopiBHSIHHS MBUAKOCTI OOYHMCIICHHS YI0CKOHAJICHUX METO/[IB HOPMAJIbHUX

MO/1 3 PI3HOIO (PYHKIIIEIO 3a/IaHHSI 3MIHU HIBUAKOCTI 3BYKY 3 INIMOMHOIO.
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Takox 11t OIMIHKKA CTAOUIBHOCTI POOOTH MPOTPAMHOTO 3a0E3MEUYEHHS, MPOBEAEMO
TECTYBaHHS METOJy HOPMaJIbHHX MOJ 3 PO3MapajeieHHSIM TpU OJHAKOBHX BXIJTHUX

napamerpax. Pesynpratu 3aMipiB mpoieMOHCTPOBaHO B Tabmuil 4.4.

Tabnuus 4.4. Pesynbratn 00paxyBaHHs KiJIbKOX 3aITyCKiB YOCKOHAJIEHOTO METOY 3

OJTHAKOBMMHU ITapaMETPaMH.

Kinpkicte Moa 11 3amyck 21 3amycK 3i1 3amyck 411 3anyck 51 3amyck
2 302,298 308,34396 272,0682 305,32098 303,618
3 320,063 329,66489 288,0567 323,26363 321,383
4 501,443 506,45743 451,2987 506,45743 502,763
5 574,161 591,38583 516,7449 579,90261 575,481
6 778,776 794,35152 700,8984 786,56376 780,096
7 753,0151 760,545251 677,71359 760,545251 754,3351

Jlist 3py4dHOCTI, ToOyayeMo rpadik, BAKOPUCTOBYIOUH JlaH1 3 Tabnuill 4.4: Ha PUCYHKY

MPENCTABICHUNA rpadik MOPIBHIAHHSL.

900
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500

Yac, ms

400
300
200

100

1 2 3 4 5 6

KinbKictb mop,

e=@==1i 3anycK 21 3anycK 3 3anycK 414 3anyck  ==@==5Jj 3anycK

Pucynok 4.19. TlopiBHSIHHS KIJIBKOX 3aITyCKIB YIOCKOHAJIEHOTO METOY 3 OJJHAKOBUMU

napamMeTpamu.
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SIK HamISAHO TOKAa3zye PHCYHOK, IPU OJHAKOBUX yYMOBaX 3aIlyCKy, YAOCKOHAJICHHIA
METOJ HOpMaJIbHUX MOJ MTOKa3y€e Mailke cTablIbHy MIBHAKICTh 00paxyBaHb, 3 MOKIUBICTIO

pi3HuUIll npubmu3Ho Bijx 1 10 10%, 1110 € rapHUM MMOKa3HUKOM CTa0LTbHOCTI (DYHKIII].

4.6. BucHoBKH /10 po3ainy 4

Po3pobneno apxiTekTypy mporpaMHOi peasizarmii MOAETIOBaHHS TiIpOaKyCTHUYHOTO
Mol 3a BHUKOPHCTAHHSA YAOCKOHAJIEHOTO METOAY HOPMaJIbHUX MOJ Ha OCHOBI
IPE/ICTABIEHOTO MOJICIIBHO — OPIEHTOBAHOTO CEMAaHTUYHOTO ITiJIXO/Y.

Po3pobiieHo mporpamMHe 3a0€3leueHHs, fKE HaJAa€ MOXJIUBICTb MPOBEICHHS
MOJICTTIOBAHHS €KCIIEPUMEHTIB, 3 MOXJIMBICTIO 3aJ]aHHS PI3HOMAHITHUX XapaKTEPUCTHUK
CEepeloBUIIA Ta PO3PAXyHKOBHX MOJCICH IS JTOCTiIKCHHS PO3IMOBCIOKCHHS
TAPOaKyCTUYHMX CHUTHATIB. BHpoBamkeHHs 3a3HAYEHOTO TMPOTPAMHOTO 3a0e3meueHHs
JI03BOJISIE TTIJIBUIIMTH €(DEKTUBHICTh BUKOHAHHS 0OpaxyHKIB Ta JEMOHCTpaIllli pe3yJbTariB.

