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AKYCTHUKA U MOJIEKVYJIAPP A ®U3MKA

V]IK 534.222

YU CJIEHHOE MOJEJIMHOBAHUE HEJIMHEMHBIX BOJH
C OCOHEHHOCTAMM THUHA «HA3HbIB» U «HA3HbIB
HHOW3BOJIHOW»

A. A. Caasnos, B. A. XoxJjoBa

(ragpedpa axycmuxu)

Pa3suT acHMnTOTHYECKHil CeKTPAJLHBIA METO] ONUCAHUS HEIUHEHHBIX AKYCTHYECKHX BOJH, COIEp-
KANUX OCOOEHHOCTH THNA «Pa3pbiB» H «Pa3pblB HPOU3BOAHOE». Meroa mo3Boisier MOAETHPOBATH pac-
npocTpaHeHe Pa3pbIBHLIX BO3MYIIEHHH NPU HCNOJb30BAHUN HEeGOIBIIOr0 KoJMYecTBA rapMoHuk (20-50).
Ponydyena 3aMKHYTasi CHCTEMA CBS3HBIX HEJIHHEHHBIX YpPaBHEHHid TSI KOHEUHOrQ YHCIA KOMILIEKCHBIX
AMILUTHTY]] TAPMOHUK, ANNPOKCUMHUPYIONIAs YpaBHeHHE NPOCTBIX BOJH B CIEKTPATLHOM NpelcTABICHUN.

Beenenue

H3zyucHue pacnopoCTpaHCHHS CUIBHO HCKAXKCHHBIX
NHIOOOPA3HBIX BO3MYIICHUNA U OJMHOYHBIX UMITYJIBCOB
¢ yAapHBIM (pPOHTOM SIBJISIETCS BaXKHOM 3a7adei cOBpe-
MEHHOU (PU3NKK HEeMMHEHHBIX BOTH, AKTYaTbHOCTE 3THX
WCCIICAOBAHHAN CBSI3aHA, B YACTHOCTHU, C MPAKTHUCCKUMHA
npobiaeMaMu MEAUITUHCKOTO TEPACBTUUCCKOTO yIbBTpa-
3ByKa H JUTOTPUIICHUH, 3BYKOBOTO yaapa, THAPOAKYCTH-
KH.

B cuny HeaMHEHMHOCTH 3a7a4Yd NOCTPOUTH AHATUTHU-
YECKOE PEIICHUC UCTIONB3YEMBIX YPABHCHUH, KaK MPABU-
JI0, HE YAACTCH, U MOSBIICTCS HCOOXOUMOCTE B YUCIICH-
HOM MOJICIMPOBAHUH BOJTHOBOTO mpoliecca. OaHaKo 00-
pa3oBaHUe KPyTHIX YYacTKOB B Mpodwiie BOTHEI (yAap-
HEIX (PPOHTOB) CHIBHO YCIOKHSET UUCICHHEIE PACUCTHI.
Ppu BpemMeHHOM TIONXO7e HEOOXOAMMO HCHOIB30BATH
Pa3HOCTHBIC CXCMEI C OUCHb MEIKUM IAroM, JOCTATOY-
HEIM JUUTS OIUCAHUS yAapHBIX GpoHTOB [1], mpU Ccrek-
TPATLHOM — VYUTHIBATL OUYCHBL OOJBINOE KOIUYECTBO
rapMoHuk [2]. 3agaum cTaHOBSTCS ellle 0ojee CIOXKHBI-
MM, €CIM B PEIlIeHUM BO3MOXHO 00pa3oBaHHMe OCOOEH-
HOCTEH THUIIAa MATEMATUUCCKUAX Pa3pbIBOB, UTO MPUBOIUT
K BO3HHUKHOBCHHUIO ocimuusiiuid ['mbbca m HeycToWuu-
BOCTH UUCICHHOTO pelieHus. s MOIeTupOBaHUS TAKUX
HCAMHEUHBIX 3a7a4 HCIOIB3YIOTCS PAa3IuIHBIC METOEI,
B OCHOBHOM CBOJSIINECS K BBCACHUIO HCKYCCTBCHHOM
BSI3KOCTH, CIIIAXKHBAIOIICH pEIICHUE B 00JACTH pa3phl-
Ba [1-3].

