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BBenenue

[[Iupokoe pacrpocTpaHeHHEe KOMMYHUKAIIMOHHBIX YCTPOWCTB JJIA ayAHO- U
BUJICOCBSI3U CTABHUT Tepe]] pa3paboTurKaMH MOJOOHBIX CHUCTEM Pa3HOOOpasHbIC 3a-
Jlay¥, OJTHOM U3 KOTOPBIX SIBJIAETCS MOJAABICHUE IITyMa BO BXOJHOM ayIMOMOTOKE.

3agadye OYMCTKU PEUEBBIX CUTHAJIOB OT aJJUTUBHOrO IIyMa yAEIseTCA 3HAYU-
TeabHOe BHUMaHME. CTOJb YCTOWYMBBIA HMHTEPEC OOYCIOBJICH MIUPOKAM KPYTOM
BO3MOKHBIX TPUMEHEHUIN U OTPAHUYEHUSIMU CYIIECTBYIOIINX aaropuTMoB. PeueBnie
CUTHAJIbI, 3aPETHUCTPUPOBAHHBIE B CBOEU €CTECTBEHHOM aKyCTHYECKOW OOCTAaHOBKE,
MOTYT COJEP’KaTh 3HAUUTEIbHBIE HCKAXKEHUS, 00YCIOBJICHHbIC (DOHOBBIM ILIYMOM,
rojlocamMu JIpyrux JTUKTOPOB U T. JI. Hannuue aaIuTHBHOTO IIyMa 4acTo 3aTpyIHSET
BOCIIPUSITHE PEUYEBOTO COOOIICHUS CIIylIaTelieM, a TakKe 3HAUUTEIbHO YCJIOXKHSET
IpollecC aBTOMATUYECKOW OOpabOTKM B TaKMX 3aJaydax, KaK pacro3HaBaHUE peUH,
UACHTUUKALMS TUKTOpA, MOAU(PHUKALIUS PEUYH B CIIyXOBBIX anmaparax, KOAUpOBaHUE
U T. 1. JIJig MOBBIIEHUST pa0OTOCIIOCOOHOCTH COOTBETCTBYIOIIMX aJTOPUTMOB 00Opa-
OOTKHM 3alllyMJIEHHAsl pedb, KaK MPaBWIO, JOTAKHA ObITh OUMILEHA OT MOCTOPOHHUX
3BYKOB CHCTEMOM aBTOMaTHYECKOro mrymonoaanieHus. [louck Hanbosee ontumatb-
HOT'0 METOJ[a IIYMOOYMCTKHU ISl TOTO WM MHOTO BUJA MOMEX JOJKEH BBITIOTHATHCS
MIPU TIOMOITU OOBEKTUBHBIX U CYOBEKTHUBHBIX OIEHOK. Ha BBIOOp airopuTMa Takxke
BJIMSIET UHTEHCUBHOCTD IITyMa, KOTOPasi B 3aBUCMMOCTHU OT MPUJIOKEHUSI BApbUPYETCs
OT AKCTPEMAJIbHOM JI0 yMepeHHOH (cooTHomeHue curHai/mrym — 10 < SNR <20 nb).

BOoNBIIMHCTBO CYIIECTBYIOMMX CUCTEM IIIYMOIOABICHUS pabOTAaIOT B YaCTOT-
HOM 00JacTH, MCTOJB3Ysl BapUallMk METOJIa CIIEKTPabHOTO B3BemuBaHus. K coxa-
JICHUIO, €r0 HEraTUBHOW OCOOCHHOCTBIO SBJISIETCS TOSBIICHUE B PEKOHCTPYHUPOBAH-
HOM pPEYEBOM CHUTHAJIE HMCKA)KEHWI, U3BECTHBIX KaK «MY3bIKaJbHbIE TOHa». BbLIO
MPEII0KEHO MHOTO MOIX0/0B, YTOOBI YCTPAHUTD 3TOT (PEHOMEH, BKIItOUAs TIOIXOIbI,
OCHOBAaHHBIC HA BOCTIPUATHHM YEJIOBEKOM 3BYKOBOM wuH(popManuu. WHTEepecHbIM
000011IeHNEeM METOJIOB CIEKTPAJIbHOTO B3BEIIMBAHMS SABISETCS 00paboTKa 3alryMm-
JIEHHOTO PEYEeBOr0 CUrHajia B moanpocTpaHcTBax. OLEeHKa peyH 3/1eCh paccMaTpHBa-
eTCs Kak 3aj7a4ya ONTUMHU3AIMU C OTPAaHUUYCHUSIMHU, TJI€ UCKaKEHUSI PEUEBOT0 CUTHAJIA
MUHUMHU3ZUPYIOTCS C YUETOM OCTAaTOYHON MOIIHOCTH IIIyMa.



1 CUCTEMBI ITIOJABJIEHUS ITYMA B PEYEBBIX CUT'HAJIAX

1.1 OOuiue TeopeTHYECKHE CBEACHUS

[lenar 06pabOTKK peueBOro CUTHAIA, 3alMUCAHHOTO B YCIOBUSAX aKyCTHUYECKOTO
3arpsi3HEHUS, COCTOUT B TIOBBIIICHUU B TMOBBIIIEHUH €r0 KauyecTBa IMMyTEM yMEHbIIe-
HUs (DOHOBOTO IIyMa 0€3 CHUKEHUSI Pa300PUMBOCTH PEYEBOTO COOOIICHUS.

