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[IpuBoasATCS pe3yabTaThl YWUCICHHOTO MOJEIMPOBAHUS s Ipolecca
U3MCPCHHUA YPOBHA XKXUAKOCTH MCTOAOM, OCHOBAHHBIM Ha TCOPUHU PCIICHUA
obpatnoit 3amaum  Ilrtypma-JluyBumist mno nBym  cmektpam. [lokazana
paboTOCIIOCOOHOCTh TPEATIOKEHHOTO METOJa, alTOPUTMOB €ro peanu3alud |1
BO3MOXHOCTb HUX IPHUMCHCHUA B HHTCIUICKTYAJIbHBIX HpI/I60an, OCHAIICHHBIX
MHUKPOTPOIIECCOPHBIM BBIUYUCIUTEIEM.

BBEJEHUE

B mipoMBINUIEHHOCTH PacpOCTPAHEHHOW 3a/1aueid SIBJIAETCS U3MEPEHUE YPOBHS BELIECTB B
eMKkocTsx. [To MeToaM n3MepeHust ypoBHS HMEETCsl OOJIbIIOe Yrcio myomukanui [1-12], u B
CUJIy aKTyaJIbHOCTHU 3aJ]a4M UX YUCIIO IPOAOIKAET PacTH.

Haunbonee mMpoOKO TNPUMEHSIOT TPUOOPHI OECKOHTAKTHOTO W3MEPEHUS  ypPOBHS
PaAMOIOKALIMOHHOTO U YJIBTPa3ByKOBOT'O THUIIOB.

[TpuHuMI neWCTBUS pajJapHOTO ypOBHEMEPA OCHOBAaH Ha paJAMOJIOKALIMOHHOM METOE
U3MEPEHUs] JAIBHOCTH OOBEKTa HAONIOJCHUs, T.€. HAa OOJYYCHHH KOHTPOJIUPYEMOU
MOBEPXHOCTU PAaIUOBOJIHAMH U IIPUEME OTPAKEHHOIO paJiMOCUTHAIA.

Haubonee ecTecTBEHHbIM NPEJICTABISIETCS HMMITYJIbCHBIA METOJM, 3aKIIYAIOIIUNCA B
U3MEPEHUM BPEMEHM 3alla3[bIBaHUsl MPHUHITOIO HMIIYJIbCa OTHOCHUTEIBHO H3IIYyYEHHOTO.
Opnnako, B cuily “OrpOMHON” CKOpPOCTH paJAMOCUTHAJA, OUEBUIHBI TEXHUYECKHE TPYIHOCTH
peanuzanu  3TOro Meronaa. VMmynbCHbIE METOAbl NPUMEHSAIOTCS JIMIIb Tam, T
oTpaxkaTejabHasi CIIOCOOHOCTb NPOAYKTa CPABHUTEIBHO BBICOKA, AMANA30H H3MEPSIEMbIX
YpOBHEH HE BEJIUK U HE TpeOyeTCsl BBICOKAs TOUHOCTb.

[upokoe pacnpocTpaHEHHE TMOJYYWJIM paJapHblE YPOBHEMEpPHI, HCIOJb3YIOLINE
HENPEPBIBHBI 4YaCTOTHO-MOJYJMPOBAHHBIM CHUTHAJI CBEPXBBICOKOYACTOTHOTO JMAaIa3oHa.
[IpuHumn neicTBUs Takoro ypoBHEMEpa 3aKIII0YaeTcsl B cieayroueM. MUKpOBOJHOBBIN
TeHepaTop JaT4hKa ypoBHA (HOPMHUPYET PAaTUOCUTHAN, YacTOTa KOTOPOTO H3MEHSETCS BO
BPEMEHHM MO JMHEMHOMY 3aKOHY. OTOT CHTHal M3JIy4yaeTcs B HalpaBiICHUM INPOAYKTa,
OTpakaeTcs OT HEro, U 4acTh CUTHaJIa Yepe3 ONpeAeNIEHHOE BPEMS, 3aBUCSIIEE OT CKOPOCTH
CBETa M pacCTOSHUSA, BO3BpallaeTcs OOpaTHO B aHTEHHY. M3JIy4eHHBI M OTpaK€HHbIN
CUTHAJIbl CMEILMBAIOTCA B JaTUMKE ypoBHA. B pesynbraTte oOpasyeTcst CUrHall, 4acToTa
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KOTOPOTO paBHA Pa3HOCTH YAacTOT MPHUHATOTO W M3IYUYEHHOI'O CHUTHAaja U, COOTBETCTBEHHO,
PAcCTOSIHHIO OT AHTEHHBI J0 KOHTPOJIHMPYEMON MOBEPXHOCTH. MHKpPOMpOIECCop AaTyuka
OTpeZieNiieT YacTOTy pPe3yIbTHPYIOIIETO0 CUTHANa M MEPECUUTHIBACT €€ B 3HAUCHHE YPOBHS
HATIOJTHEHUS pe3epByapa.

B cratee [12], onuckiBaeTcs UCTOpUS MOSBICHUSI paapHbBIX ypoBHeMepoB. PaccMoTpeH
MPUHLIUI UX ACHCTBUS C OLIEHKON BKJa/Ja OTJENIbHBIX y3JI0B YPOBHEMEPOB B (DOPMHUPOBAHUS
TEXHUYECKHUX U CTOMMOCTHBIX TapaMeTpPOB.

Ha poccuiickom pblHKe Hanbojiee M3BECTHbI MHOCTPAHHBIE MPOU3BOIUTENN paJapHBIX
ypoBHEeMepoB. JIuaupyeTr oTmercHWe MIBeACKOoro KoHiepHa Saab — Saab Tank Control,
KOTOpOE TOCTaBJISIET YPOBHEMEPHI UIsI M3MEPEHHUS YpPOBHsS JKHIKOCTEH B pe3epByapax
XpaHWIUII He(TH, CKIDKEHHBIX Ta30B M MPOAYKTOB Hedrenepepaborku. [Ipomykims 3Toit
(GUPMBI  OTITMYAETCST BBHICOKMMH METPOJOTHYECKUMH XapaKTEPUCTHKAMH, COXPAHSIOMINMHU
CTaOUJIBHOCTh B TEYEHHE BCETO CpPOKa CIIyKObI 0€3 MoBepoK U nepekaanopoBok. CTOMMOCTh
npubopoB Takoro tuma mpesbimaer 10 Teic. momur. [To 3TOW mpuWYMHE OHM WCHONB3YIOTCS
NPEUMYIIECTBEHHO B SKOHOMUYECKH OJIaromoyqHOr HePTeXMMHYECKOW oTpaciu. MIMeHHO
MIO9TOMY aKTHBHO Pa3BHBAIOTCS PAa3IMYHBIC YIBTPA3BYKOBBIE METO/bI M3MEPEHHs] YPOBHS U
YPOBHS ’KHJIKOCTH B pe3epByapax B yacTHOCTH [4—7].

