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B craTtbe paccmarpuBaroTcsi Bonpochl npumeHeHust Teopun M. A. buo k 3agaue
UHTEPIIPETALIMM  CHEKTPOB  aKyCTUYECKMX  CUTHAIOB,  PETHCTPUPYEMBIX
MHOI'O3JIEMEHTHBIMH ~ CKBaXMHHBIMM 30HJIaMHu. [IpencraBieHsl JONONHEHMS,
YUUTBIBAIOIIME HEKOTOpble OCOOEHHOCTH peajbHBbIX MMOPUCTBIX Cped U
HACBHIIAIONINX (DITFOMIOB, a TaK)KE BBIPAKEHUS /ISl OLIEHKH (DU3WYECKUX CBOWCTB
MOPOJ IO CHEKTPAJIBHBIM XapaKTEPUCTHUKAaM aKyCTHMUECKHUX CHUTHaJIOB. Pemenue
npoOJieMbl Mpeajaraercs HCKaTh C IIOMOIIBIO YHUCIEHHBIX METOOB, NpUYEM
MOJIXO MOKET OBITh aJanTHUPOBaH Ul HIMPOKOIo Kiacca 3a4ay yIbTPa3BYKOBBIX
HU3MEPEHUH apaMeTPOB IIOPUCTON CPENBI.

KittoueBble cnoBa: aKycTUYECKUI KapoTax, opucTas cpefa, cnekrp, M. A. buo

BBE/JIEHUE

CriekTpasIbHBII aHAJIN3 aKyCTUYECKUX CHUTHAJIOB, PETUCTPUPYEMBIX MHOI'OIEMEHTHBIMU
CKBOXMHHBIMM 30HJaMH, B HAcTOSIIEe BpEMsl SBISETCS OJHUM W3 MEPCIEKTHBHBIX
HaINpaBJIeHUI HCCIEOBAaHUI B 00JIACTH MHTEPIPETAMK JAHHBIX BOJHOBOTO aKyCTHYECKOTO
Kkapotaxa. OJHaKO LIMPOKOE BHEIPEHHE METOJOB CIEKTPAJIbHOIO aHali3a B TEUEHUE
JIOJITOTO  BPEMEHH  CJEP)KUBACTCA OTCYTCTBHEM OOOCHOBAaHHOW (pu3nueckold Mojenu
BOJIHOBBIX MPOIIECCOB, MPOTEKAIOIIMX B MOPHUCTHIX CpEeAax, KOTOPYIO MOXHO ObUIO OBl
UCIIOJB30BaTh JUISl MHTEPIpETAlMM CIEKTPOB aKyCTHUeCKMX curHanoB. Co3gaHue u
JlanbHENIIee pa3BUTHE TAKOM MOJECIIN MIPEACTABIISAETCS BECbMa aKTyaJIbHOU 3a/1a4eHl.

Crnemyer OTMETUTh, YTO MCTOPHS BOMPOCa BOCXOIUT eie k padore 5. U. Openkens [1],
NOCBALICHHOM TaK Ha3bIBAEMOMY «CEMCMO3JEKTpuueckoMy dddexty». AHaIM3upys
yYpaBHEHHs ABIDKEHHS KUAKOM W TBepnoil ¢a3, 5. M. Openkens Hamen NpuOIMKEHHOE
pelieHue  OUCHEPCHOHHOIO  YPAaBHEHMS  PAacHpOCTPaHEHUs  MPOAOJIBHBIX  BOJIH,
COOTBETCTBYIOIIIEE BOJIHAM NEepBOro u Broporo pona. Ilo3mnee, B pabdore K. L[Bukkepa u
K. Kocrena [2] Obutn mpescTaBiIeHbl YpaBHEHHsI paclipOCTPaHEHHsI 3BYKOBBIX KOJE€OaHUIl B
CJlydae ra30HaCHIIIEHHON MOPUCTOM Cpebl B OAHOMEpHOM NpHOmmKeHnd. OAHOBPEMEHHO, B
obmactu ceiicmuku, ['accmanom [3] ObUTM TMPENIOKEHBI COOTHOIICHUS, OIMCHIBAIOIIHE
BJIMSHUE cocTaBa (hIIOMIa Ha CelicMHUYecKHe CKOPOCTH BOJH M CBOMCTBa mopoa. HambGonee
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oO1m1asi TeoOpusi BOJHOBBIX MPOIECCOB, MPOTEKAIOIINUX B MOPUCTHIX cpeax, Oblia MpeaaoKeHa
M. A. Bro B cepun paboT cepenuusbl mporuioro Beka [4, 5, 6]. B wactHocTH, npupaBHUBas
CUJIbI, JICUCTBYIOIIME HAa E€IWHUYHBIA HJeMEHT cpeapl, M. A. buo mnogy4yusn BEKTOpPHBIE
YpaBHEHHUS PACTIPOCTPAHEHMsI aKyCTUUECKHUX BOJIH B TEPMUHAX CPEHErO CMEIEHUS CKeleTa
u Qurona, peneHrne KOTOpbIX MPeICKa3bIBajIo CYIIECTBOBAHUE MPOJOILHON BOJIHBI BTOPOTO
pona, Brepsbic 3apeructpupoBanHoii T. ITmowno#t [7] B 1980 r. K mHacrosmiemy BpeMeHH
JI0Ka3aHo, 4To mpemioxeHHas M. A. buo cuctemMa ypaBHEHUM OTTaJIKMBAETCS OT TEX XKe
COOTHOIICHUH MEXAYy HAMPSHKSHUSIMH U AedopManusiMu, 4to 1 B padote S. Y. dpenkens, HO
oTaryaeTcs OObIIeH 00IHOCTRIO [8].