HauGoinee pacrpocTpaHEHHBIM METOAOM TMOJIABJICHUS IIIyMa SIBJISIETCS CIIEK-
TpasibHOE BbluMTaHuE. Kak 1 B OOJBIIMHCTBE METOIOB YIyUYIIEHUS! KaueCTBa peY€eBO-
0 CUTHaJIa B METOJI€ CHEKTPAJIbHOIO BBIYUTAHUS JEJAETCA NPEIINOJIOKEHUE, UTO
CHEKTP MOLIHOCTH 3allyMJIEHHOT'O PEYEBOT0 CUTHaja PaBEH CyMME CIIEKTPa YUCTOrO
CUTH&JIa M CIEKTpa HEKOPPEIMPOBAHHOIO IIyMa. DTO MPEANOJIOKEHUE SBIISAECTCS
000CHOBAaHHBIM IIPH aHAJU3E CIIEKTPa Ha KOPOTKUX BPEMEHHBIX MHTEpBaiax (TOpsia-
Ka 25 MC) U BEJIET K MOCTPOEHUIO MPOCTOr0 METOJA CIEKTPATIBHOTO BHIYUTAHUS.

ba30BbIil METO/ CHEKTPAIbHOTO BBIYMTAHHSI COCTOUT B BBIYMCIEHHM CIIEKTpa
MOIIIHOCTH ISl KaXJOr0 CErMEHTa BXOJHOI'O CHrHaja, YMHOKEHHOI'O Ha OKOHHYIO
BECOBYIO (DYHKITMIO U BHIYUTAHUU CIEKTPA MOIIHOCTH M3 TOJYUYEHHOTO CIIEKTpa 3a-
LIYMJIEHHOTO curHaia. OneHka crekTpa MOIHOCTHY [IymMa MPOU3BOJUTCS 110 CErMEH-
TaM CHUTrHaja, B KOTOPBIX OTCYTCTBYET peub. MHbopmalus o ¢da3e 4aCTOTHBIX KOM-
IOHEHT I CUHTE3a CUTHAJa, OYMILEHHOTO OT 1ryMa, oepercs u3 1P cermenra uc-
XOJIHOTO CHTHAJIA.

1.2 CnektpajbHoe BbIYMTaHHE: 0230BbIH AJITOPUTM

JlomyctuMm, 9To X(1) — 3TO BXOJHOM 3alTyMJICHHBIN CUTHAJI, KOTOPBIA COCTOUT
U3 YUCTOTO PEUEBOT0 CUTHANA S(N) U aIIMTUBHOTO ITyMOBOTO curHaia d(n), T. e.

x(n) = s(n) +d(n). (1.1)

[Tpumensia auckpeTHoe npeodpazoBanue Oypoe (UIID) x npaBoii u neBoi ya-
CTH BBIPAKEHUS MOTy4aeM

X(w) =S(w) + D(w). (1.2)
MosxHo BbIpa3uTh X (w) B MOJSIPHON cHCTEME KOOPAMHAT
X(w) = |X(w)|efex@), (1.3)

riae |X(w)| u ¢y (w) — aMmmuTyHBIA U (a30BbIl CHIEKTPBI 3aIIyMJICHHOTO CUTHAA,
COOTBETCTBEHHO.

Crnextp mryma D (w) TOXe MOKHO BBIPA3UTh B TEPMUHAX aMILTUTYHOTO | (a-
30B0r0 crekTpoB Kak D(w) = |D(w)|e/?4(®), Avmmurynusrii crextp myma |D(w)|
B 00IIIeM cilydae HEM3BECTEH, HO MOKET ObITh 3aMEHEH CBOMM YCPEIHEHHBIM 3Hade-
HHUEM, BBIUMCIIEHHBIM 10 (ppeiiMaM BXOJHOTO CUTHAJA, B KOTOPBIX OTCYTCTBYET PEyb.
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[Tomo6ubiM oOpa3om (a3oBbid cHekTp myma @;(w) MOXHO 3aMEHUTH (ha30BHIM
CIIEKTPOM 3aIlyMJICHHOU peur @, (w). YacTHYHO 3TO OOBICHICTCS TEM, UTO H3MEHE-
HUe (a3bl HE BIUSAECT HA pa300PUMBOCTh PEUH, & MOXKET TOJIbKO UMETh BIIUSHUE B HE-
KOTOPOH CTEIEeH! Ha Ka4yecTBO peueBoro curuaina. [locie nmpuBeIeHHBIX 3aMEH MOXK-
HO 3aITMCaTh BBIPAKCHUE JIJISI OIICHKH CIIEKTPa YHCTOW PeUu:

S(w) = (|X(a))| — |§(w)|)ej¢x(w), (1.4)

rie |5 (w)| — OIlICHKAa aMIUTMTYJIHOTO CIIEKTpa IIyMa, ONpe/esieHHas: BO BpeMs Tay3
peun.

VYpapaenne (1.4) maer npeacTaBieHHE O TIABHOM IPHHIIMIIC, JICKAIIEM B OC-
HOBE METOJIa CIEKTPaAJIbHOrO BhIYMTaHUs. B Oonee obOmield popmMe METOA CIIEKTpasb-
HOTO BBIYUTAHUS (POPMYIIHPYETCS CICAYIONIIM 00pa3oM:

1S(@)|” = 1X(w)IP - |D(w)]", (1.5)

rJie p — MoKa3aTelb CTeneHu, pu p = 1 Beipaxkenue (1.5) onuchiBacT nepBOHAYAIb-
HBI METOJ| CTIIEKTPAIBLHOTO BBIYHTAHMS. YacTO B MPAKTUYCCKUX MPHUIOKEHUIX HC-
MOJIB3YIOT TOKa3arenb p = 2. B atom ciaydae (1.5) onuceiBaeT mpaBuiIo BEIYUTAHHMS
CIEKTPOB MOIIHOCTH.

HeobxoauMo oTMeTHTh, uTO mpaBast yacTh (1.5) MokeT UMETh OTpHUIIaTEIbHbIH
3HAK, YTO SBJISIETCS CJIEJICTBUEM HETOYHOCTH B OIICHKE CIieKTpa Iryma. OJHaKo am-
IUTUTYJTHOE 3HAY€HUE (WM MOIIHOCTh) HE MOXET OBITh OTPUILIATEITBHBIM YHUCIIOM,
CJICZIOBATEIIbHO HEOOX0MUMO AONOAHUTh mpaBwio (1.5), miast Toro 4roObl oleHKa
CIIEeKTpa YMCTOM pPeuM BCETJIa MMejia HeOTpHUIlaTebHbIC 3HaUYCHUs. BBemeM ciemyro-
e 0003HaYEeHUS:

Po(w) = 3", Pu(w) = X@)? Pa(w) = D), (16)

TOrJa MOAU(DHUIMPOBAHHOE MPAaBWJIO JJIsi BBIYUTAHUS CIIEKTPOB MOIIHOCTU OyAeT
MMETb CIIEAYIOIIUN BUL:

V(w) = Py(w) — Pg(w), (1.7)
_ (V(w), eciiu V(w) >0
Ps(w) = {0, HHaue. (18)

OuJHIIEHHBIH OT IIyMa PeUeBOi cUrHal moiaydaercs u3 P (w) myrem obpatHo-
ro npeobpazoBanus Oypne:



$(n) = OAM® {w/PSA(a))ef‘Px(‘”) } (1.9)

rae @, (w) — Ha30BeIi CIIEKTP UCXOMHOTO (PparMeHTa 3alTyMIICHHOTO CUTHAJIA.