OpnHUM W3 HaNpaBIICHUH SBIISIETCS METOJ| aKyCTUYECKOH JIOKAIlUH, KOTOPBIA HCIOIb3yeT
JUTSL OTIpEICTIEHUSI CKOPOCTH 3ByKa ¢ B BO3IYIIHOW Cpele Haj KUAKOCTHIO ATATIOHHOE IJIEY0
[10-11]. Tak kak CKOpPOCTb aKyCTHYECKHMX BOJH Ha IIECThb MOPSAIKOB MEHbBIIE CKOPOCTH
pPaZMOBONH, TO B AaKyCTHUECKHMX JIOKATOpax, B OTJIMYME OT paJapHBIX YPOBHEMEPOB,
U3MEpSAETCS BpEMs 3ala3/bIBaHUsl MPUHATOTO MMITYJIbCA OTHOCHTEIBHO H3IyYEHHOTO, U

YPOBEHb BBIUUCIISIETCS 110 (hopmyie

L:lc~t,
2

rne L — ypoBenb, c=Const — CKOPOCTb pAaCHpOCTpPAaHEHHUS BOJIHBI, ! — BpeMs
IPOXOXIECHUS CUTHATIA.

[IpumeHneHue 3TaJOHHOTO IJIeya, P ycloBuH ¢ = Const BIOIb OCH €MKOCTH, TTO3BOJISET
CBECTH TMOTPEIIHOCTH M3MEPEHUS K MOTPEIIHOCTH ONMpeAeNeHUs IIMHBI 3TAJOHHOTO Iiieya.
Opnako Ha mpakTuke ycnoBue ¢ = Const 3a4acTyl0 HE BBINOJHSETCS. JTO MPOUCXOMAMT,
HampuMep, MpU UCIOJIb30BAaHUU JAHHOTO METOoJa JJIsi H3MEPEHHS YPOBHS TSDKEIBIX
HedrenpoaykroB. B pabore [3] yCTaHOBIIEHO, YTO TOTPENTHOCTh H3MEPCHHS YPOBHS
aKyCTHUECKUM JXO-METOAOM, H3-3a BIMSHHUA CpElIbl Ha CKOPOCTb pPaclpOCTpaHEHHS
AKyCTUYECKOM BOJIHBI, MOXET COCTaBUTh mnopsaka 5%. 3MmepeHns npoBOIMINCH B
TEXHOJIOTHYECKOM pe3epByape ¢ mazyToM BMecTuMOocThio 1000 ToHH U BeicoTOM 10.7 MeTpa.
[Toxazano, yto Ha 80% 3Ta MorpenrHocTs 00YCIIOBICHA HAJIMYKWEM TpaJHeHTa TeMIEepaTyphbl
1o BeIcOTe eMKocTu. [lomHOoe n3mMeHenue temmneparypsl MoxeT gocturath 40-50° C.

B pabore [l] mpemnokeH MeTOJ HM3MEpEHHs YPOBHS, YUYHUTHIBAIOIIMK (DU3HUYECKHE
CBOMCTBa Cpelbl Ha IMYTH PACHPOCTPAHEHHS aKyCTHYECKOrO CHTHajda W TaKuM 00pa3om
CBOOOJHBIN OT OCHOBHOTO HEJOCTaTKa TPAJAMIIMOHHBIX JOKAIIMOHHBIX CIIOCOOOB U3MEPEHHUS
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ypoBHs. OcoOEHHOCTh METOAAa B TOM, YTO 33ajJadya W3MEpPEHUs ypoBHSA L TOCTaBleHa Kak

3ajjaya MaTeMaTudeckas. A HMMCHHO, KaK 3aaa4da OIpCACIICHHA IOJWHBI OTPE3Ka [O,L], Ha

KOTOpPOM TIOpOXJCHA KpaeBas 3ajada JUid OJHOMEPHOTO YPaBHEHHS, OIMCHIBAIOIIETO
pacrpoCTpaHEHHE AaKyCTHYECKHUX KOJeOaHWil B IUTOCKOCIOUCTOM cpefe, C 3apaHee He
M3BECTHOM 3aBUCHUMOCTBIO CKOPOCTH 3BYKa OT BEPTUKATHHOM KOOPAMHATHI.

Takum oOpa3oMm, AJiT BEPTUKAIBHOW COCTABIISIONICH MaBlieHUs (paaviaibHOE BOJHOBOE
YHUCJIO TI0JIaraeTCs PaBHBIM HYJIIO) UIMEEM OJTHOMEPHOE ypaBHeHUE [ ebMrosbiia

" 2
—P"=k°P, (1)
w
rae k= (—) — BOJIHOBOE YHUCJIO, @ — YacToTa.
clz

Ypapaenue (1) AOMOTHAETCS TPAHUYIHBIME YCIIOBUSMH UMITCAAHCHOTO BUA
P'(0)+a,P(0)=0, P'(L)+a,P(L)=0 @)
riue o,,0, — AeHCTBUTENbHbIE KOYQQHLNUECHTHL.