[IpoBeneno aHamiz €QEeKTUBHOCTI 3alPONOHOBAHUX METOMIB  MOJIEIIOBAHHS
TIAPOAKyCTUYHUX  CHUTHAJIB, SKUH TMOKa3aB, 110, BIAMOBIIHO JO OTPUMaHHUX
EKCIIEPUMEHTAJIbHUX JIaHUX, pPO3pOOJICHU METoA 3 BUKOPUCTAHHA TMapajelIbHUX
pPO3paxyHKiB 3MEHIIye 4yac oOpaxyHKy MeTtoioM HopmanbHux Mon Ha 30%. lle nanmae
MOKJIUBICTh CTBEP/KYBATH, 0 €(PEKTUBHICTh MOJACIIOBAHHS T1APOAKyCTUYHUX CHUTHAIIB

MCTOAOM HOPMAJIBbHHUX MO Hi):[BI/II]_[yE‘,TBCSI.
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BUCHOBKHA

1. Ha ocHOBiI BHKOHAHOTO aHai3y ICHYIOYMX METOAIB Ta MOJENEH MOAETIOBAHHSA
rAPOaKyCTUYHUX CUTHAJIIB METOJOM HOpPMaJIbHUX MOJ Ha ChOTOJHIIIHIN JIeHb B TEOPii Ta
MPAaKTHI TIAPOAKYCTUKH 3aroCTPUIIOCA MTPOTHPIYYST MDK HEOOXIAHICTIO TOYHOTO Ta
€(hEeKTUBHOTO MOJICITIOBAHHS MOIIMPEHHSI T1IPOAKYCTUYHUX XBHJIb Y CKIAQIHUX MOPCHKHX
CepellOBUIIAX Ta MOXKIIMBOCTSAMHU ICHYIOUMX METO/IB 3a0€3MEUnTH aJieKBaTHE BpaxyBaHHS
BCiX (i3WYHMX O0COOMMBOCTEH cepenoBHIa. B HAayKoBHX TIpalsiX OCHOBHY yBary
OPUAUIAIOTH 3a/ladaM MaTEeMaTUYHOTO OIUCY MONIMPEHHS TIAPOAKyCTUYHUX XBWIb Ta
YUCEIBbHUM METOJaM pO3B'SI3aHHS PIBHSHL aKyCTHKU. [IpoTe B IUX TOCHIIKEHHIX
HEJOCTaTHbO B1AOOpa)KeH1 NMUTAHHS ajamnTauii MoJelell A0 peallbHUX YMOB MOPCHKOIO
CepelloBHUIla, 30KpeMa, 10 BpaxyBaHHSI HEPIBHOCTEN JTHA, TPOCTOPOBOI HEOAHOPITHOCTI Ta
JUHAMIYHUX 3MIH TiApo(QI3UYHUX MapameTpiB. BiacyTHICTP €(EeKTUBHUX METOAIB
KaJ1iOpyBaHHsI MOJIEJIEH 32 €KCIIEPUMEHTAIbHUMU JJAHUMH, a TAaKOK 0OMEKEH1 MOXKIUBOCTI
ICHYIOUMX MOJIeleil 1010 BIJOOpaKeHHS CKJIAJHUX OaraTolapoBUX CEPEIOBHIN HE
JI03BOJISTFOTH 3a0€3MeUNTH BUCOKY TOYHICTh MPOTHO3YBAHHS MOIUPEHHS T1POaKyCTUIHUX
curHajiiB. HeoCKOHAICTh Ta HEMOBHOTA HAYKOBHUX ITIIXOMIB O MOJSTIOBAHHS METOIOM
HOPMaJILHUX MOJI YCKJIAJIHIOE 3aCTOCYBaHHS LIUX MOJENCH NJisi PO3B'sI3aHHS MPAKTUYHHUX
3a/1a4 r1IpoaKyCTUKH, TAKUX SIK IM1IBOJIHA HaBIrallisi, BUSBJICHHS Ta iAeHTU(DIKaLlis 00’ €KTIB.
Tomy cdopmynpoBaHa B JOCHDKCHHI HaykoBa 3ajlada BJIOCKOHAJIICHHS METO/IIB
MOJICTTIOBAHHS TiIPOAKyCTUYHUX CHUTHATIB METOAOM HOPMaJIbHUX MOJ € aKTyaJdbHOIO i
CIpsiMOBaHa Ha IMIJBUINEHHA TOYHOCTI Ta €(PEKTUBHOCTI MPOTHO3YBaHHS MOIIUPEHHS
AKyCTUYHHMX XBUJIb Y CKJIATHUX MOPCHKHUX CEPEIOBUIIAX.