['maBHas mpoOiiemMa B OMMCAHHOM METOJIE TOJIaBIICHHUS IIIyMa COCTOUT B TOM,
4T0 B 00pabOTaHHOM CHTHaje BO3HHUKAET «HOBBHIN» mryM. Ha ciiyX 3TOT mym Boc-
MIPUHUMAETCS, KaK My3bIKaJIbHBIE TOHA, UMEIOIINE XaO0THIECKUH MOpsAoK. B mutepa-
Type ATOT IITyM MOJYYHJT Ha3BaHUE «MY3BIKAJIIBHOTO ITyMa». Kpome Toro, HecMOTpsI
Ha TO YTO MPOWCXOAHWT YMEHBIIEHNE IITyMa €Tr0 3HAYUTENIbHAs YacTh OCTAeTCs B 00-
paboTaHHOM CHUTHAJIE.

1.3  Ilpupoaa My3bIKAJIbHOIO HIyMa

MeToa CIeKTpaabHOTO BRIYMTAHUS W3HAYAIBHO pa3padaThIBAIICS JJISI OYHCTKH
curHayia ot 0enoro mryma. UtoOsl OOBSICHUTH MPHUPOAY MY3BIKAIBHOTO IITyMa, HAJO
y4ecTbh, YTO B CIIEKTpe O€JIoro IrymMa, BHIYMCICHHOTO Ha KOPOTKOM HMHTEpBaje Bpe-
MEHH, UMEIOTCS JIOKaJTbHbIE MAKCUMYMbl U MUHUMYMBI. IX 4aCTOTHOE MOJ0XKEHUE U
aMIUTUTY/IA SBIISIFOTCS CIIYYallHBIMU U U3MEHSETCS CITydalHbIM 00pa3oM ISl KaXI0T0
MOCJIEYIONIero cerMeHTa. Korjga MnpoucXOauT BBIYUTAHUE CIVIAKEHHOW OIEHKH
CIEKTpa IIymMa U3 TEKYIIEro CHEeKTpa, TO JOKaIbHbIE MAKCUMYMBI CIIEKTpa CMella-
I0OTCS BHU3, @ B OKPECTHOCTH MHUHHMYyMa YCTAaHABJIMBAIOT 3HA4Y€HHE HYJS (MUHYC
OECKOHEUHOCTh Ha B JlorapudMuueckoil mkaie). Takum 00pa3oM U MOcCje onepaiuu
BEIYMTAHMS B CIIEKTPE IIyMa OCTAIOTCS JIOKaIbHBIE MaKCUMyMbI. Hanbomnee mmpokue
MaKCUMyMBbl Ha CIIYX BOCTPHHHMAIOTCS, KaK HW3MCHSIOIIMICS IIMPOKOIOJIOCHBIH
myM. bosee y3kue crieKTpaibHbIE MAaKCUMYMBI, 00JIaTaf0IINE TPOAOIKUTEIBHOCTHIO
U CMEIIAIOIIMECS 10 YacTOTe 00pa3yloT CHEKTpalibHbIE "TpacChl" U BOCIIPUHUMAIOT-
Cs, KaK MEHSIOIINECS BO BPEMEHHM TOHA, KOTOPHIE W HA3BIBAIOT MY3bIKAJIBHBIM IITY-
MOM.

1.4 ChnektpajbHoe BbIYMTAHUE: MOAUPUKALIMS AJITOPUTMA

Moaudukarys MeTo1a CIIEKTPAIbHOTO BEIYUTAHUS 3aKJII0UACTCS B MUHUMU3a-
IIUM BOCITPUHUMACMBIX Ha CIYX Y3KOIOJOCHBIX CHEKTPaIbHBIX MUKOB (MAaKCHMYMOB)
MyTEM YKOPAYMBaHHS MX CIIEKTPAIBHBIX «Tpacc». ITO JAOCTHraeTcs IMyTeM H3MeHe-
uust anroputMa (1.7) — (1.8) cieayrommm odpazom:

V(w) = P(w) — aPz(w), (1.10)
_ (V(w), eciu V(w) > BPz(w),
Ps(w) = {,[)’Pa(a)), HHaue, ’ (1.11)

a =1, nmil<p«li,

rae [ — mapamMerp, ONpenessoNINi CIeKTpaabHbli MUHUMYM MIyma. Cxema MoJu-
buurpoBaHHOrO METO/Ia TOKa3aHa Ha pucynke 1.1.
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Pucynok 1.1 — MoauduuupoBaHHBIA METO]] CIIEKTPaIbHOTO BHIYUTAHUS C OTPaHUYCHHEM
CHEKTPaTbHOTO MHHUMYMa IIyMa

HeobxomauMo oTmeTuTh, uTo MoaupuuupoBanHbii meron (1.10)—(1.11) mos-
HocThio nioBTOpsieT (1.7)—(1.8) mns sHayenuii « = 1 u f = 0.