Ecan cpeaa BOOJb BepTHKaﬂbHOﬁ ocu OZ eMmKocTH OIHOpOJHA MW CKOPOCTb 3BYKa

c(z) = Const = ¢, , To KpaeBas 3az1a4a (1), (2) — vactHbIll ciaydait 3anaun HItypma-JInyBumns

¢ coberrennbiM sHauennem A=k’ =(w/c,)’. Ussectno [14], uto mpomexyrok [0,L], Ha

KOTOpPOM IOpOXKJIeHa KpaeBasd 3anaya lltypma-JInyBuwiuis, NOJHOCTBIO OIPEACIACTCS

IOCJIICAOBATCIBbHOCTBIO €€ COOCTBEHHBIX 3HAUYEHUH {ﬂn }, TaK KakK

L=7 1 " 3)
= 1m .
n—>0\ 4/ ﬂ“n

Jist rapMOHUYECKOM TIOCIIE0BATEIbHOCTH COOCTBEHHBIX 4aCTOT {cun }, korma o, =a, =0,

BMECTO IIPEICIbHOTO paBeHCTBA (3) MMEeM COOTHOIIICHHE

n-mw-c
AL @)

s
T1e ¢, — MOCTOSIHHAsA CKOPOCTb 3BYKa; @), — FapMOHHYECKHE COOCTBEHHBIE YaCTOTHI.
PaBencTBo (4) ucnionb3oBaHo B pabote [2].

JIJiss HerapMOHHYECKOTO CIIEKTPa {a)n }, xorna c(z)=Const=c,, ypoBeHb L BbIYHCISIEM
no ¢gopmyne (3). Ho B obmem ciydae c(z);t Const ¢dopmyna (3) yke HE JaeT HCKOMBII

reoMeTpuuecKkuid mapameTp L, a ompenenseT HEKOTOPYIO CBSI3aHHYIO C HHUM BEJIMYHHY,
KOTOpasi, KaK TMOoKa3aHo B pabote [1], mMO3BONSIET HAWTH YpOBEHb L, MPHUBJIEKAs TEOPHIO
pernieHus 00paTHBIX 3a/1a4.

[l BOCCTaHOBJIEHUSI HEM3BECTHOM 3aBUCHMOCTHU c(z) , TO €CTh Ul pelIeHHst 0OpaTHOM

3a/lay, HEeIOCTaTOYHO MHOXKECTBa COOCTBEHHBIX YacCTOT {a)n} kpaeBoil 3amauu (1), (2).

[TycTh Tak xe Habmomaercs penieHue (1) ¢ TpaHUYHBIMH YCITOBUSIMHA
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P’(O)+070P(0):0, P’(L)+aLP(L):0, (5)
rIe &, — JIeHCTBUTENbHBIN KOOQDULUEHT U &, # o, .
O6o3HauuM uepe3 {cbn} MHO>KECTBO COOCTBEHHBIX 4acTOT kpaeBoi 3amaum (1), (5). B

pabore [1] mokazaHo, YTO BOCCTaHOBJIEHHE HEU3BECTHON 3aBUCUMOCTH c(z)n omnpeaeneHue

ypOBHS L CBOJIUTCS K pEIICHHIO 0OpaTHOM kKiaccuyeckod 3amaun lltypma-JlnyBmiis mo

JIBYM CIIEKTpam {a)n }, {c?)n} , n=1,2,... ¢ mocienymMM HHTETPUPOBAHUEM OOBIKHOBEHHOTO

muddepeHManbHOro ypaBHeHus. To ecTh COOCTBEHHBIE YacCTOTHI {a)n}, {cb }, n=12,..

f
COCTaBIISIIOT UCXOHBIE JAHHBIE JIJISl pACCMATPUBAEMOT0 METOa U3MEPEHUs YPOBHSI.

Jns peanu3anuu MeTolla, MaTeMaTHYECKUE OCHOBBI KOTOPOTO M3IIOXKEHHI B [1], aBTOpOM
pa3paboTanbl 3()PEeKTUBHBIC ANITOPUTMBI YUCICHHOTO perieHus oOpatHoit 3amaun Lltypma-
JImyBusIsl, BKIIIOYAsi QITOPUTM BBIYUCIICHUS HOPMHUPOBOYHBIX YHCEN MO JABYM CHEKTpaM U
QITOPUTM PpEUICHHUs] MHTErPajbHOr0 ypaBHEHHA. Amnpobanus Merona myTeM (U3HYecKOoro
MOJICTIMPOBaHUS MpoOJiieMaTHYHa, TaK Kak TpeOyeT cO3[aHMsl CHEIHaTbHOW YCTAaHOBKH.
Yucnennoe mopenupoBanue Ha [IK numieHo 3Toro HejgocTtaTka M TMO3BOJSET OLICHUTH
3¢ (HeKTUBHOCTh pPa3paOOTaHHBIX aAITOPUTMOB M BO3MOXHOCTH HUX HCIIOJIb30BaHUSA BO
BCTpauBaeMbIx cuctemax [17].

UzBectHo [13], uTo ycnex pemienusi ooOpatHoit 3agaun typma-JInyBunms onpeaensiercs
BO3MOXXHOCTBIO BBIYHCIUTh IO JBYM CIEKTpaM MHOXKECTBO HOPMHUPOBOYHBIX YHCET

(kBazpaThl HOPM COOCTBEHHBIX (YyHKIIHIA) {(xn}, n=12,.... Oro oObeMHas 3amada, KOTOpas

TpeOyeT OTACIBHOTO paccMOTpeHus. B manHo# paboTe HOPMHUPOBOYHBIC YMCIIA BEIYUCIISIOTCS
10 OIPEJIEIICHHUIO.

1. UCXOAHBIE JAHHBIE JIUIA YNCJIIEHHOI'O MOAEJINPOBAHM A

I[JIH YUCJIICHHOTO MOJCINPOBAHUS BbI6paH SKCHOHCHHI/IaJ'ILHHﬁ HpO(l)I/IJ'IB CKOPOCTH 3BYKa

a
clz) :coezz , o — 0e3pa3MepHBIii MapaMeTp, KOTOPHI OTHOCUTCS K YHCIy ‘‘perraembix’
[15]. Pemienne kpaeBoit 3amaum (1), (2) BeIpakaercs yepe3 GyHKIU beccens. YpaBHeHUs
JUTs COOCTBEHHBIX YaCTOT TaK )K€ UMEIOT BUJ KOMOMHALINY 3TUX (yHKIIHH.

Hannune aHanWTHYECKUX 3aBHCUMOCTEH YIPOIIAET BBIYHUCICHUE IOCIIEI0BATEIHLHOCTH
HOPMHPOBOYHBIX YUCEI {an} U COOCTBEHHBIX YacTOT {a)n }, KOTOPBIE COCTAaBIIAIOT HCXOTHBIE
JIaHHBIE JUIs pelIeHns: oOpaTHOM 3aa4uM U OThICKaHUs Napamerpa L .