2. VYIOCKOHAJIICHO KJIIACUYHUKA METOJ HOPMaJbHUX MOJA Uil MOJICJIFOBAHHS
TAPOAaKyCTUYHOTO CHUTHANTY, SKHU BIAPI3HAETHCSA BIJ ICHYIOUYHMX BBEICHHSM PI3HHX
3aNIe)KHOCTEH MIBUAKOCTI 3BYKYy IJIsl BpaXyBaHHS OCOOJIMBOCTEW BOJHOTO CEpEIOBHIINA Ta
JOMaBaHHSIM YacoBOl 3MiHHOI. [laHe yIOCKOHaJIeHHSI METOMy IO03BOJISIE BpaxyBaTH 3MiHH
AKyCTUYHOTO THCKYy 3 YacOM NIPH MOJETIOBaHHI PO3MOBCIOMKEHHS 3BYKY Y BOJHOMY

CepeoBUIII.
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3. Brepiie po3po0iieHo y3araabHEeHUH METO HOpMaJIbHUX MO/ Ha OCHOB1 BpaxXyBaHHS
3MIHHOI IIBHJKOCTI 3BYKY, YacOBOi 3MIHHOi Ta BBEJICHHS BaroBUX Koe(iIll€HTIB 3a
JI0TIOMOT OO0 oiHOMY YebuioBa. 3a3HauyeHU METO/ 103BOJISIE BPAXOBYBATH SIK JIHINHI, Ta
1 HEeJIIHIMH1 BUITQJIKU 3aJIKHO B1JI BOJHOTO CEPEIOBHIIIA.

4. Po3po0iieHO apXiTeKTypy MpOorpaMHOI peai3allii MOACITIOBAHHS T1p0aKyCTUIHOTO
MOJIA 32 BUKOPUCTAHHSA YAOCKOHAJIEHOTO METOAY HOpPMajJbHUX MOJ Ha OCHOBI
PEJICTaBICHOTO MOJEIIBHO — OPIEHTOBAHOTO CEMAHTUYHOTO IT1JIXO/Y.

5. Bmepme po3poOseHo mporpamMHE 3a0€3MEYeHHS KOMIUIEKCHOI  CHCTEMH
MOJICTIOBAHHSI T1IPOAKYCTUYHUX CHUTHAJIIB Ha OCHOBI 3alPONOHOBAHUX Y/IOCKOHAJIEHOTO
MeToay. 30KpemMa B peaizallii OyJ10 3alpOIIOHOBAHO CIIOCIO CIIPOIIECHHS Ta MPUIBUAMICHHS
00OpaxyHKIB 3a BHUKOPUCTAHHSIM MapajielbHUX OOYMCIEHh 3a 3aKOHOM Amjana.
BnpoBamkeHHs 3a3HaYEHOTO MPOTPaMHOTO 3a0€3MEUEeHHS JI03BOJISIE 3 OUIBIIOI TOYHICTIO
Ta MIBUAKICTIO OTPUMATH PE3YJIbTaTH MOJACIIOBAHHS PO3IOBCIOHKCHHS 3BYKY Y BOTHOMY
cepeoBUIII.

6. IlpoBegeHo anHami3 e(EKTUBHOCTI 3ampPONOHOBAHUX METOJIB MOJCITIOBAHHS
rIAPOAaKyCTUYHMX CUTHAIIB. AHall3 [OKa3aB, M0, 3a pe3yJbTaraMd MOJAEIIOBaHHS
PO3MOBCIOKEHHS T1IPOAKYCTUYHOTO CUTHAIY B MOPCHKOMY CEPEIOBHII, PO3POOICHUIN
y3arajlbHeHUH METOJ JI03BOJIIE€ 3MEHIIUTH 4Yac oOpaxyHKy B cepemHbomy Ha 30 % 06e3
MOTIPUIEHHSI TOYHOCTI OTPUMAHUX pe3yabTariB. Lle Hagae MOKIIUBICTh CTBEPAXKYBATH, 110
e(eKTUBHICTh MOJICTIOBAHHS TiAPOAKyCTUYHUX CHUTHAIIB METOJAOM HOPMaJIbHUX MO
IT1JIBUIITY €ThCS.

7. Pe3ynbrartu JOCHIKeHB PUMHATI 10 BOpOoBakeHHS B KOHCTpYyKTOpChKOMY OI0pO
«MITopm» KIII im. Iropst Cikopebkoro (akt Bim 26.02.2025 p.), B HaBYaJIbHUI TIPOLIEC
Kadeapu 1HxKeHepii mporpaMHoro 3ade3neyeHHs B eHepreTuill HarjioHaapHOTo TEXHIYHOTO
yHiBepcuTeTy Ykpainnm «KuiBchbkuil momiTexHiuHUN 1HCTUTYT iMeHi Irops CikopChKOTO»
IIPY BUKJIQJIaHHI AUCIUTIIIHU «HXXEHepis JaHUX Ta 3HAHb» JUIS CTYJICHTIB OCBITHBOTO PIBHS
«Marictp» cnenianbHOCTI 121 «IHXEeHepist MporpaMHOro 3a0e3MeUeHHs» JEHHOI Ta 3a04HO1
dbopmu HaBuaHHs (akT Big 27.02.2025 p.).