N3 (1.10)—(1.11) MOXKHO 3aKJIFOUUTh, YTO IIETU YMEHBIIICHHS IYMOBBIX CITCK-
TPaJIbHBIX MTMKOB MOXHO JIOCTHYb, €CJIM BBIOPATh @ > 1, MOCKOJBKY B 3TOM Clly4ae
OCTAaTKU MHUKOB OYyAyT HUXKE OTHOCUTENBHO ciiydasi, korga a = 1. Takxke mpu a > 1
BBIYMTAHUE MOXKET yAAJIUTh MPAKTHUYECKH BECh HIUPOKOIMOJIOCHBIN IIIyM IyTEeM yiaa-
JeHusT OONBIIMHCTBA MIMPOKUX MHKOB. OIHAKO ATOTO HEJOCTATOYHO, MOCKOJBKY
ri1y0OKre MUHUMYMBI, KOTOPBIE HAXOATCS BONM3M Y3KHX MHKOB OCTAIOTCS B CIIEK-
TpE IIyMa U TMOITOMY «TPAcCh» CIEKTPAIbHBIX MUKOB OCTAIOTCS JJTUTEIbHBIMH.
Bropas gacte momudukarnum (1.11) 3akmodaeTcs B 3al0JIHEHUU 00JIaCTEH MHUHHUMY-
Ma, 9TO JIeJaeTCs MyTeM J00aBJICHUS CIeKTpaabHoro mopora S P;(w): HEe momycka-
€TCsl CHUKEHHUE YPOBHS CHEKTPaJbHBIX KOMIOHEHT P:(w) HUXKE MOPOroBOro 3Haye-
Hus [P;(w). dns f > 0 obmacth MUHUMYMOB MEXAy MUKAMH HE CTOJb TITyOOKH,
kak npu § = 0. Takum oOpa3oM, CIEeKTpaIbHbIE TPACCHI IIIYMOBBIX MTUKOB COKpaIa-
FOTCSI, YTO YMEHBIIAET BOCIPUHUMAEMBIA MY3bIKAIbHBIN TITYM.

1.5 JlerekTop pe4eBoil AKTUBHOCTH

B npocrTeiiiiem ciydae JeTEKTOp pEeYeBOMl aKTUBHOCTU MOKET OBITh pean3o-
BaH IyTEM aHaJIM3a SHEPTUU TEKYLIEro gpeiiMa CUrHajla U CPAaBHEHHUH €€ C dHEepruei
OLICHKH 1ryma. DpeiiMbl, coaepKallue pedb, B CpeIHEM JOKHBI 001a1aTh O0bIlIeH
sHEepruen, yem ¢peiimMbl, coaepkallre UCKIoUMTeNnbHO myM. Ha mpaktuke yamie
BCEr0 UCTIOIB3YETCS MapaMETP CETMEHTHOIO COOTHOIICHUSI CUTHAI/IITyM
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B nponecce paGoTbl CUCTEMBI IIYMOIIOAABIECHUS ISl KaXKA0TO MOCTYIAIOIIEr0
¢peiima paccuntsiBaeTcs 3HaueHne SegSNR u BbINONHAETCS CpaBHEHUE €0 C TOPO-
TOBBIM 3HAYEHUEM Nip o5, KOTOPOE ONPENENSAETCS SKCIIEpUMEHTANbHO. Ecin

SegSNR > Nipres)

TO 3TO TOBOPUT O TOM, 4YTO TCKYH_II/Iﬁ CCrMCHT CHUI'HaJIa COACPIKUT PCUYCBYIO AKTHB-
HOCTb.

Ha pucynke yHok 1.2 moka3an npumep paOOThI J€TEKTOpa peyeBOi aKTUBHO-
CTH JUIsl pealbHOI'O PEUEBOI0 CUTHANA, 3arPSI3HEHHOTO OEJIBIM IIIyMOM.
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Pucynok 1.2 — IIpumep pabOThI JeTEKTOpa peUCBOM aKTHBHOCTH
1.6 OmueHka cneKTpa MOIIHOCTH IIyMa

OueHka crnekTpa MOUIHOCTH IIyMa MPOUCXOAUT TOJBKO Ha Tex ¢peiimax
BXOJIHOTO CUTHaJa, Ha KOTOPBIX OTCYTCTBYET peueBasi akTUBHOCTh. [Ipu 3TOM olieHka
MPOU3BOAUTCS] METOJIOM 3KCIOHEHIIMAIBHOTO YCPEIHEHHUS:

Pa(w) =yPa(w) + (1 = )P (w), (1.13)

rae Yy — KO3(QQUIMEHT yCpeAHEHHs, KOTOPbIH OOBIYHO BHIOMpAaeTCs B JUarna3oHe
09<y<1.
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[Ipumep olleHKH CIEKTpa MOIIHOCTHU IIIyma Moka3aH Ha pucyHke 1.3. Crnenyer
OTMETUTh, YTO OLIMOKH B paboTe AETEKTOpa pe4eBOW aKTHUBHOCTH BBI3BIBAIOT IOSIB-
JIEHUE JIO)KHBIX KOMIIOHEHT B CIIEKTPE MOLIHOCTU IIyMa. PUCYHOK MOKa3bIBaeT, 4To
IpoLEecC OOHOBJIEHUS CHEKTPAa MOIIHOCTH IIyMa MPEKpallaeTcs Ha TO BpeMsl, Korjaa
QJITOPUTMOM JIETEKTUPYETCS] B CUTHAJIE PEUEBasi aKTUBHOCTb.
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Pucynok 1.3 — [IpumMep BBITIOTHEHUS OLEHKH CIIEKTPa MOUTHOCTH IIyMa

1.7  Peaam3anusi 6a30BOro ajirOpuTMa CleKTPaIbHOI0 BLIYUTAHUS B
cpexe Matlab

Hwxe npuBogutcs Matlab-kon nmporpammel, KOTOpBIN peain3yet 0a30BbIi ali-
TOPHUTM CIIEKTPAIBHOTO BHIYATAHHUS

% YnajieHre WyMa METOIOM CIEeKTPAaJIbHOT'O BHUMTAHUSA

filename = 'female high 70 2Zsec nos.wav'; % Bxomuom @Qamnn
outfile = 'female high 70 2Zsec nos out.wav'; % BexomHOM ¢anm
[x, fs] = wavread(filename) ; % uTeHmMe wav-dania

% === VHULUMAIM3ALUUA [IePEMEeHHEX ===

frame duration = 0.02; % Pasmep odpemma 0.02 ¢ = 20 mMc
ILn = floor (frame duration*fs); % PasmMep ¢perMa B oTCUeTax

if rem(Ln,2)==1, Ln=Ln+l; end; % PasmMep nojkeH OBITbH UYETHEIM

% llepekprTHe MexIny obpelMaMy (B OIpPOLIEeHTaxX OT pasMmepa oGpewmMa)
PERC = 50;
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lenl = floor (Ln*PERC/100) ;
len?2 = Ln-lenl;

N thres = 1.1; % Iloporosoe 3sHadeHue OCIl mjg meTeKTopa peun
beta = 0.002; % xo2Q0dULMEHT CHEKTPAJIbLHOTO IIOopoTa MIyMa
gamma = 0.9;

alpha = 5.01;

win = hamming (Ln); % OKHO aHaIM3a

o)