Kpaesas 3agaua (1), (2) BBeneHneM HOBOI MepeMEHHON W HOBOW (DYHKIIMH MPUBOJUTCS K
cTaHgapTHoi ¢opme kpaeBoi 3amaun Lltypma-JInyBunns. IlpuBeneHue BBINOTHSAETCS MO
dbopmynam

1

_fa _p() L
f—gc(t), Y (&)= P( )ﬂz_)’ (6)

rae £ — HOBas He3aBHUCHUMasl TIEpeMeHHas; ¥ (§ ) — HOBas QyHKIIUSA.
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[Tocne mpeoOpa3oBaHust UMeeM
~Y"+G(E)Y =27, £€[0,&], (7)

2

- ac o~

rae §(&)=—-| ——>— | — morenuman; 1 = o’ — COGCTBEHHOE 3HAYCHHE.
2(L—-a c)é)

['pannunbie ycnoBus (2) npuMyT BUJ

Y'(0)-hy(0)=0, Y'(&)+HY(S,)=0, ®)

rae b, :_(0‘0"‘().%}%» H :(aL + 0 5ajcoe“.

Jmuna mpomexyTka &, # L, Ha KOTOpOM IOpoxkJeHa kpaeBas 3azada (7), (8), maercs

dbopmyIioit, anamoruaHoi (3)

&, = 7lim {L] : ©)
n—oo /’L,

n

rae A, — coOCTBeHHbIE 3HaUeHHs KpaeBoi 3anauu (7), (8).
st MmogensHOTO ipoduiist Bennauny (9), cornacHo (6), BEIYHCISEM TOYHO

L a

1 _Zt _ _
gL_g!e dt=p(1-p), (10)

L _
r):[epza—,ﬂze 0(.
C

0

[lepexons k nepeMeHHON X € [O, 7r] , TpuBoAMM 3anauy (7), (8) k TpedyemMomy BUIY

~Y"+q(x)Y=2Y , x €[0,7], (11)

q(&) _ 1[ T

] i
> === ———Xx — noreHnuan; A = 5.
3 7
¢ S

®ymxmms  g(x) BoccTamaBiMBaeTcss B XOJe pelleHHs oOpartHoil 3amaum IlITypma-

rje q(x) =

JlnyBunns. [y rpaHMYHBIX ycloBHi (8) nMeeM

Y'(0)-hY(0)=0, Y'(z)+HY(7)=0, (12)
Y S \E )

rae h, =th, H= L neiicTBuTenbHble KO3(QGUIUEHTs;, pu f —

onpenenens (10).
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Ecmm o, =a, =0, to u3 (8), (10), (12) cnenyer

-8 1-p
Y » H = 27

h, = (13)

C npyroit CTOPOHBI, JJIsi SKCIIOHEHIIUAIBLHOTO MPOQMIsl CKOpPOCTH 3ByKa ypaBHeHue (1)
CBOJIUTCS K YPAaBHEHHIO JUIS WIMHAPUICCKUX (DYHKIMIA ¢ MHIEKCOM HOJh

2
A p L oo, (14)
2 d
dn n an
(04
—z
rae n=pe L — HoBas nepemenHas.

O61ee pemienne ypaBHenus (14) 3anmucbiBaeTCst TaK

P(n)=A~JO(a)77)+B-YO(a)77), (15)
rone J O(a)n) s Yo(an]) — ¢ynkuun beccens mopsaka Hynb TEPBOrO M BTOPOTro poja
COOTBETCTBEHHO.

Pemenust ypasuenwnii (11) u (14) ceszansl hopmynoii (6). U3 ¢popmynsr (15), momyuaem
oOuiee perienue ypasHenus (11)

¥(x) = {AJO(\/Z(&—)J] +B%[ﬁ(ﬁ—xjﬂ(ﬁ—xji, (16)

e VA= Lo,
T
Ilycts Y (x,/l) Te u3 pemenuii (16), KoTopble HOPMHPOBAHBI YCIOBUAMU
Y(O,/i):l , Y'(O,/l):hl, (17)

rae h, — nedcrBuTenbHbI Kodddunuent (13).

OyHKIMU Y (x,/I) pu JTF000M A YIOBIETBOPSIOT TIEPBOMY M3 TPAaHUYIHBIX yCiIoBui (12).
[ToaTomMy coOcTBeHHBIC 3HaueHUs KpaeBou 3amaum (11), (12) sBastoTcss KOpHAMH (DYHKITHH
R(2)

R(A)=Y'(x,A)+ HY (1.4), (18)
rne H — neiictButensHbIi K03 duuent, onpeneneHusit popmynoii (13).
CooTtBeTcTBYIOIIAsl COOCTBEHHas! (PyHKLUS KpaeBOM 3agaun paBHa Y (x,in), n=0,12...

U3 (16), (17), onpenenus ko3hupentsl 4, B, monyyaem
T
¥ (x.2)=-2b2 A ANACERIE

(19)
~J,(N2b)- Y, (VA (b~ ) | -Vo -x,

A. H. F'pomoB
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rae J, (ﬁb),z(ﬁb) — ¢yHkuun beccenst mopsaka eaMHUIIa MEPBOTO U BTOPOTO poia

T
COOTBETCTBEHHO, a =7——, b=—"

-8 1-5
N3 popmymn (18),(19) cnenyer

R(2)= =2 Nabz- [ (V26)- 1 (V2a) 1 (Wb} 11 (V2a | (20)

®opmyna (20) maer ypaBHEHHE IS OTHICKAHHS TIOCIEAOBATEIIBHOCTH COOCTBEHHBIX

o 0
3HaYeHUH | A , KOTOpPOC OYEBUIAHO 0 €T TAaKUM
n) n=0

A=0, Y,(N2b)J,(Vaa)-J,(Vab)Y,(Vaa) = 0 @1)

rae a,b — ko3 durmentsl, onpesaencHusie B Gopmyste (19).
Pemenne (19) ocraercs orpanndeHHsM pu A = 0 1 ©MeeT BU

1

Y (x,0)= (b ; x)z, (22)

TO ecThb A = 4, = 0 siBIsieTcs COOCTBEHHBIM 3HaUCHUEM KpaeBoil 3agaun (11),(12).