8. Meta mociipkeHb 1OA0 MiABUINEHHI €()EKTHBHOCTI METOIB Ta MPOrPAMHOTO

3a0e3IeueHHs MOJCIIIOBAHHA CUTHAY JaJIbHBOTO IIOJIA Ha OCHOBI BBCACHHA BaroBHUX
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KOE(IIIEHTIB B METOA1 HOPMAJIBHUX MOJ JUISl BpaxyBaHHS HENIHIMHOCTI MOJIENI MOPCHKOTO
cepeoBHIIA TOCATHYTA 1 yCl1 MOCTaBJICHI HAyKOBI YaCTKOBI 3aBAaHHs BUPIIIEHI TOBHICTIO.
OTpumaHi HayKOBI pe3yJlbTaTd AMCEPTAIIMHUX OCTIIKEHh € BHECKOM B PO3BUTOK
iHpopMalIHUX TEXHOJOTIM JUIsi CHCTEMHOTO aHaji3dy, JOCHIHKCHHS, PO3pOOICHHS
apXIiTEKTYpH Ta METO/IB MOOYIOBH OAraTOpiBHEBUX KOMIT IOTEPHUX CUCTEM MOJCITIOBAaHHS
T1IPOAKyCTUYHUX SIBUIII, 30KpeMa KOMEPLIHHOTO MPU3HAUYCHHSI.

9. [lepCIEKTUBHUMH IIJISTXaMH JTOCITIHKCHD € pO3pPOOJICHHST HOBUX 1 YIOCKOHAJICHHSI
ICHYIOUMX  MoOJeJel Ta  METOAIB  MiABUIICHHS  €(QEKTUBHOCTI  MOJEITIOBAaHHS
TIPOAKYCTUYHHUX SIBUI, 30KpPEMa pPO3IIMPEHHS BPaxOBaHUX (AKTOPIB, SKI MOXKYTh

BIIJIMBATHU Ha 06anYHOK.
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JTOJIATOK A

“TTOFOJUKEHO™ “3ATBEPIKEHO™
Jlupexrop HapuanbHo-HayKOBOTO

[HCTHTYTY QTOMHOT Ta TENJIOBOT CHEPreTHRH
HationanbHo-
Vicpak

PIVENT ONTE T
inC iy TN

AKT

npo peadizauito pesyasratis aucepraniiinot podotn IMPOTOBCLKOI Tersinn
Bosoanvupisnu na remy «Memoou nia npoepaiii 3acoou nioGuiyeniist ehermuciocini
MOOCTIOGANISL IOPOURVCINUMIOSO CUSHAIN 11U OCHOGT GECOCITNS GACOGUN KOCDINicimis

Pe3yianrarn HayKOBHUX JOCHKCHD [MMPOIOBCHKOT Tersnn Boaoauvnpisin. a catie
pospoGaeHe cnetianibie nporpamMie 3a0e3nedeHHs 75 MOASTIOBAHIS FAPOAKY CTHUINN CHEHANB
METOAOM HOPMAILHUX MO BHKOPHCTAHO B HAYKOBO-A0CHLAHMILKIX POOOTAX T4 FOCHOAIPCLIIN
AOFOBOPAX. U0 BEAYTHES B OCOBTHBOMY KOHCTPYKTOPCLKOMY G1opo « LITOPM» Hauionaibio o
TexHiunoro  yHiBepeutery  Yipainn  «KuiBCbKHIT  AOMITEXHIUHHH - THCTHTY'T imeri lrops
CIKOPCLKOTro».

Ilane HporpamMHe 3a0e3redeH s J103B0AsE MOACIOBATH I"iilpOal(_VC'l’HLIHC cepeilopmie 1a
POBMOBCIO/KCHHS  aKyCTHUHOIO  THCKY Y HBOMY  BHKOPHUCTOBYHOYH y'llOCKOHZU!cHH“ METHOA
HOPMAJbHKUX MO/

Ha ekcrnepuMenTaibHUX AaHUX OyN0 NPOAEMOHCTPOBAHO, IO po3pobreHe nporpamie
sadesneueHms.  Ske peanizoBye  VAOCKOHAJCHWH  METOA  HOPMAIBHHX MO TIORA3A 10
npuBreHis  obpaxynkis Ha  30%. 3a PAXYHOK  BHKOPHCTAHHS METOAIB  Napa.Ie 111X
O0UNCICHD.