% Hopummpymommi kO30OMUMEHT IOJId NEPEeKPHTMS C cyMMupoBaHueMm (50%)

o)

winGain = len2/sum(win); % HopMmupymoumii kos3dduLmeHT

BrlumMcIieHME CHeKTpa WyMa: NpennojlaraeTcsa, 4YTo IHIepBHe 5 dperMoB
CUTHAaJla SABJSTCS WYMOM/ TUIMHON

o o°

nFEFT = 2*2"nextpow?2 (Ln) ;
noise mean = zeros (nFFT,1);
n=1;
for frame ind=1:5

noise mean=noise mean+abs (fft (win.*x(n:n+Ln-1),nFFT));

Onmuua HOIIo
Bybep nnsa xXpaHeHUsd CIeKTpa WyMa
VIHOekKC BXOIOHOI'O CHI'HAaJla

o® o° o°

n=n+Ln;
end
P d = noise mean/5; % YcpenHeHMe
Pd=Pd."2; % Pacuer cnexTpa MOWHOCTM
% === BolgeJiIeHMe IIaMATU U MHLIMAJIM3aALUI [IePEeMeHHHX ===
n=1; % TexkymM¥ MHIEKC BPEMEHU
x old=zeros(lenl,1l); % Bydep cxewmbl "mepekpeITMe C CyMMUPOBaHmeM"
Nframes = floor (length (x)/len2)-1; % UYucio obperMoB
s _hat = zeros (Nframes*len2,1); % Bybep 1Jid BHIXOIOHOT'O CUT'Haja
%$=== HauaJjio 00OpaboTku ===

for frame ind=1:Nframes

input frame = win.*x(n:n+Ln-1); % I[IpMMEeHEeHME OKOHHOM QYHKLMN
spec = fft(input frame, nFFT); % BrumciieHue IO

P x = abs(spec).”2; % BHIUMCJIEHME CIIeKTPa MOIHOCTU

theta = angle (spec); % BrumciieHme Gasz CIeKTpPaJibHBIX KOMIIOHEHT

)

% CeIMeHTHOT'O OTHOWEHMA CUTHaJ/UyM
SNRseg=10*10gl0 (sum(P_x)/sum(P_d));
% ChnekTpaljibHOE BBUMTAHUE

sub_ speech=P x - alpha*P d;

diffw = sub speech - beta*P d;

% OTrpaHMUMBAEM OTPULIATEJIbBHEE KOMIIOHEHTE
z = find(diffw <0);
if~isempty(z)
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sub speech(z) = beta*P d(z);

end

o°

o\°

if

--— PeanmsBaumsa OeTEKTOpa PEeuYeBOM AKTUBHOCTU —-—-—

(SNRseg < N thres) % OOHOBUTBL OLIEHKY CIIeKTpa IIryMa

noise temp = gamma *P_d+(l1- gamma) *P_x;
P d=noise temp; % HoBasa ouUeHKa CIeKTpa liyMa

end

o

o

JoolipeneJyieHre CMMMeTquHO]Z JacTMm CIIeKTpa

sub_speech (nFFT/2+2:nFFT)=flipud(sub_ speech (2:nFFT/2));

X_

[

o

[¢)

phase = sqrt (sub speech) .* (cos(theta)+1j* (sin(theta)));

Brunciienme obpaTHOTOo [IId

xi=real (1fft (x phase));

o)
°

S_
X_

n
end

===

===

——— [lepekpeHTHE C CYMMUPOBAHUMEM ——-—
hat (n:n+len2-1) = x old + xi(l:lenl);
old = xi(l+lenl:Ln);

= n + len?2;

3anmMche pesysipTara ===

wavwrite (winGain*s hat, fs,16,outfile);

JAHHOM CJIy4ae uMeeT 0osiee HU3KUM ypOBEHb IIyMa.

Ha pucynke 1.4 nmokazan npumep paOOThl KJIACCUYECKOTO aIrOpUTMa BHIYUTA-
HUS CIIeKTpa. B crekTpe BBIXOHOTO CUTHAJIa MOXKHO BUJIETh 3HAUUTEIBLHOE MPUCYT-
CTBHE MY3bIKalbHbIX IymMOB. Ha pucynke 1.5 — Moau@uIMpoBaHHOTO airoputrMa
CHEKTPaJbHOTO BhIYMTaHUs ¢ mapamerpamu ¢ = 5 u f = 0,05. BoixogHoii curnan B

13



14

-0.2 -0.2

O4+————T 1

'0<4I""I"'I""I""l""| 0-4I'"'I""I""I""I""l
2.5 3 3.5 4 4.5 5 2.5 3 3.5 4 4.5 5
Bpewms, ¢ Bpewms, ¢
a §)

a — CUT'HaJl Ha BXOAC CUCTCMBbI, 0 — curHai Ha BBIXOJA€ CUCTCMbI

Pucynok 1.4 — PaboTa cucreMsl IryMonoiaBieHus ¢ mapamerpaMmu ¢ = 1lu ff = 0
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2 OBPABOTKA PEYUM HA OCHOBE JUCKPETHOI'O
ITPEOBPA3ZOBAHUA ®YPBE C HEPABHOMEPHBIM YACTOTHBIM
PASPEHHIEHUEM

2.1  OO01mme TeopeTnyeckne CBeIeHUA

Juckpetrnoe mpeodpaszoBanue DPypoe (JAIIP) sBIASCTCS MOLIHBIM CPEICTBOM
JUIA 9aCTOTHOTO aHallM3a ¢ MOCTOSIHHOM pasperiaromield crnocodHocTeio. OnHaKko, B
KOHTEKCTE MEePLENTyaTbHON 00pabOTKH CUTHAIOB, OCHOBAHHON Ha NCHXOaKyCcTHYe-
CKOI MOJIeIN BOCTIPUSITUSI aKyCTHUECKON MH(OPMAIIUK YeJI0BEKOM, BOSHUKAET HEOO-
XOJIMMOCTh B HEPABHOMOJOCHOW YaCTOTHOM AEKOMIIO3ULIMN CUTHAJa B COOTBETCTBHH
CO LIKaJIOM KpuTHYecKnX 4acToTHbIX nojioc (bapkos, ERB wiu MEL). IIpumepom
MOTYT CIYKUThb CHCTEMbI MEPUENTYaTbHOIO KOJUPOBAHMUS 3BYKa W PEYM, a TAKKE
IIOJIaBJICHHUS [IIyMa OKPY KarOLIEH Cpeibl B PEUEBOM CHUTHAJIE.