Cornacho [13], HOpMHUPOBOYHBIE YHCIIA ONPEAEISAIOTCS PABEHCTBOM

O'—-ﬁ

Y (x4, (23)

rae Y (x, /1n) — coOcTBeHHas GpyHKUuUs KpaeBoit 3anaun (11),(12).

®opmyasl (19), (21), (23), npuUBOIAT K CIEIYIOIIEMY BBIPAKEHUIO JJI1 HOPMUPOBOYHBIX
quCcell:

n:%{p(—j 4,(7o(a) 1(\/Zb)—Jl(\/Zb)YO(\/Za))z},n=1,2,3.... (24)

HOpMI/IpOBO‘{Hoe YUCIO ¢, BBIYHUCIIEIEM HCINOCPCACTBCHHO, II0ACTAaBUB CO6CTB€HHYIO

bynkumio (22) B onpeaenenne (23)

bl.[b xdx T +2'B (25)
0

A. H. F'pomoB
MopaenupoBaHue npouecca U3MepPEHNs YPOBHSA XUAKOCTU aKyCTUYECKUM METOAO0M,
YyUuTbIBaAOLWMM (PaKTOpbl cpeabl
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2. YNCJIEHHOE MOJAEJIMPOBAHUE ITPOLUECCA U3MEPEHMA YPOBHA

3nech MPUBOIATCS Pe3yJbTaThl YUCICHHOTO MOJEITUPOBAHUS JJISi CPElbl C MapaMeTpoOM
a=0.085 u L=10 merpam. 3HaueHuWe mapaMeTpa « BBIOPAaHO TaK, YTO NpPHpAIIECHUE

CKOPOCTH 3ByKa Ha JJIMHE €MKOCTU cocTaBisieT 29.4 m/c¥M COOTBETCTBYET MPHUPALICHHUIO
400

temrepatypbl npumepHo Ha 50°C. IlocnenoBareabHOCTH COOCTBEHHBIX YaCTOT {,Mﬂ} 151
n=0

400

HOPMHUPOBOYHBIX YHCEI {an}nzo, KOTOpbIE TIPU HATYPHOM MOJCIUPOBAHUN SIBIISIFOTCS

pe3ynbTaTOM W3MEpeHHus, 37ech HaiiaeHsl 1o Qopmynam (21), (24), (25). IlepBbie u

MOCTICAHUE TATh BBIYMCICHHBIX 3HAYCHWI TMpeacTaBieHbl B Tabmuie 1. [ coOCTBEHHBIX

4acTOT IIPUBEAEHBI X JPOOHBIE UaCTU /A, —n.

Ta6muma 1. CoOCTBEHHBIE YaCTOTHI 1 HOPMUPOBOYHBIC YHCTIaA

Homep CoOcTBeHHBIE HopmupoBounbie | Homep CoOcTBeHHBIE HopMupoBouHbIe
n JaCTOTBI \/Z 4ucna n JaCTOTHI \/Z qucna
0 0 3,01359204925 396 6,93642535e-07 1,57079633207
1 0,27434330e-03 1,57162227253 397 6,91895073e-07 1,57079633205
2 0,13729871e-03 1,57100315690 398 6,90156582¢-07 1,57079633202
3 9,15482070e-05 1,57088827968 399 6,88426474e-07 1,57079633199
4 6,86652869e-05 1,57084805589 400 6,86705333e-07 1,57079633196

CpaBHHM MHOXXECTBO COOCTBEHHBIX YAacTOT O3KCIIOHEHIHANbHOro mpopmis F, ¢

n

. nc
rapMOHUYECKOH MOCIEeI0BATEIHHOCTBI0O COOCTBEHHBIX YacCTOT f, :Z_LO I'u, onpenensiembix

dopmymoii (4). Kpyrosele yactotsl /A, , mpuBeaeHHble B Tabmuie 1, mepecUUTHIBAIOTCS

VA
cornacHo (11) u nepeBonsTcs B repupl. Takum obpazom, F, = 5 = I'm. [ycte 6, =F, - f,.
L

s Homepa n =1 Haxogum O, = F, — f, = 0.7 I'u. Ha pucynke 1 npezacrasien rpaduk 31oi
byHKIHN.

A. H. F'pomoB
MopaenupoBaHue npouecca U3MepPEHNs YPOBHSA XUAKOCTU aKyCTUYECKUM METOAO0M,
YyUuTbIBaAOLWMM (PaKTOpbl cpeabl
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300

200 [~ 1

Hz
(7]
=1

100 [~ 1

0 100 200 300 400

Puc. 1. Pa3HOCTh COOCTBEHHBIX YaCTOT IKCIIOHEHIIUATHHOTO MPOMUIIS M COOCTBEHHBIX YacTOT
TpyOUuaTOro pe3oHaropa ¢ abCOTIOTHO KECTKUMHU KPBIIIKaMU

I'paduk moOKa3pIBaeT, YTO CpaBHUBAEMbIE YACTOThI XOPOIIO pa3IUYMMbI, HAUMHAsA C

HOMEPOB MEPBOM IECATKH.

400

400
[TonyunB ucxomHbIe TaHHBIE {\Mn} , {an}nzo, HAaYMHAEM MOJICIIMPOBAHUE MpoIecca

n=0
u3Mepenns ypoHs L . CHavama Mo MCXOTHBIM JaHHBIM BOCCTAaHABIMBAeM ToTeHman ¢(x),
T.e. pemaem oOparHyto 3aaady Lltypma-JlmyBumns. 3arem, cormacHo [1], uHTErpupyem
muddepeHnranbHOe ypaBHEHHE

m I_ ”2
AN EN)
G e e

VHTerpupoBanue BHITOIHsETCs 10 3Hayenus &(z,)=¢,. Torna L=z, .