1. DJIEMEHTBI TEOPUU M. A. BUO

[TpumenuTenbHO K BompocaM reo(u3nyeckol aKyCTHKHM, HEO0O0XOAWMO IMOHMMATh, 4YTO
BCKpBITasi CKBO)XKMHOW HACBILICHHAs J>KMJIKOCTBIO TOpHas MOpojAa C HPEeUMYLIECTBEHHO
MEX3EpHOBBIM ~ THUIIOM IOp THpeACTaBiIsieT CcoO0OM B HEKOTOPOM  MPHUOIMKEHUU
HeuIeaIbHOYIIPYTYI0 AByX(a3Hyro nopuctyio cpeny [9]. Takas cpena COCTOMT U3 TBEPIOTO
CKeJleTa U IyCTOT, HaJMYMe KOTOPBIX OOYCIIaBIMBAET MHOKECTBO PazIvuuil (pusnyeckux
CBOWCTB MOPHUCTBIX MaTepHaliOB IO CPaBHEHHIO C TBepAbIMH Teidamu. Crexys MOAXO.y,
npemioxkenHomy M. A. buo [4, 5], paccMOTpUM MOPHUCTYIO Cpely, HACHIIICHHYIO HEBS3KOH,
HEC)KUMAEMOM HBIOTOHOBOM >KUIKOCTBIO, 3aKPbITas HOPUCTOCTh KOTOPOIl HUYTOKHO Masia, a
CTEHKHM KaHaJOB IOp HempoHuuaembl. IlycTh JIMHAa aKyCTHYECKOM BOJIHBI CYIIECTBEHHO
Oosble cpenHero nuamerpa mnop. O603HaYNM:

Ks — 00beMHBII MOy CKEIleTa,

ps— TUIOTHOCTh MaTepuaia CKeleTa,

N — Mozynb ciBUTa Cpebl,

Kt — 00beMHBI MOAYIh (IIIOH 1A, HACKIIIAIOIIETO TTOPHI,
Pt — TUIOTHOCTH (TFOH/IA,

¢ — TIOPUCTOCTH CPEIbI,

) — TUIOTHOCTH CPE/IbL.

Torma, CHEMEHTHPOBAaHHOCTH IIOPUCTOTO  MaTepHaja XapaKTepH3yeTcss 3HAuCHHEM
ko3¢ punmenta 3pdextuBHOrO HanpsyKeHus [5]:
K

a=1--", ()

S
rae Ko — 00beMHBIN MOTyJIb HEHACBIIIIEHHOM CPEe/IbI.
MoHO MoKa3ath, 4To Beipaxkenue (1) mpenacrasiser cobol OTHOIICHUE M3MEHEHHUSI 00beMa
¢urona K M3MEHEHUI0 00beMa Cpejibl MPH TOCTOSIHHOM JaBieHun ¢uironaa B mopax [10].
CrnenoBarenbHO, KOXPOUIUEHT o IPUHUMAET 3Ha4eHHsI B WHTepBaiie oT 0 10 1, MOCKOIBKY
U3MEHEHHEe O0BbeMa KHJIKOCTH HE MOXET MPEBHIIATh H3MEHEHHE O00beMa TOPHCTOTO
marepuana. JlomomuurensHo, Xamud u Ilpeiikman B padore [11] ycTaHOBMIM HWKHIOKO
TpaHUILy 3TOTO MapaMeTpa:
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Jlns 000OIIEHHOrO OMHCAaHUS MEXaHWYSCKHX CBOMCTB CKeJleTa M JKHJIKOCTH, a TaKXKe

CTEIIEHU UX B3auMoJencTBHsl, M. A. bro BBeII TpHU NOMOJIHUTEIBHBIE IEPEMEHHBIE !

_ ¢2K5Kf 3
K+ (@)K, ©
_ pla-p)K K,
CT K a-p)K, @
P=A+2N, ()

rae A — koHcTtaHTa Jlame U3 Teopun ynpyrocT.
[IpumeHsiss U3BECTHBIC BBIPAKEHHS Ui O0BEMHOr0 MOXIyJsi uepe3 koHctanTel Jlame [10],

MOJXHO II0Ka3aThb 4TO
P:Ks(l—a)+%N. (6)

Koaddumument R otpaxkaer manenue Quronaa, Koropoe TpeOyeTcsi, 4TOObl TOMECTHTh €T0
€IMHUYHBIA 00hEM B TIOPHUCTYIO CPEIy, MPHU YCIOBHH, YTO 00BEM MOCIECTHEH HE M3MEHUTCH.
Koaddunment Q BbIpakaeT CTENEHb CBSI3W MEXIy H3MEHEHUsAMH o00beMoB a3. Or
MEPEUYNCICHHBIX TIEPEMEHHBIX 3aBUCAT Cieaylomme Oe3pa3MepHbie  KOI(PDUIIUEHTHI,
XapaKTepU3yIOIIne YIPyTrue CBOUCTBA CPEIBL:

P
" P+2Q+R’ ()
3 Q
2= B 20+R’ (8)
R
? P+2Q+R’ 9)

[TogoOHbIM  OOpa3zoM, IS OLEHKH MEX(a30BOro  B3aUMOJACHCTBHUS, BBOJSATCA
JTUHAMHYECKHE TIOTHOCTH (ha3:

P =putpp =1-9)p,, (10)
P2 =P T P2 =PPi s (11)
P=ptpP;. (12)

3aMeTuM, 4TO KOI(QUIMEHT p12 BCErJa OTPHULIATENICH M XapaKTepU3yeT aJJAUTUBHYIO
IUIOTHOCTb CPEJIbl, BO3HUKAIOILYIO BCJIEACTBUE COBMECTHOTO JIBMKeHuUs (a3. [lepeunciennsie
IUIOTHOCTH ONPEACNSAIOT 3HAa4YeHUs psaa Oe3pa3MEepHBIX BEIMYHMH, XapaKTepU3YIOLIHe

JMHAMUYECKUE CBOKMCTBA CPELBI:

Pu
ym=—", (13)
11 -
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P2
7/ :—’ 14
2=t 19
Pa
Voo =—"- 15
2=t (15)