OpHMM U3 BapuUaHTOB MpeoOpa3oBaHUs C MEPEMEHHBIM YaCTOTHBIM pa3peliie-
HUEM SBJISIETCS TUCKpeTHoe npeobpasoBanue Dypove ([AIID) ¢ HepaBHOMEPHBIM Ya-
cToTHBIM paspemicaneM (ot anri. Warped Discrete Fourier Transform (WDFT)),
MO3BOJISAIOLIEE MONIYUYUTh Z-MpeoOpa3oBaHUe KOHEYHOH MOCIIEI0BATEIbHOCTH OTCYE-
TOB CUTHaQJIa C HEPAaBHOMEPHBIM pa3jioKeHUueM Kod(hPUIMEHTOB npeoOpa3oBaHuUs Ha
€AMHUYHON OKPY>KHOCTH Z -INIOCKOCTH OCPEACTBOM (ha30BOro 3BEHA.

2.2  Onpeneaenue WDFT

JII® ¢ mepeMeHHBIM 4acTOTHBIM paspemieaueM (oT anria. Nonuniform DFT
(NDFT)) siBnsiercst Hanbosee oboomaronmm Bapuantom JI1D. Kpome equHCTBEHHO-
ctu pemeHusi, NDFT He orpannuuBaet pacnosioxeHue kKo3QQPUIUEHTOB mpeodpa3o-
BaHUS B Z-IUIOCKOCTH HUKOUM criocoOoM. [IpeodpazoBanue WDFT ectb cnieruans-
HbIlil ciydaid NDFT, koadduimenTsr npeodpa3zoBaHus KOTOPOTrO paclojararoTcsi He-
PaBHOMEPHO, HO PETYJIIPHO HA EAMHUYHOW OKPYKHOCTH Z -TUIOCKOCTH.

WDFT nocnenoBarenprocTd X[N] m3 N Touek ompeaensercs mo cleayromei

bopmye:

XQQ:X@Q:E;MﬁQ, k=0,..,N-1, (2.1)

rae Z, — u300paxkeHus, MpeoOpa3oBaHHBIX (a30BbIM 3BeHOM A(Z) paBHOOTCTOSIINX
TOYCK Ha CIMHUYHON OKPYKHOCTH B Z -TNTOCKOCTH.

.27k

7i-e N 5 37A@) k=0,...,N -1 (2.2)

A(z) — ycroitunBoe (ha30BO€ 3BEHO MPOHU3BOIBHOIO MOPSIKA.

[Tpocreiimmii Bapuant WDFT ocHoBaH Ha (pa3oBOM 3BeHE MEPBOro MOPSIKa C
JIeHUCTBUTENBHBIM KO3 QULIeHTOM a !
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A2) =§ (2.3)

YenosueM crabunbHocTH (uibTpa sBisiercst |8 <1. B 3aBucumocTn 0T 3Haka

d pacTArMBaCTCs HU3KOYaCTOTHBIN (a > O) WJIM BBICOKOYACTOTHBIN (a < O) JAIa3oH

CHEKTpa MyTeM HEPaBHOMEPHOTO pacIpeesieHus: KO3 PHUIMEHTOB MPeoOpa3oBaHUs
Ha CIMHUYIHON OKPY)KHOCTH B Z -INIOCKOCTH. DOpPMaITbHO 3TO MOKET OBITH BBHIPAKEHO
CJICTYIOIUM 00pa3oM:

z=e,

- (2.4)
z=¢e",

n asin w
0=+ 2arctg(— VIS
1-cosw

T. €. OCYIIECTBJISETCSl OUNTMHEHHOEe MpeoOpa3oBaHue Z -TJIOCKOCTH B HOBYIO UCKPUB-
JICHHYIO Z -TUTOCKOCTH (PUCYHOK 2.1).

=4[ 0000.o g
E o %o, £
o °,
05t © ° 05
o a=0 Q
o o
olo o P 010
o °
o o
-0.5¢ o o 03 o)
o, o°
. '0.0.0.00" y O
4 05 0 05 1 4 05
Re(z)

Pucynok 2.1 — Pacnionoxenne k03hGuiimerToB npeodpazoBaHus Ha €TUHUYHONW OKPY>KHOCTH B
z-rutockoctu: JI1® (cnesa) u WDFT (cnpaBa)

Kak 0606menne JII1® WDFT Takke mMeeT CBOMCTBA JIMHCHHOCTH, CUMMET-

puu u casura. ConpsikeHHasi CUMMETPUS JJIsl IEUCTBUTEIBHBIX JJAHHBIX UMEET CUITY
u st WDFT:

A

X(zy1)=X"(z,), (2.5)

rae 3HaK ~ — 0003HAYaeT KOMIUIEKCHOE compsikeHre. OHAKO psJl BaXKHBIX CBONCTB
HII® norepsH.

B matpuuHoii 3ammcu (¢ X [k] oGo3HauaomuM X (Zk)) WDFT mosxer ObITh
NPEJCTABICHO CICAYIOIIMM BhIPAKECHUEM:
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CX[0] | 1 A@m) - A X[0]

X [1] 1 Az) - A" || x[1]

S : (2.6)
_)2 [N —1]_ _1 Alzy,) - A(ZN—l)N_l_ _X[N _1]_

2.3 OoOpatHoe npeodpazoBanue WDFT

B cnyuae HepaBHOMEPHOIO YaCTOTHOTO pa3pellieHust MaTpullbl Banaepmona,
K KJIaccy KoTopbix oTHocuTcs 1 Matpuria D WDFT, o6nanator cBolicTBaMu, Jieiaro-
IIIUMH HEBO3MOXKHBIM TIOJyY€HHE TOYHOW OOpaTHON MaTpHIlbl. A UMEHHO, MaTpHIla
WDFT MoxkeT paccMaTpuBaThCsl KaK CHHIYJISIPHAS, TaK KaK MEX]y HEKOTOPBIMH €€
CTPOKAMH CYIIECTBYIOT TIOYTH JUHEHHBIC 3aBUCUMOCTH. DTOT (DAKT MPEICTABIISCTCS
KaK OYeHb Majioe 3HaueHHue ee aerepmMuHanTa detD = H(ii’ 1o 2;1) JUTSL OTIpeiesieH-

i<j

Horo Z, . lpyrumu cioBamu, WDFT-MaTpuna siBisieTcs 1maoxo o0yclIoBI€HHOM. DTo
03HAYaEeT, YTO JIIOOOW YHMCICHHBIN aJrOPUTM OOpallleHHs MATPUIIbl, TPUMEHSIEMBbINA K
0I00HOM MaTpHlle, SIBISETCS OYCHb YYBCTBUTEIBHBIM K MaJIbIM U3MEHEHUSIM JIaH-
HBIX.