[ BoccTaHOBIIEHUS IOTEHIAIIA q(x) , ciaenys [13], pemaem UHTErpajIbHOE ypaBHEHUE

K(x,y) + F(x,y) + K(x,t)F(t,y)dt =0 (0 <y<x< 7z) , 27)

© oy <

rne F (x, y) — AJpO UHTETPATILHOIO YPaBHEHUs, KOTOPOE UMEET BUJL

1 1 0 0
F(x,y)=a—cosqlﬂoxcosﬂy—;+ZD;(u)+ZD;(V), (28)
0 n=1 n=1
rae D (u) —Lcosql/l u—lcosnu D (v) —Lcosql/l v—lcosnv
2SN =0 R CTN T 2, oo ’

n

u=x-y,05u<sz,v=x+y,0<v<2r.

A. H. F'pomoB
MopaenupoBaHue npouecca U3MepPEHNs YPOBHSA XUAKOCTU aKyCTUYECKUM METOAO0M,
YyUuTbIBaAOLWMM (PaKTOpbl cpeabl
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VYpaBHenue (27) npu KaxaoM (UKCHPOBAaHHOM X SIBJISICTCS HHTETPAJIbHBIM YPaBHEHUEM
turna Opearonbpma (posib HEM3BECTHON (DYHKITMH UTPaeT (yHKIIHS K(x, y) , a X UTPaeT poiib

TapameTpa) ¥ MMeeT eIMHCTBeHHoe pemenue. [otenmman ¢(x) Haxomum 1o popmye

q(x) = Z%K(x,x), (29)

rae K (x, y) — peleHne UHTErpaabHOTO ypaBHeHU (27).

Snpo (28), unrerpanbHOro ypaBHeHus (27), sBISE€TCS MEIJICHHO CXOISAIIUMCS psiioM. B
paboTe HCMONB30BAHBI ACHUMMTOTHYECKHE (OpMysbl Afisi  COOCTBEHHBIX YacTOT U
HOPMHUPOBOYHBIX YHCeN, 4YTOObI mpeodpazoBaTh sAIpo F (x, y). DT aCUMITOTUYECKUE
(dbopMyIIbI UTPAIOT U POJIb PETYIAPU3UPYIOLIETro (hakTOpa, Cykast MHOXKECTBO (YHKIIHI cpeau
KOTOPBIX HIIETCSl pelIeHWe W oOecreunBas TEM CaMblM YCTOMYMBOCTh PEIIEHUS 10
OTHONICHUIO K MaJIbIM U3MEHEHUSIM HaYaJIbHBIX yCIOBUH.

U3gectHo [13], uro st Geckoneuno mpuddepeHuupyeMex Gpyakimii ¢(x) nmeror mMecto

OECKOHEUYHBIE KJIACCUUECKHE aCHMIITOTHYECKHIE Pa3I0KCHUA:

k k
JA =n+=2+=2+.., a,=
n n

rae /A, , &, — cOOCTBEHHbIE YaCTOTHl 1 HOPMUPOBOYHBIE YKCIIa KpaeBoit 3anauu (11), (12).

+..., (30)

A

+—=+

NN
=
3

UuciieHHbI aHAIW3 TIOKa3all, YTO, COXPaHSs MPUEMIIEMYI0 TOYHOCTh, (Gopmyinbsl (30)
MOXXHO HUCIIOJIb30BaTh, HAuWHasg C HoOMepa # =1 W OrpaHUYUTBCA YETHIPHMS
ko3 unmenTamMu, 4To 0becrneunBaeT AOCTATOUHYIO TMOKOCTh aHajIM3a TOYHOCTH PELICHHUs
(27). Koadpduumentst k ,k,, ki, k, u d,,d,,d,,d, Haiinensl mo wmeromy 0000LIEHHON

perpeccuu U ux 3HaueHusi IpUBEIeHbI B Ta0uLe 2.

Tabmuua 2. KoahduiumeHTsl acCHMITOTUYECKUX Pa3IOKEHUN

KosduiuenTs! 3HaueHns K03 UIHEHTOB K 3raueHus kodhdureHToB
pa3noKeHHs \/Z 03 UUHCHTI pasnoxenust 1/2a,,
k, 2,74682402284552 e-04 d, —1.67743442374836¢-04
k, —3,40132335254744e-07 d, 4.61927618275191e-007
k, 9,44690448318419¢-10 d, —2.1410365069608e-009
k, 8,58707037946961e-11 d, 1.65673220678243¢-011

N3BectHo [13] Teopernueckoe 3HaueHNE KodpuLueHTa k, , Koropoe 0003HAYNM K, .

1 17
kr_;{@ +H+5£q(z)dz} 31)

rae h,, H — xoaddunuentsr rpanndHbix ycinouii (13).

A. H. F'pomoB
MopaenupoBaHue npouecca U3MepPEHNs YPOBHSA XUAKOCTU aKyCTUYECKUM METOAO0M,
YyUuTbIBaAOLWMM (PaKTOpbl cpeabl
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@®opmyna (31) TO3BONSET OLEHUTH OTHOCHTEIBHYIO IOTPEHTHOCTh BBIYMCICHUS

ko3¢ ¢unuenra k, . Pacuer naer

%-100%&.8-107%.

T

Takass BbICOKasT TOYHOCTH CIIY’)KUT KOCBCHHBIM IOATBCPKACHHUCM IPABUIIBHOCTH BCCX

BBIIIOJIHEHHBIX NpeoOpasoBanuil. [lokazaHo, 4To BennunHa k, yCTOWYMBA IO OTHOLICHUIO K
U3MEHEHUIO0 00beMa BRIOOPKH, UCIIOJIb3YEMOM B pacyeTe.

Jlanee mpuBoguTca cxema IpeoOpasoBaHus (yHKUMA D (u) (cm. dopmyny 28). Bcee

pe3yNbTaThl MEPEeHOCTCs Ha GyHKIHU D) (v) 3ameHou u — v. [lycTh

A, =%+%+%..., (32)
rae A, — Ta cocTaBisoomas coocTBeHHON yacToTsl (30), KOTOpas CTPEMUTCS K HYJIIO, KOTJa
n— 0.