Herpynso Bunets, uro u3 cuctembl (10-12) HEBO3MOXKHO paccYMTaTh 3HAUCHHUS pPsla
napametpoB (13-15), mockosbKy [Uisi TpeX HEM3BECTHBIX OIMPEAEIICHO TOJIBKO JIBA YPABHEHHSI.
OpHako, MPOBEACHHBIM aHaMU3 pPadOT, MOCBSIIEHHBIX JAHHOMY BOIIPOCY, IOKa3al, YTO
aJiekBaTHOE perieHue Obl10 HaiineHo /x. beppumanom B padote [12]: mnst 6osblioro dncna
HOPOJI OKa3aJoCh BO3MOXKHBIM YCPEAHUTH (OopMy 3epeH aAeOPMHPOBAHHBIM IIAPOM, B
pesynbrare yero cucrema (10-12) moxkeT ObITh PUBEIEHA K CIICAYIOIIEMY BHIY:

pu=QA=9)p, +ppi (& -1), (16)
P2 = 0Py (17)
Py =—0p; (£-1), (18)

31eCh ¢ — W3BHWJIMCTOCTh KAaHAIIOB TOP, Trpf — Y/ACIbHAs Macca 4acTHIl, KOJICOIIONINXCS B
XKHUJKOCTH, iprudeM JuIs ceprudeckux dactui 7 = 0,5.

W3BuimucTocTh ¢ ONMHMCHIBAET CIIOKHOCTh T€OMETPHUYECKON CTPYKTYPBI IYyCTOT U MOXKET
NPUHAMATH TIOJOXKUTEIbHBIC 3HAYEHUS OT CIWHUIBI U Ooiyiee. YCTAaHOBJICHO, YTO IS
OOJIBIIMHCTBA MaTepUAIOB 3HAYCHHS IMapameTpa JiexkaT B auanaszone ot 1 mgo 5 [13, 14]. B
TO JXK€ BpeMs, NPUOIM3UTEITHPHOE 3HAUYEHHUE MOXKET OBITh PAaCCYMTAHO IO CIEAYIONICH

dopmyie [12]:
£=1ve| 70 (19)

3aBUCHUMOCTb U3BIJIMCTOCTH KaHAJIOB CPebl OT MOPUCTOCTH IMpeICTaBlIeHa Ha puc. 1.
12

¢

Puc. 1. [IpumepHas 3aBUCUMOCTb U3BHJIMCTOCTH KaHAJIOB CPE/IbI OT MOPUCTOCTH
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Jns yyera BIMSIHUA YacTOTHO-3aBUCUMOTIO MOrJomieHuss B Teopun M. A. buo BBOaUTCS
crenuanbHas «QYHKIHS OTKIOHCHHS», XapaKTepH3ylomas CTEleHb OTIHYUS XapakTepa
JIBHKEHUS JKUAKOCTH B ITOpax OT TeueHHs B moToke [lyaseitns:

Fo=—— 0
4(1_ ZT(k)] (20)

ik

rae 7(K) — BciomoraresbHast (yHKIHS BUA:
d(ber(k)) i d(bei(k))

T(K) = dk _ _dk ’ (21)

ber(k) +1i-bei(k)
saech ber(k) u bei(k) — cyts ¢pynkumn KenbBuna.

ApryMeHT (yHKIIMH — BOJIHOBOE YHCJIO, CBSI3aHHOE C 4YacTOTOU KoJjieOanui f:

f

c
rJie 0 — CTPYKTYpHBIH (aKTOp, MPUHUMAIONINN 3Ha4YeHHs OT 16/3 [yis menenono0HbIX mop
10 8 [Jist KaHAJIOB OKPYTJION CTPYKTYPHI.

B naneneiimem, mpenmnosnaras HEOOJBIIYIO TPEUIMHOBATOCTh Cpenbl, OyJaeM moiaratb o
paBHbiM 8. Benmuuuna f; mpencTaBisier KpUTUYECKYIO YacTOTY, BBIIIE KOTOPOW HapyLIaeTcs
JJAaMUHApHOE TEUEHUE KUIAKOCTH 110 3aKoHy Ilyaszenns:

4vé

f, = ' 23
¢ ﬂ_‘aZ ( )

I7ie V — KHHEMaTH4YecKasl BA3KOCTh (IIIOUIa, & — CPeIHUMN paauyc mop.

OueBUIHO, IPU OJHOM U TOH ke KOH(UTYypalul CKeJeTa, KpUTHYeCKas 4acToTa 3aBUCHUT OT
THUIA TOPO3ATIOIHUTEIIS.

Cnenyer oOTMeTHTh, 4YTO paccMaTpuBaeMas peosiorhdeckas Monenb  (mounaa
(Hec)xnMaemasi, He CIIMIIKOM BsI3Kasi HBEOTOHOBA JKHKOCTB) TOCTaTOYHO XOPOILIO IOAXOIUT
JUIs ONKMCaHUs IUIACTOBOM BOJBI, OJHAaKO B ciydae Hedrecomepxkammx (aounoB Ooree
aJIeKBaTHOI! SIBJIsIETCS MOIENb xuAKocTH Makcsesna [15]. CpaBHUTENBEHO HEIaBHO, B paboTe
. Huknaypu [16] Obliv mosTyueHbl aHATMTUYECKUE BBIPAXKCHUS, TO3BOJISIOIIUE TIEPSHTH K
OLICHKE CHJI TPEHHs B CJIOSX XHIKOCTH MakcBeiuia npu KojeOaTelbHOM IBMXKCHUU YacCTHUI]
CHCTEMBI, YTO, B CBOIO OYEPEb, TO3BOJIAECT CKOPPEKTHUPOBATH 3HAYCHHUS BI3KOMHEPIIMOHHOTO
HOTJIOIIEHHS aKyCTHYECKUX BOJIH, PACIPOCTPAHSAIONIMXCS B O€3rpaHUYHOI MOPUCTON Cpere.
Tak, ucnonb3ys pe3ynbTarsl, moaydenusie Jleiap Puo u ap. [17], aBropamu paboter [16] Obu1
npezcTaBieH 0oxee 0000meHHBINH BUI (YHKIIMHA OTKIIOHECHUS:

LRy I+K 3, (k14K . 22,(ki+K7/)
A 1_ik% 3, (k i+k%) K i+k%-J0(k i+k%) ,

rae 4 — gucno Jle6opsr (Deborah number), onpenensemoe OTHOIIIEHHEM XapaKTEPHOTO

-1

F(k)=- (24)

BPEMCHU MPOTCKAaHUA BA3ZKUX SQ)CI)GKTOB KO BpEMCHHU pCJIaKCAllUH B MaTCpUaJIC.
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[TapameTp A XapakTepu3yeT CUCTEMY C TOYKH 3PEHUS BSI3KO-YIPYTUX B3auMoaeicTBuii [16]:

e JluccunarmBHas cucreMa ¢ npeobiananueM Bs3kux dhdekros: 4 > 11,64
e Cucrema IposBIsIET BA3KO-YyIpyrue cBoiicta: A < 11,64

e [lopsl 3a110JIHEHBI HBIOTOHOBOM KHMJIKOCTBIO: A — 0

CpaBHeHHE TIOBEJICHHS MPEICTABICHHBIX (QYHKINI NpUBEACHO Ha puc. 2. BugHo, uro npu
A — oo 00e QYHKIMHM MPAKTHYECKH coBmanarot, nmpu 4 — 0 HaOmromaercs KoyiedaTenbHbIH
XapakTep B MOBEACHUU 0000IIEHHON QYHKINH.

2.5
2
Bel(F1 (k)
— )
Fm(FL kN
Re(F2(k,100)
-Im(F2(k, 100 2
zelrzly 167
(== B
—Im\Fzi, 10 0.5 s
-
/0
“’"’"
a _._._,..: " ++." +T .+'+ ".+‘+‘ ..“++ ."+ +.+‘_+ s _ate el
_0'50 2 L ] & g

ke

Puc. 2. CpaBHeHue noBefieHns1 GyHKINN OTKIOHEHHS B paboTax
M. A. buo (F1) u 1. Huxnaypu (F2)

Hcrmonb3ysi pacCMOTPCHHBIC BBINIEC BBIPAKCHHsI, CBSI3aHHOE JIBIKCHHE (Da3 B TEPMHUHAX
cpeaHero cMemeHuss ckemera U u  dmoupma U MOXKHO omucath  CIAEAYIOUIUMHU
cOOTHOIIeHUsIMH [5]:

a) JUTs IPOJIOJIbHBIX BOJIH:

0° 0

V?(Pe+Qe¢) =at—2(pne+,0128)+bF(k)5(e—€), (25)
2 _o _bE) 2 (e

V(Qe+Re) = o (P18 + py€) —bF (k) ot (e—¢), (26)

rac

e =div(u),

e=divU);
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0) [UIs TIONIEPEYHO BOJIHBI:

0? 0

?(pﬂa)—}_ P2 + bF(k)a(w -Q)= NViw, (27)
0? 0

?(plza)+p229)+bF(k)§(a)—Q) =0, (28)
rae

@ =rot(u),

Q=rot(U).

Pemmenue cucteMbl B IEPBOM ciiydae B OOIIEM BUJIE:
e=C, exp(i(Ix+ at)),
e=C,exp(i(Ix + at))

— IPUBOJUT K XapaKTEPUCTUUYECKOMY YpPaBHEHHUIO:

ib

(01,04 _0122)22 — (Ol +0uYe —20,115)2+ (V1172 _7122)"‘%':(‘()(2 -1)=0, (29)
rae
z :?Vc y
V2= P+2Q+R

c 0 )

Bups

b =T,

31ech Ve — CKOpOCTh MPOI0JIbHON BOJHBI PU OTCYTCTBUU B3aUMHOTO ABWXXEHHUA (a3, L —
JMHAMHUYecKasi BI3KOCTh (prrronaa.

Crenyer OTMETUTb, 4TO ypaBHeHue (29) mMeeT JBa pelleHHs, KOTOPbIe COOTBETCTBYIOT
IPOJOJIbHBIM BOJIHAM MEPBOTO U BTOPOro poja. CyliecTBOBaHUE «MEAJIEHHOW» MPOI0JIbHOMN
BOJIHBI (BOJIHBI BTOPOTO POJia) BIEPBBIC OBLIO dKCIEPUMEHTAIbHO noaTBepxkaeHo T. TlnoHo#
B 1980 r. [7]. H3yueHurto u oOHApPY>KCHHUIO TOM BOJHBI MOCBSIICHO OOJBIIOE KOJIUYECTBO
pabor. OpgHaKO MHOTOYMCIEHHBIE OJKCIHEPUMEHThl Ha MaTepuajlaX eCTECTBEHHOI'O
npoucxoxaenus [18, 19] mokazanu, 4To 3aTyXaHHe B 3TOM CJy4ae CYNIECTBCHHO BBIIIE, YEM
B MCKYCCTBEHHBIX CpeJlaX, U yCTONYMBasl pETUCTpalivsl BOJIHBI KpailHe 3aTpyIHUTENIbHA J1aXe
IPU UCIOJIb30BAHUM CIICIHAJBHBIX MOPO3aIONHUTENICH, HanpuMep, xuakoro remus [20]. B
CUJIy HM3KOW IMPAKTUYECKOM 3HAYMMOCTH MEIUICHHOW NPOJOJBHOM BOJHBI, B HACTOSIIEH
CTaThe MOCICIHSIS HE PacCMaTpUBaeTCs, a MOJ KOpHeM Z ypaBHeHus (29) Oyaem MOHMMATh
pelieHue i ciaydasi «OpICTpOi» MPOI0JIbHON BOJIHBI.