P pu BpeMeHHOM TOIXO/1E 327129y MOXHO YIIPOCTHTh,
CCIIA HCIOJB30BATH TEOPHIO CIAOBIX yAapHBIX BOJH.
Torma MBMXEHAE yIaPHBIX (PPOHTOB U IBOJIIOIHIO TITAB-
HBIX y9aCTKOB MPOoIIIS MeKAy HUIMUA MOKHO OITACHIBATH
pas3fenbHoO, CIMBas pelieHusl Ha paspbiBax [4]. P pen-
MOJ0XKCHHC O HAJIMYUAH PA3pBIBOB B PCIICHUU MOXKHO
TAKXKC UCIIOIL30BATh B CIICKTPAIBHOM MOAXO/E, TAK KaK
W3BECTHO, UTO CIIEKTP Pa3phIBHON (QPyHKITMN UMeeT YHU-
BEpCATIBHYIO ACUMIOTOTHUKY HA BBICOKMX YacTOTaX: aM-
IUTUTY/B TAPMOHUK yOBIBAIOT MPOMOPIHOHAILHO 1/n.
Takoe MoOBeAcHME CHEKTpa pa3pbIBHOH (PyHKITUH OBI-
JIO OPEUIOAKEHO HUCHONB30BATH B 33/1a4€ BOCCTAHOBJIE-
HUS TPO(HIIS BOTHEL ¢ pa3pBIBOM TIO U3BECTHOMY OT'pa-

HUYEHHOMY crnekTpy [5-7]. P epuomnveckas pa3prelBHAS
BOJIHA ObL1a MPEACTABICHA B BUJAC CYMMBI IMUI000pas-
HOTO TpOdHIs, aMIITATY A CIIEKTPa KOTOPOTO MEIeH-
HO yOBIBACT Ha BBICOKHX 4acToTax (oOpaTHO MpoIop-
IHOHATLHO HOMEPY TapMOHHKH 7), U HEMPEPHLIBHOTO
npoduis ¢ OBICTPO yOBIBAIOMUM CHEKTpOM. ECITH BBI-
COKOYAaCTOTHBIE KOMIIOHEHTHI CIEKTPa alIpPOKCUMHUPO-
BAaTb CICKTPOM MUI000pa3HON BOIHBI, TO MOXHO BOC-
CTAHOBUTH WCXOMHBIN pa3pBIBHBINA TTPO(HIL BOJHEI MO
3aJaHHOMY HebonbIoMy (20—50) KOIMUecTBY FapMOHUK.
SIBHEIN BUA BEICOKOYACTOTHOTO CICKTPa MHUIO0O0pa3HOM
BOJHBI OBLT MCTOIB30BaH B MOAUMPUITUPOBAHHOM CIICK-
TpaJbHOM MOAXOAE /IS ONWCAHWA HENUHEHHOro pac-
MPOCTPaHEHHs AKYCTUUYECKHX BOJH [5]. PreUTO moka3aHo,
YTO Pa3BHUTHIA MOAXO XOpolllo padoraet mpH MOACTU-
pOBaHMM AOCTATOYHO CHMMETPHUYHBIX B OKOJIOPa3phIB-
HOH 007acTu BOIH, T.€. BOIH ¢ HEOOJBIIMM CKAUYKOM
NPOU3BOAHONU 10 U mocie paspeiBa. B ciydae pacrpo-
CTPAHCHUS CUTHAJIOB, COJICPXKAINX TaKXKe OCOOCHHOCTD
THUIIA «Pa3phIB MPOU3BOIHON», B PEIICHUN Pa3BUBAETCS
HEYCTOMYMBOCTH, IOCKOJNBKY Ha BBICOKMX YacToTax He
VUUTBIBAETCS COOTBETCTBYIONIAA € aCHMITOTHKA, IIPO-
noprpoHaneHas 1 /n2. P ecummerpuanbiil BU Tipodu-
JI1 OKOJIO pa3pbiBa HAOIIOAACTCS MPU MOJACIUPOBAHUUI
MOIIHBIX C¢(POKYCHPOBAHHBIX 3BYKOBBIX ITyYKOB [8], BOJIH
B JUCTICPTUPYIONIUX cpeaax [9] U 0ocOOCHHO OMHOYHBIX
HAMITYJIECOB ¢ yIapHEIM dpoHTOM [5].