Torpa ¢yHkumuu cos\//”Tn U, KOMOMHALMM KOTOPBIX COCTAaBISIOT sAApo (28), MOXKHO

3a1mcaTb B BUJC

COS/ A, u=CosA ucosnu—sinA usinnu. (33)

B cuity cootHomenus (32), GpyHKkuun cosA u, sinA u pasnararoTcs 0 OTPULATEIbHBIM
CTEINEHsM HoMepa 7

cosAnu=1+Zczi—(.u), sinAnu=ZM, (34)

2i 2i-1
i=1 i=1

TIE C,;, S, , — KOIPPULUUEHTHI, KOTOPbIE MOIEKAT ONPEIEIICHUIO.
st nepBbIX KOOPPUIIMEHTOB pasnokeHuit (34) HaliieHo

__ﬁ 2 _ 2 L 4,4
cz(u)— 2u ,c4(u)— k kyu +24k1u ,

1 1

1
e (u)=—kk+=k W +=kku* ———ku®,
)=k 30 o Lk Lk

(35)
1 1 1
s,(u)=ku , s, (u): kyu —gkfu3 , Ss (u) =kgu —Ek12k3u3 +mk15u5,
s, ()= ku— 1kfk5 +lk1k§ 0’ +ik;‘k3u5 —Lkﬁﬂ,
2 2 24 5040

rne k., k,, ks, k; — x03ddUINEHTE aCHMOTOTHYECKOTO pa3noxeHus (32).

A. H. F'pomoB
MopaenupoBaHue npouecca U3MepPEHNs YPOBHSA XUAKOCTU aKyCTUYECKUM METOAO0M,
YyUuTbIBaAOLWMM (PaKTOpbl cpeabl
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Cobupast BMecte Gpopmyisl (33), (34) u acumMnToTUKY Ui BenuuuHs! 1/2¢,,, monyyaem

iD;(“): Z|:M2k1 (“)isnlrzl%"'Mzk(”)i C(;Szfu]"rzv’ (36)

n=1 k=1 n=1 n=l1

1

rjae 7, —— CllaraéMbple C HEYYTEHHBIMHM CTelneHaMu —; M, (u) — MHOTOWIEHBl OT
n
MEPEMEHHOM U .
Mmuorounensr M, (u) HMMEIOT CIIETY IO BU/I;
1 1
M, (”) == ;Szk—l +dy Sy ot dy s | My, (”) = ;czk +dyCopy ot dy, (37)
rae d,,d,,... — K03 dUIKreHTs aCUMITOTUYECKOro pa3noxenus 1/2q,, .
S sinnu  E cosnu
N3BecTHO [16], 9TO CyMMBI PSIOB Y TR > 55 BPIPKAIOTCS Mepe3 MHOTOHIICHbI
n=1ln n=1l n

bepuynu. ®opmyna (36) nepenuuieTcst CiIeayomuM 00pa3om

iw)i“ﬂMm( ST 39

n=1 k=1 2 : k' 272'
rae B, (u) — MHOro4IeHb! bepHyin.

U3 popmymst (38), orpannunBasch 3HaU€HUEM k = 7 , HAXOIUM
0 14 )
AN P
2D, ()= eu +ry, (39)
n=1 i=0
rae e;,i =0,...,14 — nuHeiiHble KOMOMHAIMK KOG GULIUEHTOB MHOTO4JIeHOB (37).
B cuity rpomo3akocTy BelpaskeHUi (YHKIMM e; HE BBIIIUCAHBI B SBHOM BHje. B Tabnure 3

JaHbl UX YHCJIOBBIC 3HAYCHUA OJIA paCCManHBaeMOﬁ 3aJa4un (BCJ'II/I‘II/IHBI €ps-++» €4 OIIYIICHBI

B CHJTy IX MaJIOCTH).

Tabnuna 3. 3naueHus GyHKIUH e;

DyHKIUS 3uayenne QyHKIIH DyHKIUSA 3navyeHne QyHKINH
e, -0.000378324724177147 e 5.29329003909441e-013
e 0.00017204179135448 e 1.42645001113616e-012
e, 2.60571505254777e-006 e, -1.54491479236586¢-013
e, 3.4514805373702e-008 € 6.98866109936978e-015
e, 4.58803525031662e-010 €, -2.26764572914655e-019
A. H. F'pomoB

MogenvpoBaHue npouecca M3MepeHust YPOBHS XUAKOCTU aKyCTUYECKMM METOAO0M,
YUUTBIBAKOLWMM (aKTOpbl Cpesbl
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O6bemuuss  opmyny (39) ¢ ananmormuHoit Qopmysoi it pyHkuum D, (v) u

BO3BpaliasaCh K ICPEMCHHBIM X, ', TIOCJIC HCCIIOKHBIX HpeOGPaBOBaHI/Iﬁ MOoJIyuum

8
F(x,y)= Y oilxhi(v)+r, (40)
i=1
rae r — OCTATOK pSIIIa, CO[[ep)KaHII/If/'I HequeHHBIe YJICHBI ACUMIITOTUYCCKUX pa3ﬂ0)KeHHI>i
(30).
Oynkin @;(x), w;(x)ameror cenyromtmii BiT
M ok ik 2k
Pr(x)= 22C  ex ™y (x)=»"", k=01..7, (41)
i=2k

rmue C,I; — OMHOMMHAIIbHBIE KOA(D(DUITHCHTHI.

Ot6pocuB B hopmyse (40) ocTaToOK » ¥ UCHOJB3Ys BBIPOKICHHOCTD, IMOJYICHHOTO SJIpa,
CBOJIMM pEIIEHWE HWHTErPaIbHOTO YpaBHEHUS (27) K pElIeHHI0O CHUCTEMbl JIMHEHHBIX
anreOpandyecknx YpaBHEHHUH 8 mopsiaka, 4To HE TpeOyeT OONBIIMX BBIYMCIUTEIBHBIX
PECYPCOB ¥ MOXKET OBITh PEAIM30BAHO BCTPAMBAEMOW CHCTEMOW. PelieHne WHTerpaibHOTrO

YPaBHCHUA HAXOJAUM B BH/IC

8
K(x,y)= __Zlfi (i (), 42)

rae fl(x) —  (QyHKUIUM, KOTOpBIE SIBISIOTCS PEIICHUSIMH CHCTEMBbl JIMHEHHBIX
anreOpanyecKux ypaBHEHUH.

Cuctema ypaBHEHH, onpeiessitomas PyHKITUN fl-(x), UMEET CIACAYIOIINI BU/;

8

2 (6 (x)+ 5 )i (x) = i (). (43)

i=l1

rie 6, — cumson Kponekepa; 6,(x) = I(”k (y)l//i ( y)dy.