Takum o6pas3om, ¢azoBas ckopocTs Vp M K03(GHUIMEHT MOTJOMEHHUS ¢p MPOJOTbHON
BOJIHBI Oy ayT [5]:

V C
Vp_RdJB’ (30)
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_ 27 Im(2)

Pertenue ypaBuenuii (27, 28) mist ciiydas mornepeyHoON BOJTHBI B BUIE!
@ =C exp(i(Ix+at)),
Q=C, exp(i(Ix+ at))
— MPUBOJUT K PSIIy MPOMEKYTOUHBIX TIEPEMEHHBIX

f

& = (712 +722) Re[F ()] -, (32)
f

92:(712+722)|m[|:(k)]f_: (33)

E — (Faa¥2o =710 Yoo +85) + 700y +8 48, (34)

(72 + 82)2 + e12
E — e (7 +72)° (35)

[ 2 2"
(7 +€,)" +6
O6OSH3."II/IB CKOpPOCTb HOHepeqHOﬁ BOJIHBI IIPHU OTCYTCTBUHU OTHOCUTCIIbHOTO ABUKCHUS (1)33
KakK

Vr =4 (36)
e,

BhIpakeHUs 17151 (pa3oBoii ckopocTH Vs 1 K03 (PUIEeHTa MOTIIOMEHUS 0s TONIEPEYHON BOTHBI
3anuiryTcs B Buze [5]:

V2.V,
Vi = T (37)

(VEi’+E +E,)?
1
_ 2721: ('\[E|2+Er2 —Er)E (38)
B V2.V |

r

S

3ameruM, 4TOo B Teopud M. A. buo mNpuUYMHON TOINIOIIEHUS DSHEPruum KoseOaHui
BBICTYIIA€T BSI3KOE TPEHHE, BO3HHUKAIOILEE BCIEJACTBHE B3aUMHOIO JABM)KEHUS CKEJleTa U
¢uronia, Apyrue MexXaHW3Mbl MOTJIOIICHHsT HE y4uThiBaloTcs. Kak ykazaHo B pabote [9],
TAKOM IOAXOJ BIOJHE JOMYyCTHUM JUIS BOJbI, IIOCKOJBbKY OKAa3bIBA€TCS BO3MOXHBIM
npeHedpeyb TEpMOYIPYTOil COCTABIAIONIEH MOTIOUIEHMS], HO JUIsl HEPTH €€ BIMSIHUE CIEAyeT
YUUTBHIBaTh. B peanbHBIX YCIOBHUIX KpOME BS3KOMHEPIIMOHHOM COCTaBIISIIOIIECH CYIIECTBYIOT
U Jpyrue, MNOpOM BO3AECUCTBYIOUIME OJHOBPEMEHHO, MPUYMHBI JUCCUIMIALUU SHEPTUU
AaKyCTHMUECKOIO CHUTHajla! IMPOCKAJIb3bIBAHUE HA KOHTAKTaX 3€peH, HECOBEPIICHCTBO
KPHUCTAJUTMYECKON PELIeTKH, HEOAHOPOAHOCTh (a3 [21]. Kaxmas U3 nepednclieHHbIX PUYUH
MOKET BHOCHUTb DAa3JIMYHBIA BKJIAJ B 3aBUCUMOCTH OT CTENEHU HACBIIIEHUS IOPObI,

BEJIMYMHBI BHEITHETO JABJICHUS, YaCTOThl CHUTHala M Jpyrux (axkTopoB. B mampHeHmmx

C. A. MypaBbéB
O npumeHeHun Teopum M. A. Buo K Bonpocam CrnekTpanbHOro aHaamnsa CMrHasoB BOTHOBOIO aKyCTUYECKOro
KapoTaxa



DNEeKTPOHHbIN XypHan «TexHuyeckas akycTtnka» 2009, 9 9 (15)

paccykKAaeHHsIX OyJIeM CUUTaTh IOIYCTUMBIM, pacCMaTpUBaTh KOOPPUIIMEHT MOTIOLIEHHUS KaK
CYMMY YaCTHBIX COCTaBJISIOUINX BUJA!

ap/s :Za‘i ' (39)
Crnemyer OTMETHTbH, YTO BBIPAKECHHS UISI TEPMOYIPYTOM KOMIIOHEHTBHI OBLIH ITOJTyYEHBI
B. H. Hukonaesckum B pabote [22], 0qHAKO MX HEMOCPEACTBEHHOE MPHUMEHEHHE TpeOyeT
BBCJICHHS psia HOBBIX HEU3BECTHBIX (TCIUIOEMKOCTH M TEILUIONPOBOAHOCTH (a3) u
CyIIECTBEHHO YCJIOKHSET IPHUBEACHHBIC BBIKJIAAKUM. Kpome TOro, ocrarwrcs He
pPacCMOTPEHHBIMHU JIPYTHE MEXaHU3MbI TOTJIOIICHHS, 00pa3yrolue 0eckoHeuHy0 cymmy (39).
B atoM cwmpbicie, 1enecoo0pa3HO OICHUBATH BIUSHUE IPYyTruX (HE BSI3KOWHEPIIMOHHBIX)
MEXaHHU3MOB TOTJIOIICHUS Yepe3 HEKOTOPbIil ocTaTouHblil wieH Ra. ITockonbky B mpakTuke
aKyCTHUECKUX M3MEPEHHUH II0JI0ca YacTOT CUTHAJIOB JIOCTATOYHO OrpaHUYeHa, OyJem
Hpe/nosaraTh BO3MOKHOCTb JIMHEHHOM ammpokcuMaiiu 3aBucuMocth Ry(f) B 310l mosnoce:
R, =2A4A+B, (40)

rae A, B — HekoTopble 1efCTBUTENbHbIE BETMYUHBI.