B.0. sasiaypava kadeapu Inenepii
nporpaMHoro 3abesneueHts B eHepreTHi
AT, npodecop /.

T Ouaexcanp Kosann
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SATBEPIIKYIO

MPOPEKTOP 3 HABUANLHOT POOOTH
KT im.lrops Cikopebkoro.
KAHAWAAT TEXHIMHUX HAVK, 10uenT

Tersima ARKEJHCKOBA

« 2‘» o3 . 2025 p!

AKT

PO BIPOBAKEHHS  PE3YVIALTATIB AMCEPTALIiHUN  A0ChiKkenh acnipanTa  Kadeapn inaenenil
NPOrpaMHOro 3ade3nedeHHst B CHEPreTHLi. HABHATLHO-HAYKOBOTO IHCTHTYTY aTOMHOT Ta 1€ 110300
enepretnkn  Hauionanbnoro Texuiunoro yisepentery Vipainmn «Kuisehiuii  nosirexiinniii
iHeTUTYT iMeHi Iropst Cikopebkoroy Tuporoseskoi Terstn Bonogumupisrm 3a temoio « Mctojin ra
nporpamui 3acobu NiABMILEHHS eYEKTHBHOCTI MOACTIOBAHHS MAPOAKYCTHUHOIO CHIHANY H DCHOBI
BREACHHS BAaroBUX KoedilieHTiBy Ha 3000yTTS HAYKOBOrO CTyneHs Joktopa dinocofii sa
crneuiansHoceti 121 «lHkenepis nporpamMioro sadesneueHHa

Orpumani ocoduero  [Tuporosebkoio TeTanoo BomoAMMHPIBHOK. PesynbTaTh  AucepiutiiniN
AOCIHLKEHL 32 TEMOI0 « MeTOaN Ta NPOrpaMHi 3aco0n MBHILEHHS CHERTHBHOTTI MOJAEIICBAH
FIAPOAKYCTHUYHOIO CHIHANY Ha OCHOBI BBEAEHHS BAroBux Koeitientiny. a cave: pripotia
OHTONONIHIOT MOAE FIAPOAKYCTHYHOIO CEPEA0BHILA, PO3POOKA OHTONOIUHOT MOACHT NPOTPUNAC IO
saGeanedcis. nodyaosa iHTepdeiicy KopueTyBada Ha 6azi cueHapiin JUAALHOCTI KOpHeTyY bata ra
OHTOIOMUHOT MOAENT TPEAMETHOT 06aCTI BNPOBALKEHT B HaBYanbHIiT npouee Kadeaph «lisene i
HPOrPAMHOro 3a0e3neuents B eHepreTHili» Y ACKLWHHI 3aiaTTs Ta KOMITIOTEPHT 1PARTHRY Vi
HaBANLHOT aMcunniinn  «likenepis AanuMx Ta 3Hanb» 3a cneuiaibhicno 121 clwwerepis
NPOrpaMHOro 3adesneuens» 3a OCBITHIM PIBHEM NMIAFOTOBKH MaricTpa (2024-2025):

Jlexuis 4: Onronoriuna iHKeHepis.

Jlexuis 3. Ouronoriuna iHKeHepis (NPOAOBKEHHS).

Jlekitisi 6: Po3poBka OHTONOTIT 3a BUKOPUCTAHHSAM NPorpaMHoi niatdopyu Proiege.

Jekuia 7. Po3poGKa OHTONONT 3a BUKOPUCTaHHsIM porpamHoi inatdopym Proicgd

(1poAOBIKEHHS).

JlaGoparopna poGora 3.

JlaBopartopra podora 4.
3asHauene akTyanizye 3MIicT HaBYAIbHOT JIMCLHILITHI 10 NOTPED NPakTHRI.

JIMPEKTOP HABYAILHO-HAYKOBOIO IHCTUTYTY
ATOMHOT Ta TENAOBOT EHEPIreTHKU,
JOKTOP TEXHIUHUX HAYK, Npodecop

b ureii TIACLMETH AT

B.o. 3asiaysava Kadeapu iHIKEHEPIT Npory
3a0esrneueHHs B eHepreTu

JOKTOP TEXHIYHMN HayK. npodecop Onexcanan KOBATb
Yuennii cekperap kadeapu iHKeHepii nporpamMHoro
3afie3nenens B eHepreTuit -

JOKTOP TEXHIUHUX HAYK. I0LEHT L & Anapiit MYCIEHKD
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JIONATOK B