YcuneHne ommmoOKd MOKET OBITh OIEHEHO, MOCPEACTBOM HMCTIOIB30BAHMS YHC-
J1a 00YCIIOBJIEHHOCTH MATPHUIIbI TOJTHOTO paHra (COOCTBEHHOTO 3HAYEHUSI MATPHUIIbI):

cond(D) =[D||D| =6,/ o, (2.7)

min?

rae H H O3HauyaeT MPOU3BOJILHYIO HOPMY MaTpPHUILhI (B OOIIEM ClTydae €BKJIUIOBY);

O u O, — HauOOJIbIIIee 1 HAUMEHBIIICE CUHTYJIAPHBIC YKUCJIA.

max
Kak mokaszano Ha pucyHke 2.2, 9ucio 00ycIOBIEHHOCTH MpeodpazyemMoii Mat-
pHUILBI 3aBUCUT OT €€ Pa3MEpPHOCTH W BeIW4MHBI Kod(dduimenta nepopmanuu a u
MMEET OYEHb OOJbIIME 3HAYECHUs JaXe MPU MaJOpa3MEpHBIX MpPeoOpa3oBaHUSX,
cinerka otianyaromuxcs ot IID. Ilnoxas o0yclIOBIEHHOCTh SBISETCS HEOThEMJIE-
MBIM CBOMCTBOM MaTpull BaHaepMoHIa, CBSI3aHHBIX C pealbHBIMU MPOOJIEeMaMHU.
EAMHCTBEHHBIM HMCKJIIOYEHUEM SIBIISIETCS CiIy4ail OTCYTCTBUSL Ae(OpMHpPOBAHUS Ya-
crotHOM ocH, korna WDFT cranoBurcst o0braabiM JIT1D.
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Pucynok 2.2 — 3aBucuMOCTB Ynciia 00yCIOBICHHOCTH MAaTPHIIBI OT KO3 GuIreHTa nepopmManuu
JUIs pa3in4uHbIX pazmepoB WDFT

CymiecTByeT ps METOAOB ISl allIPOKCUMALMU OOpalleHu II10X000yCI0B-

JICHHBIX MAaTpHII. I[aHHBIe MCTOJIbI UCIIOJIB3YIOT Pa3JIOKCHUC 10 CUHIYJIIPHBIM YHC-
aam Matpuibl (ot anri. Singular Value Decomposition — SVD), xoTopoe omnpeerns-

eTCS Kak
N
D=UZV" =>uov/, (2.8)
i=1
rae
U=[u,u,,...,u,l,
[ 1 2 N] (29)
V=[v,V,,...,V.],
MAaTPHIIBI ¢ OpPTOroHaIbHbIMU cTonbnamu U"U=VV" =] N H
(2.10)

Z:diag(al,...,GN)

SIBJIIETCSL AUArOHAJIbHOW MATPULEH, COCTOAILIEH U3 CUHTYJISIPHBIX YHUCEN, OTCOPTUPO-
BaHHBIX 10 YOBIBAHUIO O; =---2> 0y = 0. Cronbusl Matpun U u V — neBelii U npaBblid

— CUHTYJISIpHbIE BEKTOpbl, H 0003HayaeT 3pMUTOBO TPAaHCHOHHPOBAHWE MATPHUIIBL.
Crenenb HEMOTHOTHI MaTpullbl D (HanuuMe HEKOTOPHIX JIMHEMHBIX 3aBUCHUMOCTEN

MCIKIY €C CTOJ'I6I_[21MI/I) MMpoABJIICTCSA B CYHICCTBOBAHUU ITIOYTH HYJICBBIX CHHIYJIAP-
HBIX YUCCII O;. Pacnpe)leneHI/m CHUHTYJIAPHBIX 3HA4YCHUM AJIs1 HCCKOJIbKUX PAa3JIMYHBIX

matpuly WDFT npowmocTpupoBaHbl Ha pucyHKe 2.3.
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Pucynok 2.3 — Pacnipeienenue CUHTYISIPHBIX yucel Kak pyHkuus koddduurenta nepopmannu
YaCTOTHOM IIKaJIbI /Il PUKCUPOBAHHOTO pa3Mepa npeodpazoBanus N = 128

Kak mokaspiBaeT pUCYHOK 2.3, 3HaY€HHUS JOCTATOYHO OOJIBIIOr0 KOJUYECTBA
CUHTYJISIPHBIX Yucell OJM3KU K HYy0. AHanu3 pacnpeneneHuss komrnoneHt SVD mo-
KET JaTh MHOTO TOJIE3HBIX MOSACHEHUM TIOXOM 0OYCIOBIEHHOCTH MAaTpHIl, a TaKXKe
OHH MOTYT OBITh UCTIOJIB30BAHBI JJI1 (POPMUPOBAHUS TICEBOOOPATHON MATPHUIIHI:

Df = Z f—vu. (2.11)

Yepes f, o0o3HaueHbI Tak Ha3bIBacMble KOG GUIMEHTHI ociaabieHust GuiIbTpa

Y JTOJKHBI OBITh BCE PaBHBI €AMHUIIE AJI MOJYUYEHHUS] TOUHOTO OOpalIeHUsl MaTPULIbI.
Teopus peryiaspu3aldd MaTpull PEKOMEHAYET MCKIIOYATh BIIMSHUE MallbIX CHHIY-
JSIPHBIX YKCeN, 0cinaduss ux Bkiaa B (2.11). Dto peanusyercs myTeM yCTaHOBKH CO-
OTBETCTBYIOIMX 3Ha4eHuil f . Tak Kak CHHTYISIpHBIE BEKTOPHI C HAMOOIBIINMHU WH-

JIEKCaMH UMEIOT SPKO BBIPAKEHHBIN KOJIeOATENbHBIA XapaKkTep, TO 3TO JCUCTBUE U3-
MEHSIET CIEKTPAJIbHBIA COCTAB IAHHBIX.