AHaJIOTUYHBIE PACCYX/IEHUS MPUMEHUM K BOIPOCY O CKOPOCTU PaclpOCTPaHEHHs BOJH.
YuuTeiBasgs HEOONBLIYIO BEIMYUHY AMCIEPCUHU, PETUCTPUPYEMYIO B OOIACTH aKyCTHUECKUX
4acToT, 11eJIeco00pa3HO CUMTATh COOTBETCTBYIOIIMN OCTATOYHBIM UWIEH HE 3aBUCSILUM OT
Y4acTOThI KOJeOaHHIA:

R, =K. (41)
Takum 00pa3oM, UTOTOBBIC BBIPAKCHUS JIUISI CKOPOCTEH U KOI(PPUIIMEHTOB MOTIIOMICHUSI

HpOI[OJ'II:HOﬁ Y TIONIEPEYHOM BOJIH 3alUIIYTCS B BUAE!

Vv, = Re(\/—) (1+Ky), (42)

v Ve k), @3)
(JEi° +E +E )2

) :MIVL(\/_Z)+2MAP+BW (44)

a

s =

1
22 (\JEi"+E,” —E,)? (45)
+ 27fA, + B;.
V2V,

PaccmoTpuM nepenatounyro (QyHKIUIO HEKOTOporo yvactka mopoasl Z(f) oT ucrounuka
CHT'HaNA 10 MPHEMHHUKA, BBIPa3uB mocieaHior yepes ammuTyanyo A(f) u daszoyro D(f)

XApPaKTCPUCTHUKHU .
Z(f)=A(f)exp(i®(f)), (46)
24L
O(f)= m ) 47)
_exp(-a(f)L)
A(T) = — (48)
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rae of), V(f) — koaddunment mornomenus u Ga3oBas CKOPOCTh BOJHBI, L — paccrosHue

OT TIPUEMHUKA J0 UCTOYHMKA KojeOaHui, N — moKa3aTellb CTENEHU PACXOXKIACHUS SHEPTUU

1o GPOHTY BOJIHBI.
Teopernyeckue 3HaueHus kodddunuenra N cocrapistor [9]: 0 — mis miockoit Bomasl, 0,5 —
JUTS IUTHHApHYeckoro gponta, 1 — mis chepuueckoro gpponra. MHTEpECHO OTMETHTH, YTO
3HaueHue N = 1,5, momyyeHHOE MpH MPOBEACHUH CEPHH TIOJIEBBIX M3MEpeHHi B padote [23],
MO3BOJIICT MPEIoJIaraTh 0oJiee CIOKHYI0 (hOpMY TTOBEPXHOCTH (PPOHTA PEATbHOI BOJTHBI.

[Tockonpky B 001IeM cllydae B TOJIIE MOPObl PACHPOCTPAHSIOTCA KaK MPOJI0JIbHAS, TaK U

MIOTIEPEYHAST BOJHBI, OOIIYIO MEePEeIaTOUHYI0 (DYHKIIHIO CIIEAYET CTPOUTh KaK CyMMY YaCTHBIX
nepeaTouHbIX (YHKUMNA I8 KaKJOTO TUIA BOJIHBL. TakuM 00pa3oMm, Uil MepeaaTOovyHOMN
(YHKITUH HEKOTOPOTO YYaCTKa OKOHYATEIIHO HMEEM:

Z(f)=2,(f)+Z,(1), (49)
Z(f)=A(f)exp(id (f))+A(f)exp(id(f)), (50)

rze P, S — UHJIEKChI, COOTBETCTBYIOLINE MPOIOJILHOMN U MONEPEYHON BOTHAM.
Bocnonb3oBaBiivch gaHHBIME s opoasl «Pecos Sandstone» u3 paboter [24] wu
UCIIOJIb3YSl TMPUBEIEHHBIC BBIIIE BBIPAKEHUS, MYyTEM MEPEMHOXKEHHs CIIEKTpa HEKOTOPOTO
curHana (puc. 3) Ha mepeaaToOYHy0 GYHKIHIO CPe/Ibl ObLI MOJTyYeH KAYeCTBCHHBIN Pe3yIbTaT
BO3JICUCTBUS TOCJCAHEH Ha akyctuueckuii curHai. [locie oOpaTHoro mnpeoOpazoBaHMs
dypbe, pe3yibTaT MoIenupoBaHus (puc. 4) MmpeicTaBiseTCs B BUAC BOJHOBOW KapTHHBI
aKyCTHUYECKOI0 CHTHajia, MpPOMIeINIer0o 4Yepe3 HaChIIEHHYI0 BOJOM MOPUCTYIO Cpeay.
3HaueHus MOMNPaBOK, PACCMOTPEHHBIX BbIIIE, MPEANOIarajlich paBHBIMU HYJIIO, PACCTOSHUE
MeXIy TPUEMHHUKOM U HUCTOYHUKOM — 4 M, ppoHT BoiHB — miockuM. Kak ciemyer u3
puc. 4, BIUSHUE MOPUCTOMN Cpelbl MPOSBISETCS B T.4. B BO30YXKACHUU U PACIIPOCTPAaHEHUH

JIBYX TUIIOB BOJIH — IIPOJIOJIBHOM U ITOIIEPEYHOM.