CIUCOK NYBJIKALIN 3I05YBAYA

Hayxosi npayi, 6 sxux onyonikoeani 0CHO8HI HAYKOGI pe3yibmamu oucepmayii:

1. Ceunuyk O.B., Ilyxa I'.C., €Brymenko A.M., [Tuporosceka T.B. MoaentoBaHHs
PO3MOBCIOJIKEHHSI TIJPOaKyCTUYHOTO CHUTHAy TMPOMEHEBUM METOJIOM. Peectpaiiis,
30epiranns 1 o0poOka manux. 2022. T. 24, Ne 1. C. 36 — 50.

https://doi.org/10.35681/1560-9189.2022.24.1.262745

http://drsp.ipri.Kiev.ua/article/view/262745

2. Iluporoceka T., Homxkenko T.II. Po3poOka kopuctyBaipkoro intepdeicy
BBEJICHHSI KPUBOJIIHIMHOI TpaekTopii. HaykoBo-mipakTuuHuii sxypHan «3B'130k», 2023, Ne 4
(164). C. 39 —45.

https://doi.org/10.31673/2412-9070.2023.049000

https://con.dut.edu.ua/index.php/communication/issue/view/168

3. ITlmporosceka T., €Brymenko A. CrpykTypa 0a3u 3HaHb MOJEITIOBAHHS
TAPOaKyCTUYHUX TIOJIB HA OCHOBI NMpPOMEHEBO1 Teopli. HaykoBo-mpakTUyHUMN KypHaT
«3B's130K», 2023, Ne 5 (165). C. 57 — 62.

https://doi.org/10.31673/2412-9070.2023.055665

https://con.dut.edu.ua/index.php/communication/issue/view/169

4. O.B. 3anescoka, I'.C Ilyxa, [.A. Bapasa, O.B. Kosanb, T.B. ITuporosceka, A.Il.

Mycienko. Koedimientn YeOuieBa B MOJEIIOBaHHI XBWJIBOBOTO TIPOIECY METOAOM

HOpMaJIbHUX MOJI. PeecTparrisi, 30epiranns i 00pooka gqanux. 2024. T. 26 Ne 2. C. 10-18.
https://doi.org/10.35681/1560-9189.2024.26.2.316706
http://drsp.ipri.kiev.ua/article/view/316706



https://doi.org/10.35681/1560-9189.2022.24.1.262745
http://drsp.ipri.kiev.ua/article/view/262745
https://doi.org/10.31673/2412-9070.2023.049000
https://con.dut.edu.ua/index.php/communication/issue/view/168
https://doi.org/10.31673/2412-9070.2023.055665
https://con.dut.edu.ua/index.php/communication/issue/view/169
https://doi.org/10.35681/1560-9189.2024.26.2.316706
http://drsp.ipri.kiev.ua/article/view/316706
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Hayxkosi npayi, axi 3aceiouyroms anpobdayiro mamepianie oucepmayii-

BigomocTi npo anpo6aniro pe3yJabTaTtiB aucepramii

5. Iluporoschka T.B., €Brymenko A.M., AnHami3 mnapameTpiB MOJICIIOBAHHSA
T1IpOaKyCTUYHOTO TOJISl MPOMEHEBUM MeTo10M. CydacHi aCleKTH 1HKEHEpii MPOrpaMHOro
3abe3neuends/Modern aspects of Software Engineering: II Mixknap. Hayk.-mpakT. KOH(.:
Hayk. 30., — KuiB: KIII im. Iropst Cikopcbkoro, 2024 p, ¢. 104-108.

6. [Tuporoscrka T.B., Mycienko A.I1., Anani3 aaroputMmy mouryKy TpaekTopii 00'ekTy
y MopcekoMy cepenosuiii. [II Mixuapoana HaykoBo-TexHIYHa KoH(epeHinis «Cuctemu 1
TEXHOJIOT1i 3B’sI3Ky, 1HQopMaTu3allii Ta KibepOe3nmeKku: aKkTyalbHI MUTAHHA 1 TEHICHIT
PO3BUTKY», Te3u fomosiai, 2023, m. Kuis, c. 251-253.