Ilens HacToseH paboTH COCTOUT B 000OIIEHUN MO-
TUGUITIPOBAHHOTO CHEKTPATHHOTO TIOAX0 A JJISI OTHCa-
HHS BOJH C TAKUMHU OCOOECHHOCTSIMU P UCIIOIL30BAHUA
HEOOJBINIOrO YHACIA TAPMOHUK.

1. Boccranosiienue pa3pbiBHOro npoduis 1o
OIPAHMYCHHOMY CHEKTPY

PaccMoTpuM  TIEpHOMYECKYI0 TIOCICAOBATETEHOCTE
yAapHBIX UMITyICOB P(7) ¢ BEIOpAaHHBIM NEPHOJOM 27
(puc. 1). g ydera OCOOCHHOCTCH THUMNA «pPa3pEIB» H
«pa3pblB TIPOU3BOMHON» TPEICTAaBUM MPOQHIs TaKOH
BOJTHBI B BHJC CYMMEI NHUI000pa3HOW BOJHBEL V), Iie-
pUOANUCCKON Mapabonsl Vi ¢ paspblBOM OPOU3BOAHOM,
COOTBETCTBYIONUM Pa3pBIBy MPOU3BOTHON UMITYIIBECA, H
miagHoro npoduist V,,,
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Puc. 1. Tlpencrasnenue npoduist (ciesa) u crekrpa (crpa-

BA) MEPHOTUYECKON BOIHEI ¢ OCOOCHHOCTSIMU THIIA «Pa3pPhIB»

M «pPa3phlB NPOU3BOIHON» B BHAC CYMMBI ITHIOOOPA3HOH
BOJIHBI, TIEPUOTUUECKON MapadoIIbl U TIAIKOTO TPoduis

P(ZaT):VO‘I’Vl‘I’Vsma (1)
r7e
A —1—-(r—7)/m, —wm<7<Ty,
v Ao [T (=) .
2 |1-(r—m) /7, To<T<m,
Ay <3(7’—7'3—7r)2/7r2—1>, -7 < T < Ty,
Vi=—
12 <3(7’—7'3—|-7r)2/7r2—1>, T, < T < T
(3)
3meck Ay — aMIUIUTyAa paspbiBa, A; — aMIUIUTY/a
paspeiBa OPOM3BOAHOH, 7, — IMOJI0XKEHHE OCOOEHHOC-

TeW BHYTpHU nepuoaa. Ecnu mepeldtH K CHeKTpaibHOMY
NPEeACTABICHUIO

P(z,7)= Z Cn(z) exp(—inTt), (4)

TO B CHIy JHHEHHOCTH MpeobpazoBannus Pyprbe CHeKTp
ucxoaHoro curHana P(7) (1) 6yzaer Takxke cOCTOATH M3
CYMMBI CIICKTPOB «IHIBD (2), «napadonsly (3) U mias-
HOTO TIpoQuIIsE:

Cn=CY 4 W)y clem) (5)
e

C) =idye™™ J2rn,

k3

CcM) = A, e /27 (6)

Kak BuaHo u3 puc. 1, riae u3odpakeHbl aOCOTIOTHBIC 3HA-
YCHUS AMIUIATY/ TAPMOHUK (5) COOTBETCTBYIONIUX MPO-