0

B cuny (41), uarerpansl oT NPOU3BEICHUN @, (y) i(y) BBIYUCIIIOTCS QHAIMTHYECKU U JAtOT
dyskuun  6;;(x) B BHgEe MHOTOWIEHOB OT TepeMeHHO# x. Pemenume cuctembr (43) B
COBOKYNMHOCTU C (41),(42) no3BosisieT BBIYUCIAUTD QYHKLIUIO K (x,x), a 3areM 1o (opmyie
(29) BocCTaHOBUTH MOTEHITUAI q(x).

Amnanutudeckoe BbIpaxkeHue K, (x,x) ¢byakuun K (x,x) Haxoaum, uHTerpupys (29) c

noteHianom (11)
K, (x,x) :—l(i—xj S (44)

rae [ — mapameTp, KOTopsli orpesneneH ¢popmynoii (10).

A. H. F'pomoB
MopaenupoBaHue npouecca U3MepPEHNs YPOBHSA XUAKOCTU aKyCTUYECKUM METOAO0M,
YyUuTbIBaAOLWMM (PaKTOpbl cpeabl
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®opmyna (44) nmaeT BO3MOXKHOCTH OIICHUTh TOYHOCTh YHCJICHHOTO  PpEIICHUS
HWHTErpajibHOTO ypaBHeHUs. Ha puc. 2 nzo0paxken rpaduk GyHKIIIN
K(x,x) -K, (x,x)
K, ( X, x)

A(x):

OTHOCHTENbHOM TIOTPENTHOCTH Bhraucenus Gynkimn K (x, x).

0.0015
0.001 |- —
Axj) 5107 = —
0 |
=107 I1 lz I3 4
Xj

Puc. 2. OTHOCHUTENBHAS TOTPEITHOCTh PEIICHUS HHTETPAIBHOTO YpaBHEHUS (27)

Bomucnenne  maetr  A(0)~-2.6x107%. [lorpemHOCTs MOHOTOHHO —pacTeT |
max A(x) = A(;r) ~ 0.1% . OTO0 MO3BOJIAET 3aKIHOUUTh, YTO IOIYYEHHOE 3/1€Ch NPEICTABICHUE

(40) nns siIpa UHTErPATBHOTO YPaBHEHHSI JAaeT PELICHHUE C «XOpoIeil" TOYHOCTHIO.

BoccranoBuB moTeHIuMan q(x) no ¢opmyne (29), unrerpupyem ypasHeHue (26). B

Tabnuie 4 mpuBeICHBI 3HAUCHHUSI UICKOMON (YHKIMH B rocieannx 10 Toukax.

Tabnuma 4. Pe3ynbrat HHTErpUpOBaHus ypaBHeHHUs (26)

ITepemennas ITepemennas
HUHTETPUPOBAHUS 3HaueHus g(zk) UHTETPUPOBAHUS | 3yayeHUs g(zk)
Zk Zk
9.894 0.028668361 10.064 0.029140157
9.928 0.028762775 10.098 0.029234434
9.962 0.028857162 10.132 0.029328684
9.996 0.028951521 10.166 0.029422907
10.03 0.029045853 10.2 0.029517102
A. H. F'pomoB

MoaenvpoBaHue npouecca M3MepeHUs YPOBHS XUAKOCTU aKyCTUYECKUM METOAO0M,
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W3 tabnumel 4 ciemxyer, 4To 5(9.996)= 0.028951521 sBnseTcss OMmKaNIIMM K BETUYUHE
& = p(l— ,B) =2.8963112-107 3HayeHWMEM U, CJIEJOBATENbHO, MBI JODKHEI HPUHSATH

u3MepsieMblid ypoBeHb L paBHbIM 9.996 metpam. Takum oOpa3om, uckomasi BelnuuuHa L
HaliJleHa ¢ aOCOJIOTHOW MOTPEMIHOCThI0 4 MWUIMMETpa (OTHOCHTENBHAs IOTPEIIHOCTh
0.04%).

3AKJIIOYEHUE

B pabore uccnenoBaH aKkyCTUUECKUH METOJ MU3MEPEHHUS YPOBHS JKUIKOCTH, OCHOBAHHBIN
Ha Teopuu peuieHus odparnoii 3anaun Lltypma-JlnyBusis o nBym criekrpam. OCoOEHHOCTD
METOAA COCTOMT B TOM, YTO Y4Y€T BIMUSHHSA Cpelbl Ha TOYHOCTb H3MEPEHHUs INPOUCXOIUT
aBToMaTHuecku. llapamerpsl cpensl BKIIOUEHBI B KO3 GUIMEHTH auddHepeHIInalIbHOTO
YPaBHEHHUS U BOCCTAHABIMBAIOTCS B XOJI€ PELICHUs 0OpaTHON 3aauH.

Jlan BbIBOJ TNPUOIMKEHHOTO AaHAJIMTUYECKOTO BBIPAXKEHUS Ui siipa HHTETPAJIbHOTO
ypaBHEHHsI, PEUICHHE KOTOPOTO COCTaBJSET OJHY W3 KIIOYEBBIX MPOOJIEM HCCIIETyEeMOTO
metona. /s SKCIOHEHIMAIBFHOTO MPOQWIs CKOPOCTH 3BYyKa BBIIIOJHEHO YHCIEHHOE
MOJICIIMPOBAHUE TMpOIlecca HW3MEPEHUs YPOBHS MeToioM obOpaTHoi 3amaunm Lltypma-
JInyBuis.

[TonmyuyeHHbIE pe3yabTaThl MO3BOJISIIOT CAETATh BBHIBOJ, YTO CBEJCHHE PELICHHUS OOpaTHOM
3agaun typma-JInyBUiuist K perieHuio airedpandyecko CHUCTEMbI JIMHEWHBIX ypaBHEHUMH
“HEBBICOKOI™ Pa3MEPHOCTH 00ECIIeYMBACT JOCTATOYHYIO TOYHOCTH MPEIJIOKEHHOTO METO/AA
U3MEPEHHUs YPOBHS U BO3MOKHOCTh €70 PEAIN3alMi B HOBOM IIOKOJIEHUN MHTEIJUIEKTYaJIbHBIX

nipubopos [17].
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