7. Iuporosebka T.B., Mycienko A.Il., MonentoBaHHsl CUTHaTYy JaJdbHBOTO TOJIS Ha
OCHOBI1 BUKOpUCTaHHS KoedinieHTiB Uebnmiea. CydyacHl aceKTH 1HXXEHepli NpOrpaMHOIO
3abe3neucHus/Modern aspects of Software Engineering : II Mixkuap. HayK.-pakT. KOH(.:
Hayk. 30. (KuiB, 13 nucronana 2024 p.). — Kuis : KIII im. Irops Cikopcskoro, 2024 p., ct.13-
15.
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JIONATOK B

JICTUHI KOJIY MPOI'PAMHOI PEAJIIBALIILL

3aoanusn depormuux po3paxyHkie Memooy HOPMAIbHUX MOO: KiTbKOCMI MO0 7, 2IUOUHI

sunpomintosada 50m (3a 3amosuennsim 100m)

public static Complex[] MethodSonicFieldModified(
double[] z,

double[] r,

Constants consts,

int modes =7,

int speedType =1,

double z0 =0.1

)

Po3spaxynok 3nauensv xoegiyicnmie ma 3smiHHUX, HEOOXIOHUX OJisL PO3PAXYHKY MEMOOOM

HOPMANbHUX MOO

public static readonly int[] SpeedSupportedTypes =new int[] { 0, 1, 2,3,4,5 };

public static double DensityFunc(double z, double q) =>
((z/ 10)) * Constants.atmoOne + q;

public static double SpeedFunc(double z = 0, int type = 0)

{
switch (type)

{

case 0:

{
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return 1500;
}5
case 1:
{
return 1510 + 30 * z/ 100;
}; break;
case 2:
{
return 0.4 * z + 1950;
}; break;
/Icase -:
/I
/l return 2000 - 50 * Math.Exp(-(z - 100) / 10);
/l}; break;
case 3:
{
if (z>=0 && z<=200)
{
if (z <=20)
{
return 1520;
h
if (z <= 30)
{
return 1600 -4 * z;
§
if (z <=200)

{
return 1480;
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if (z <= 500)
{

return 1490;
§
if (z <=1000)
{

return 1500;
)
if (z <= 1500)
{

return 1550;
§
if (z <=2000)

{
return 1600;

}
return 1650;

}; break;
case 4:
{
return 0.1 * z + 1480;
}; break;
default:
{
return 1.0 / Math.Sqrt(Constants.a * z + Constants.b);
}; break;
}

return 1500;
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public static Complex Calc_km(
double w,
double c,
double m,
double D,
double zi =1

)

doublea=w*w/c/c;
double b=(m + 0.5) * (m + 0.5) * Math.PI * Math.P1/ D/ D;
Complex kd = Complex.Sqrt(a - b);

return kd;

public static double Calc Phi(double z, double q) =>z * z/q;

public static double Calc _kmax(double w, double z)
{

int amount = 7;

double[] k = new double[amount];

for (int i = 0; 1 < amount; i++)

{

k[1] = SpeedFunc(z, 1);
}
return w / k.Min();

public static double Calc _gm(double m, double h) => (m - 0.5) * Math.P1/ h;
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public static Complex Calc_gm_k(double w, double c, Complex k) =>
Complex.Sqrt(w * w/c/c -k * k);

public static double Calc_gm_D(double m, double D) =>
(m +0.5) * Math.PI/ D;

public static double CalcLevelM(double m, double M)== (M -m+1)/M + 1;

public static Complex Calc_ H(
Complex km,
double r,

double level =1

)

Complex kmr = km * r;
Complex root = Complex.Sqrt(2.0 / Math.PI / kmr);

Complex exp = Complex.Exp(kmr - kmr * Math.PI * level - Math.P1/ 4);

Complex res = exp * root;

return res;

public static Complex Calc H1(
Complex km,
double r,
double level = 1

)
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Complex kmr =km * r;
Complex root = Complex.Sqrt(2.0 / Math.PI / kmr);

Complex exp = Complex.Exp(-(kmr - kmr * Math.PI * level - Math.P1/ 4));
Complex res = exp * root;

return res;

public static Complex Calc H over HI(
Complex km,
double r,

double level = 1
)

Complex kmr = km * r;
Complex exp = Complex.Exp(kmr - kmr * Math.PI * level - Math.P1/ 4);
Complex expl = Complex.Exp(-(kmr - kmr * Math.PI * level - Math.P1/ 4));

return exp / expl;

private static Complex Calc_J(Complex z, double v)
{
Complex a = Complex.Sqrt(2.0 / Math.PI / z);
Complex d =z - Math.PI * v /2 - Math.PI/ 4;
Complex ¢ = Complex.Cos(d);
Complex s = Complex.Sin(d) * (v *v-0.5/2/z);

return a * (c - s);

public static Complex CalcHv(Complex km, double r, double v = 0)
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Complex J = Calc_J(km * 1, v);
Complex Y = -Math.Sqrt(3) * J;

return J + Complex.ImaginaryOne * Y;