0 1107 PR R 3.107% aq0% 0.0014 0.0018 0.0022 0.0026
trax =g
Puc. 3. Ununuupyommii akycTHYeCKHuii Puc. 4. BonHoBas kapTHHa cUrHaJjla ocie
CUTHAJI IIPOXOXKJEHUA yepe3 nopoay «Pecos
Sandstone»

C. A. MypaBbés
O npuMeHeHun Teopum M. A. Buo K Bonpocam CrnekTpasnbHOro aHaamn3sa CUMrHasoB BOTHOBOIO aKyCTUYECKOro
KapoTaxa



DNEeKTPOHHbIM XypHan «TexHuyeckas akycTuka» 2009, 9 11 (15)

2. PELIIEHUE OBPATHOM 3AJAUM

Ha mpakTtuke HMHTEpEecHO pelieHHe OOpaTHOM 3agauM — OLEHKa CBOICTB MOpOA MO
XapaKTepUCTHKaM PErucTpupyeMbIX cUrHanoB. C 3TOH LENbI0 MCHOJIb3YEM COOTHOILEHUE
MEXIY MepelaTOYHbIMM (YHKLIUSMH Y4YacTKOB mopoj Hyx OT m3iydarens 10 HNpUEMHHKOB
KOJICOAHUH CKBO)XMHHOTO MpUOOpa M CHEKTpaMHU Sy COOTBETCTBYIOIIMX aKyCTHYECKHX
CUTHAJIOB!

S,(f) _ H,(f)

Sea(f)  H, ()

IIpu sTOM mnpeanosaraeTcss LEHTPUPOBAHHOE IIOJOXKEHUE NPUOOPa OTHOCUTEIIBHO OCH

(51)

CKBO)XUHBI M OJHOPOJHOCTh HMCCIECIYyEeMOro IUiacTa. YUuThiBas BbipakeHus (46-48), s
OTIPENICJICHUS CTETICHU PACXOXKICHHS SHEPTUH TI0 (PPOHTY BOJHBI TPEOYIOTCS KaK MUHIUMYM 3

IpUEMHHKA aKyCTHMUECKUX KojeOaHui. CucTeMa ypaBHEHHM B 3TOM Cilydae 3allMIIeTCS B

BUJIE:
1S, H S, | exp-a(f)L), 52
: (Ll) (52)
1S, S, | —— expCa(f)L,), 53)
( 2>
1S, S, | ——expla(f)Ly), (54)
( 3)
31€Chb S() —_— CHCKTp CUrHajia HCTOYHHKA, Lk —_— paCCTOfIHI/Iﬂ Me)KI[y NUCTOYHUKOM U

COOTBETCTBYIOIIUM MTPHUEMHHUKOM.

Hailinennoe 3naueHue mapaMmerpa N MO3BOJSET BBIYMCIUTH 3aBUCUMOCTh Kod(hduimenta
HOTJIONICHUsT OT YaCTOThl KaK MHOXecTBO perieHuit cucrtembl (51-53). B 1o ke Bpewms,
3aBUCHUMOCTh CKOPOCTH OT YacTOTHl MOXXKHO MOJIYy4YHUTh 4yepe3 (ha30BbIE CHEKTPHl CHUTHAIIOB
MPUEMHUKOB:

274 (Lk+l — Lk) .
arg(Sy,,) —arg(Sy)

Hanuumne TodeuHbIX O1EHOK (ha30BOM CKOPOCTH M KOA(D(HUITMEHTA MOTJIONICHUS BOJHBI B

V(f)= (55)

3aBUCHUMOCTH OT 4YacTOThl CHTHaja TIO3BOJISIET CBECTH HCXOAHYIO 3aJady K 3ajaye
ONTUMHU3ALMU HEKOTOPOro ¢pyHKIMoHasa @, MUHUMU3UPYIOIIETO0 CYMMY KBaJpaTOB HEBA30K
MOJIyYEHHBIX U PACCUMTAHHBIX 3HAYCHHUH MapaMeTpOB CpPebl:

O => 0% (a,,V,, f) 0. (56)

I[J'IH Kakaoro Tuiia BOJIHBI HMECT CMBICI PpacCMOTPETh COOCTBEHHBIN (I)YHKI_II/IOHEUI.
I[OCTOI/IHCTBO TaKOro noaxoaa COCTOUT KaK B YMCHLBIICHHH YHCJIA apryMCHTOB 1eJIeBOM
q)YHKI_II/II/I, TaK 1 B BO3BMOXXHOCTHU IMPUMCHCHUA aJITOPUTMA IIPpHU HAJIMYUH JAHHBIX TOJIBKO IJIA
OAHOI'O THIIAa BOJIH, a4 TaKXKC B CIIOCOOHOCTH ONPEACIIATh CTCIICHb HAACKHOCTH IMOJTYYCHHBIX
PE3yJIbTAaTOB UCPEC3 CPABHCHUC ITPHU HAJIMYNU JAHHBIX JJISI BOJIH 000HX THUIIOB.
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C menpro mocTpoeHusl ()yHKIIMOHAIOB UCKIIFOUUM CKOPOCTh PacHpOCTPAHEHUS BOJHBI TIPU
OTCYTCTBUH B3aUMHOT'O JBIKCHUS (a3 u3 BeIpakeHuit (41-44), 4To MpUBOIUT K CIICAYIOIIHM
ypaBHEHHSIM HEBA30K 151 Tpo10abHO# (57) u momepeunoii BosHbI (58):

27 IMVz(1+K,)
V, (f)Revz

2 (JEZ +E7 —E, )*5(L+K
WE +E E)7U+K) o ha 4B, —a (f) =0,

+27fA, +B, —a,(f) =0, (57)

(58)
V,(F)(JE? +EZ +E,)%
CrnenoBatenbHO, 0003HaAYCHHBIC (DYHKITHOHAJIBI MOTYT OBITH!
2
274 ImVz(1+K )
d (f)= L 24 A +B, —a (f)] 59
p( k) z Vp(fk)Re\/E k™' p p( k) ( )
2
24, (WEZ +E? —E)*°(1+K
o,(1) -y ZWE B E) B oA+ - | (60)

Vo (F)GE +E7 +E)

Jns MuUHMMU3AIMU Tody4deHHbIX Bbipaxkenuit (58, 59) aBTopoM npUMEHsUICS METOX
CONpsDKEHHBIX HampasieHuit [laysmia [25] ¢ yuerom orpaHHYCHUIl ONpPENCICHHBIX B BHUIE
HCPABCHCTB, HAKJIAAbIBACMbIX Ha 3HAYCHHA IMApaMETPOB CPCALI. Ha puc. 5 IpeaACTaBJIICH X0
npoiiecca ONTUMH3AIMKM B Clydae IMPOIOJLHONH BOJIHBI (IO JaHHBIM i 24-X 9acToT
HEKOTOPOT'O CUTHAJa).