15 BMY, ¢usuka, acrpornomus, Ne 1

(e, criekTp MIABHOM COCTABIISIONICH yOBIBaeT OUeHB
OBICTPO, U YXKE HAUMHAS CO CPABHUTCILHO HEOOIBIIOTO
HoMepa rapMoHuKk N > (20-30) ero BKJIAJOM B CIIEKTp
HUCXOJIHOTO CHUTHaja MOXKHO IpeHeOpeub M paccMaTpH-
BaTh TOJBKO ACHMITOTHYECKYI) HaCTh HCXOAHOI'O CHI-
Hajaa:

CorCO4+CcV n>N. (7)

P apamerpel acumMnToTuk Ay, A; U 7, (6) MOXHO
ONPEIC/IUTE, MPEATIONOKUB, UTO MOCICAHUE ABA U3 W3-
BecTHBIX Koaddurueraror Oypee ¢ Homepamu N, N — 1
OTHICHIBAIOTCS ACUMITTOTHISCKUM BRIpaskenueM (7). Tor-
71a 1711 HUX MOKHO HaIHCATh CAEAYIONTYIO CUCTEMY YpaB-
HEHWUIA:

_exp(iNT,) [, Ay
Cn = om N (ZAO + N/
D7)

S0 (1 Y

2 (N —1)
W3 cucrembl ypaBHEHUN (8) ompeensioTcs HeoOXoau-
MBIE TTapaMeTPhl aCUMITOTHK Ay, A1 U 74!

(8)
Cno1=

4o =2 /(NIICKTE = (V¥ = T[C %) N = 1),
Ay =2rN(N —-1)x
</ (N?[Cn]* — (N = 1)?|Cy—a]?) /(2N - 1),

_ CnN?
T, = arg v (N =1)

ZAO
tAGN + A,/

P poduns BomHEI TOrMa MOXeT OBITH BOCCTAHOBJICH KaK
CyMMa TJIAJIKON COCTaBISIONICH, MUI000pa3HONH BOTHEL
U MECPUOAAYECKON napadobl COOTBETCTBCHHO:

N

P(z,7)= Z Crn(z) exp(—inT) —
n=—N
N

- ; % (Ao sin (n(1 — 7,)) + % cos (n(7 — rs))) +

@ —1—(r—7y) /7
2 |[1-(r—75) /7

TA; <3(7’—7’s—7r)2/7r2—1>, 0< 1<y,
12 <3(7’—7'3—|—7r)2/7r2—1>, T, < T < 2.
(9)

2. HesmmHeliHOE paclpocTpaHEHHE PA3PbIBHBIX BOJIH

Kraccuueckuit mpuMep BOJTHOBOTO MPOIECca, P KO-
TOPOM 00pa3yercs yaapHEIi PpOHT, OMUCHIBASTCS yPaB-
HEHUEM MpocThix BoiH [10]:

orP

oP
E_P

= (10)
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3nece P = p/py — Oe3pasMepHoe AaBiIcHHE, z =
= z/x,, — Oe3pa3MepHasi KOOPAUHATA, BEIpaKCHHAS B
XapaKTepHbIX HEMMHEHHBIX UIHHAX T, = cppo/ (Epowo),
¢ — KkodbduieHT HeIMHEHHOCTH cpefibl, T = wo(t —
z/co) — Oe3pazMepHOe BpeMsl. B criekTpanbHOM Ipef-
crapicHud (4) ypaBHeHue (10) MOXKHO MEpENUCATh TaK:

UM ¢ yueroM, uto C_j = C} (3Be3104KO0M 00603HAUEHO
KOMILJICKCHOE COMpsKeHNe), B Gonee ymnobHoi dopme:

c,  in nl
= 20,C,, +;Ck0n k+2k¥10k

11
Cucrema ypaBHenuii (11) sBasercs 6€CKOHEUHON CI/I(CTG?
MO CBSI3aHHBIX HEIUHCHHBIX VpaBHCHUH ¢ OeCKOHEU-
HBIM YHUCJIOM mHepeMeHHBIX (). YUUTBHIBAS aCHMOTOTH-
YECKOE MOBE/ACHUE CIICKTPa Ha BHICOKUX YACTOTAaX, 0y/IeM
pemaTth e¢ A4 NepBeiXx N TapMOHHUK, alIPOKCUMHUPYS
B IpPAaBBIX YACTSIX YPABHCHHHM aMIUIUTY/bI TAPMOHUK C
HOMEpaMH 1 > N COOTBETCTBYIOIIHUMHU aCHMITOTUYCC-
KUMH BEIpaKeHUSIMHA (7):

ac,
E:—zn C()C + = ZCkCn k+ ZCka nt
k= n—I—l
N—I—n
+ ZCka nt Z Cka n |
k=N+1 k=N+n+1
(12)
rie
o= SPORT) (L A1)
KT onk Tk
(13)

4 exp(—i(k—n)T,) iAo+ Ay
= Aot T~ |-
k—n 2r(k —n) (k—mn)
Bcee paapl B cucteme (12) KOHEUHBI, KPOME TOCJIETHETO,
CyMMa KOTOPOTO BBEIUUCIISICTCS ¢ YUCTOM H3BECTHOTO BU-

na koaddurmentor (13). P ocie HecT0XHEBIX TTpeobpaso-
BaHUH NOIy4YaeM

S G- %(A K(N,m)+
k=N+n+1
1A A A? 2
AR (T 2K (08, n) RN ROV + ) )
n 3
(1)
e
N+n N 1
k N+1 k=1

Taxum 06pazoM, Mbl TOAYUHIH 3aMKHYTYIO CUCTEMY KO-
HEUHOTO uncna N OOBIKHOBEHHBIX A depeHITHATEHBIX

ypaBHeHI/IfI JUISI KOHEUHOTo uncna N AMIUTATYA TapMO-
HHK, KOTOpasa MOXCT OBITL HCIIONB30BaHA JJIs1 YHUCJICH-
HOIr'O pCIICHUA 3aJa4H.

3. Heomonusa uMIlyJIbca ¢ yJapHbIM (ppoHTOM
B HeJIUHEHHON cpefie

s wumrocTpaliii pa3BUTOrO MOJX0/Ia IPHUBENEM
pe3yapTaTel MOAECTHPOBAHUS OJMHOYHBIX YIAPHBIX UM-
MyJECOB PasTUIHON (POPMEI, pacpOCTPAHSIONNXCS B
HEJMHEWHON cpene. NHTErpupoOBaHUE CHCTEMBI YpaBHE-
Huil (14) TpoBOAWIOCH YUCICHHO MeToAoM PyHre—Kyr-
Ta 4-ro nmopanaka ang nepBelx N = 30 rapmoHuK. P a
pHC. 2, a IpecTaBICHA 3BOMIONHUS PO OTHOTIONSP-
HOI'O UMIIYJbCA CKATHUSL:

P(z=0,7)=exp(—(7 — 75 + 2m) /70) ,
P(z=0,7)=exp(—(7 — 74)/70) ,

- < T < Ty,

T, < T LT,
(15)
Ha Pa3MUYHBIX PACCTOSHHUIX z (MUQPHI y KPUBHIX) H
70 — 0,8. Jlna cpaBHeHUS Ha puc. 2,6 TIpUBEICHBI pe-
3yJAbTAThl YUCAEHHOIO MOACIUPOBAHUS PACIPOCTPAHE-
HUSI UMITYJIBCA C WCIIOJB30BAaHHEM ajropurMa [5], rme
VUHATHIBAJIACEH TOJBKO O/THA ACUMIITOTUKA MAJTO00pa3HOH
BonHbl. Kak BUmHO W3 puc. 2,6, MeTo/, HE YyUATHIBAO-
AN pa3pblB OPOU3BOAHOM, HE IMO3BOJISIET OIHCHIBATH