public static Complex Calc_Phi_m(double z, double m, double h) =>
z + Math.PI * (m - 0.5) / h;

public static Complex Calc Phi m cos(double z, double m, double h) =>

Math.Cos(z * Math.PI * (m - 0.5) / h);

public static Complex Calc Phi d_sin(double z, double m, double h) =>
Math.Sin(z * Math.PI * (m + 0.5) / h);

public static double Calc Miu(
double z,
double r,
double c,

KeyValuePair<double, double>[] gs
)

if (gs.Length==1) {

return gs.First().Value;

nti=1;
while(z <= gs[i].Key && gs[i].Key !=-1 && 1 < gs.Length)
{
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1++ ;

double q1 = qgs][i - 1].Value;

double g2 = gs[i].Value;

double kq=q2/ql;

double O1 = Math.Acos(z / Math.Sqrt(z * z + r * r));
double O2 =-01 * kq;

double cl =c;

double ¢2 = ¢ * kq;

double cos1 = Math.Cos(O1);
double cos2 = Math.Cos(02);

double a=ql * ¢l / cosl;
double b=q2 * c2 / cos2;

return (a-b) / (a + b);

Pospaxynok memooom nopmanvrux moo

public static Complex[] MethodSonicField(
double[] z,
double[] 1,
Constants consts,

int modes =7,
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int speedType = 1,
double z0 = 0.1

)

{
Complex[] p = new Complex[z.Length];

double[] rp = null;
double[] zp = null;

Parallel.For(0, z.Length, 1 =>
{

Complex kmx = Misc.Calc_km(consts.waveFreq, Misc.SpeedFunc(z[i], speedType),
1, consts.D);

Complex[] Ks = new Complex[modes];

Ks[0] = kmx;

for (int j = 2; j <= modes; j++)

{
Ks[j - 1] = Misc.Calc_km(consts.waveFreq, Misc.SpeedFunc(z[i], speedType), j,

consts.D);
1f(Ks[j - 1].Magnitude > kmx.Magnitude)
{
kmx =Ks[j - 1];
b
}

kmx = kmx * kmx;
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Ks = Ks.Select(ki => kmx * kmx - ki * ki). ToArray();

Complex sum = 0;
for (int m = 1; m <= modes; m++)
{

Complex kms = Misc.Calc_km(consts.waveFreq, Misc.SpeedFunc(z[i],
speedType), m, consts.D);

Complex H = Misc.Calc_H(kms, 1[1], Misc.CalcLevelM(m, modes));
var gm0 = Misc.Calc_gm_k(consts.waveFreq, Misc.SpeedFunc(z0, speedType),
kms);
sum += Complex.Sin(gm0 * z0) * Complex.Sin(gm0 * z[1]) * H;
b
var val = Complex.Sqrt(Complex.ImaginaryOne / 2 / consts.D) * sum,;

p[i] = val;

return p;

Bukopucmanns napanenbHux po3paxyHKie mMemooy HOpMaIbHUX MOO 3 MEMOK CHPOUWEHHS

Ha OCHOBI 3aKOHY Amoana

public static Complex MethodSonicFieldModifiedlter(double[] z, double[] r, double zO0, int

I, double waveFreq, int modes, int speedType, double g, double D, Complex[] kms)

{
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Complex sum = 0;
for (int m = 1; m <= modes; m++)
{
Complex H = Misc.Calc_H(kms[m - 1], r[i], Misc.CalcLevelM(m, modes));
var gm0 = Misc.Calc_gm_k(waveFreq, Misc.SpeedFunc(z0, speedType), kms[m -
11);
sum += Complex.Sin(gmO * z0) * Complex.Sin(gmO0 * z[i]) * H;
}
double gi = Misc.DensityFunc(z[i], q);
var val = Math.Sqrt(2 * qi / D) * sum;

return val;

public static Complex[] MethodSonicFieldModified(
double[] z,
double[] r,
Constants consts,
int modes =7,
int speedType =1,
double z0 =0.1
)

{
Complex[] p = new Complex[z.Length];

Complex[] kms = new Complex[modes];

double[] gms = new double[modes];

Parallel.For(1, modes + 1, m =>

{

kms[m - 1] = Misc.Calc_km(consts.waveFreq, Misc.SpeedFunc(), m, consts.D);

gms[m - 1] = Misc.Calc_gm(m, consts.h);
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i

Parallel.For(0, z.Length, i => {
p[i] = MethodSonicFieldModifiedlter(z, r, zO0, i, consts.waveFreq, modes, speedType,

consts.q, consts.D, kms);

i

return p;
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