10 0 30 40 50
NN HOMER pTEn

Puc. 5. YMmenbienne ommoOKy MpUOIMKEHUS 110 X0y HTEPallMOHHOTO IIpoliecca

Cnenyer OTMETHTH, YTO NPUMEHEHHE PACCMOTPEHHOIO MOAXOAA K PELICHUIO 3aJaud
TpeOyeT CyIIECTBEHHBIX BBIYMCIUTEIBHBIX PECYpPCOB OINEpPAallMOHHOM cuctemsl. Tak,
(dopManu30BaHHBI B BHUJE MPOTPaMMBI JJISi COBPEMEHHOI'O MEPCOHAIBLHOTO KOMIIBIOTEPA,
QITOPUTM TpeOyeT OKOJIO Yaca MAIIMHHOIO BPEMEHHU [JIsl BBIIOJHEHUS NPOLETYPHI
ONTUMU3ALINH.
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[IpenBapuTenbHOE TECTUPOBAHUE AJITOPUTMA MPOBOJIUIOCH MO JTaHHBIM, HPEICTABICHHBIM
B pabore [26]. Ha puc. 6 npuBeeHbI B35ThIC U3 YKA3aHHOTO MCTOYHHMKA BOJHOBBIC KapPTHUHBI
AKyCTHYECKUX CHUTHAJIOB, 3apETUCTPUPOBAHHBIE TPEMSI MPUEMHUKAMU MHOT03JIEMEHTHOI'O
CKBa)KMHHOTO 30H]1a MPOTHB HEKOTOPOTO YIIIECOAEPIKAILETO IIacTa CPeHEN MOLTHOCTH.

1 1 1 1
0 507t 0.001 0.0015 0.002 5107

0.001 0.0015 0.0z 00025

[a=te Leen

Puc. 6. AKycTHYeCKHe CUTHAIIBI, COOTBETCTBYIOIIUE MPOIOIBHOM (CIeBa) U MOIEePEYHOM
(cripaBa) aKyCTHUECKUM BOJTHAM

[To pe3ympTaraM ONTUMHU3AIMK OBUTH TIOJTYYCHBI OLEHKH psna (U3NYECKUX TapaMeTpoB
cpensl (Tabi. 1), a TakKe OmMpeeaeHbl IPAHUIBI U3MEHEHHS MMOMPABOYHBIX KOA(PPHIIMEHTOB

(39, 40):

10° <A<107 (61)
10° <B <10~ (62)
-10" <K <10 (63)

bbu10o ycTaHOBIIEHO XOpolee corjiacue O0IbIIMHCTBA OLICHOK C allPUOPHBIMU CBEJCHUSIMU 00
UCClelyeMOM YyyacTke rmacta. HambGosbiiee oTkiIOHEHHE OBbLIO MOMYyYEHO [UIsl 3HAuYEHUU
MOJ1yJIell BCECTOPOHHETO CKATHsI U CIABUTA CPEJIbI.

3AKIIIOYEHUE

TakuM o00pa3oM, MNpeaaraeMblii MOAXOJ OMpPENesieT CBS3b MEXKIY CIEKTPATbHBIMU
OIICHKaMH aKyCTHYECKOrO CHTHaia M (hU3MUYECKUMU XapaKTEPUCTUKAMH TOPUCTON CpEHIbl.
JlanbHeliiee pa3BUTHE JAHHOTO HAmpaBleHUS TpeOyeT NPOBEACHHUS CEpPUH TECTOB Ha
MPOMBICIIOBBIX JAHHBIX IO OMPEACIICHUIO YCIOBUN MPUMEHEHUS alTOPUTMAa U YTOYHEHHUIO
3HAUEHUI BBEJICHHBIX MOMPABOK. B mepcrexkTuBe, MPeAcTaBIsSeTCS BO3MOXKHBIM yUYeCTh
Beikiiafku B. H. HukonmaeBckoro u3 pabotel [22] B aHATUTHYECKOW YaCTH MPEICTaBICHHON

MOJICIIN.
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Tabmuma 1. Pe3yabTaThl OIEHKH MTapaMeTPOB MTOPUCTOM CPEJIbI TI0 XapaKTEPUCTHKAM
npojosibHoM (P) n monepeunoit (S) akycTHUECKUX BOJH

Enuannesr MuHuManpHOE MakcumanbHOE Cpennee

HaszBanue napamerpa

U3MEpEHUS 3HAYCHHE 3HAUCHUE 3HAUCHUE
P S P S P S

ﬁ:gj;‘gﬁz;mb . 17 | 17 | 31 | 30 | 25 | 24

gi’ﬁ””’” MO0y IMla 81 | 27 | 403 | 33 | 20 | 31

qobf:;j‘gzb’” MO0y [Ma 30 | 20 | 35 | 31 | 33 | 30

Mooynb cosuea I'Tla 1,9 6,8 5,8 7,6 4 7,2

Ilopucmocms - 0,03 0,08 0,05 0,1 0,04 0,09

Kosgppuyuenm

aghgpexmuerozo - 0,62 0,78 0,89 0,84 0,75 0,82

HANPAACEHUs]

Ilnomnocmeo cxenema kel 1920 1500 1980 1700 1940 | 1600

Ilnomnocmo griouoa reln® 962 997 1029 1020 | 1000 | 1010

Cpeonuti pasmep nop MM 0,06 0,08 0,08 0,1 0,07 0,09

Bsizkocmu ¢hrrouda Ia-c 0,001 | 0,0007 | 0,0036 | 0,0011 | 0,002 | 0,0009
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