P
1 0 a)

0.5 A

0.7\0
2.1

'05 Al
-7 0 T
T
Puc. 2. TIBomoumst npoduisi OTHONOIAPHOTO yIAPHOTO HM-
TIyJIBCA CKATHSA B HETMHEHHON cpene, pACCYUTAHHAS C YUETOM
JIBYX ACHMIITOTHK: «IHJIBD» H «Iapadoisn (a) U ACHMIITOTHKU

TOJIBKO MHIOOOPA3HON BOJHEL (6), HA PA3IHYHBIX PACCTOSHU-
X 2z (udpbl y KPUBBIX)
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Puc. 3. TIBomomust npoduiis ABYXIOISIPHOTO yIAPHOTO HM-

TyJIeCa B HEIMHEHHOH cpele, pacCINTaHHAS C YIETOM JBYX

ACUMIITOTHK. <«IIHUJIBED> H «napa6on},1» Ha pPa3JIMYHBIX pac-

CTOSIHUSIX 2 (IIM(PEI Y KPUBHIX)

TAKUC HMIIYJLCHI — YHUCICHHOC PEHICHHUEC CTAHOBUTCH
HCYCTOWYUBEIM. YdeT 00jec TOUHOW ACHUMITOTUKH JJIS
AIlllIPpOKCHUMaIlln BBICOKOYACTOTHOM YacTH CIICKTpa HUM-
nyabca (CM. puc. 2, a) 00eCIEUHBACT YCTOUUHBOCTE YHC-
JICHHOT'O PCIICHUS 3aJa4U, a4 TAKXKC yIyuliacT KalueCTBO
BOCCTAHOBJICHUS HpOCI)I/IJ'IH CUrHaJIa Mo paCCUUTAHHOMY
OTPpaHUYICHHOMY CIICKTPY.

PBOJ'IIOI_II/ISI ABYXIIOISAAPHOI'O pAa3pLIBHOIO UMITYJIbLCA C
OTpHIIATETLHOM (pa3oit

T— T, + 27 T—T, T
P(z=0,7)=2ex <—7>cos<——|——>,
( ) p - G 3

—T < T < Ty,

P(z:O,T):Qexp<— u 7'3> cos <T Ts T E>,
70 \/§7-0 3
T < T LT,
(16)
MpoHIL KOTOPOTO XapaKTepeH ISl YAAPHBIX HMITY/Ib-
COB, HUCIIONIb3YEMBIX B JTUTOTPHUIICHH, aHATOTHYHO TIPE/I-

16 BMY, ¢usuka, acrponomus, Ne 1

cTaBjicHa Ha puc. 3 (79 = 1). Pa3peiB mpou3BoHON B
npodune (16) A0 m mociae ¢GpoHTA HMEET elle 0O0Mb-
Y10 BEAUIUHY, YeM 11 OJHOMOSIpHOr 0 uMnyJbca (15),
OJIHAKO pelleHue Mo-NpexHeMy ycronunBo. Kak BUiHO
W3 MPUBCACHHBIX MPUMCPOB, UCIHOJB30BAHUE JIBYX BEI-
COKOYACTOTHBIX ACUMIITOTHK, COOTBETCTBYIOIIUX CIICKT-
Py BOJHEI C OCOOCHHOCTSIMH THUIIA «pa3phIB» U «pas-
PEIB MPOU3BOAHONY, AT MOACIUPOBAHUS PACIPOCTpa-
HEHUS Pa3phIBHBIX BOJTH M BOCCTAHOBJICHUS MPODIITS 10
OTPAHUYCHHOMY CICKTPY MO3BOJISICT YAYUIIHTEL YCTOM-
YUBOCTH M TOYHOCTH MOJU(PHUITIPOBAHHOTO CIEKTPATh-
HOTO MOJX0/a [5] U paclIupUTL BO3MOKHOCTH /IS YUC-
JICHHOTO PEIlICHUS 3aaa4.
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