OCHOBHOE pa3nuyure MEXKIY U3BECTHBIMU METOAAMH PETYIISIPU3ALMU 3aKITI0Ya-
eTcs B BeIOOpe ko3¢ duiineHToB ocnabieHus ¢unstpa. B nmpocteiinieM noaxoae yce-
yerHoro SVD (ot anrn. — Truncated SVD (TSVD)) cymma (2.11) orpannyuBaeTcs
OOBIYHBIM OTOPACBIBAHUEM TEPMOB, UMEIOIIUX CUHTYJISIPHBIC YKCJIa MEHBIIIE OIpe/ie-
JIEHHOT'O MOpOTa;

1 o >4,
f = (2.12)
0 6 npomusnom cnyuae.

Menee panukanbHbiM siBIsieTcs aemidupoBanHoe SVD (ot anrin. Damped
SVD (DSVD)), B koTopoM KO3 GHUIMEHTHI 0ciiadiieHus (UIbTpa MOCTEIIEHHO H3Me-
HSIOTCSI B CTOPOHY HYJIs, oOecrieunBas 0ojiee CriakeHHOe OTCEUeHHE:
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Oi
ﬂ=;:7- (2.13)

B o0oux ciydasx mapameTp peryispusanuu A J0KeH ObITh BHIOpaH C OCTO-
pPOXHOCTHIO. Pemienne 1omKHO OBITh CTAOMIBHBIM MPU CHEKTPAIbHBIX U3MEHEHUSX,
OTPaHUYEHHBIX ONPEACICHHBIM MUHUMYMOM.

2.4  OueHka oIIMOKHM PEKOHCTPYKIUM CUTHAJIA.

B 3aBucumoctu ot npuioxenus, rae npumensercs WDFT, ommbka pexon-
CTPYKIIUM pedeBoro curdana (BeraucieHue oopataoro WDFT) moxer BiuaTh Ha Ka-
YEeCTBO CHUHTE3MPOBAHHOIO CUTHaNA (YKMCIIO apTedaKkToB), HAIPUMEP B CHCTEMax pe-
JTAKTUPOBAaHUS LIIYMOB OKPYXaloUlei cpezbl, B pe4eBOM CUTHAJIE HA OCHOBE IICHXO-
aKyCTUYECKH MOTHUBHUPOBAHHOI'O IMpaBWJIa B3BELIMBAHUS CIIEKTpa 3alllyMJIEHHOHN pe-
YH.

Hcnonb3yst MaTpuuHyto (OpMY 3aluCH, BEKTOP CUTHAJIA OMMOKH 0 MOXKHO
OTIPEACTUTH KaK Pa3HOCTh MEXIY OPUTHHATIBHBIM X M PEKOHCTPYHUPOBAHHBIM CHUTHA-
JamMu X :

d=x—%=(I-D'D)x. (2.14)

CooTBeTCTByIOIIAE MEpa B YACTOTHOM 00JIACTH MOXKET OBITh BhIpaKEHA Kak
crieKTpayibHas MIoTHOCTH MomTHOCTH (CIIM) curnana ommoku

1

Ho2 H H
S4q (@)= E{e(®)"d :%e(a)) R, e(o), (2.15)

rae
e(w)=[1 e’ e ... e T (2.16)

SBISIETCA BEKTOPOM-CTOJIOLNOM cuHycongansHoro Oasuca HII®, a R, o0o3HadaeT

KOBAapUAIMOHHYIO MATPHILy CUTHAJIA OIIHOKH.
[TomoxkuM, 4TO BXOJHOW PEYEBOM CUTHANI X SIBIISIETCS CIyYalHBIM BEKTOPOM C
HYJIEBBIM MAaTEMATUYECKUM OXUJIAHHUEM W U3BECTHOW KOBAPHALMOHHOW MaTpHULEH

R, =E{xx"}, Torma nycts Q=1-D'D u marpumna R, MoxkeT 6HITh 3amicana ciie-
JTYIOIIAM 00pa3oM:

R :QRXXQH- (2.17)

OueBHHO, YTO CIEKTpaIbHOE HCKaxKeHHe (2.15) 3aBUCHT OT XapaKTEPHCTHK
BXOJIHOTO PEYEBOTO CUTHAJa U KadecTBa anmpokcumaruu ooparnoro WDFT. Teope-
TUYECKA TOYHOE oOOpaieHrue maTtpuilbl D BO3MOXXHO, HO JaHHOE pelieHue OyaeT
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OYCHb HE CTAOWIILHBIM BCIICJICTBHE OOJIBIIIOTO YUCIa OOYCIOBIEHHOCTH MATPHIIBI U
HE HalJIeT MPaKTUYECKOTO MPUMEHEHHUs B cUCTeMax 00paboTku peun. OJIHAKO, eCiu
yJlaeTCsl MOJMyYUTh CTAOMIIFHOE pelIeHne 00paTHON 3a/jaur, Mepa BEJIMYUHBI OIIHOKH
(2.15) MokeT OBITH HCIOJB30BaHA ISl PEryJIHMPOBAaHUS BEIMUYMHBI apTe(akTOB B

CHHTE3UpPOBaHHOM peueBoM curHaine. Tak, eciu ncesgoooparHas Marpuna D' ompe-
JejeHa ¢ nmomoibio TexHuku SVD, npeacraBieHHONM Bbile, TO MaTpuiia Q Moxer

OBITH BEIYHCIICHA HAIIPpAMYIO U3 BBIPAKCHHUA

Q:I—DTD:I—ifiviviH. (2.18)

i=1

B cnyuyae mepuentyanpHO# AedopMalui 9acTOTHOM IIKaJIbl BEIOOp MapameT-
POB PETYISpPU3AIMN OTPAaHUYMBACT BIUSHUE HA YPOBEHb CIICKTPATbHBIX UCKAKCHUH.
JlpyrumMu  ciioBaMH, Jake HeCTaOWJIbHAs amllpOKCHUMAIlds oOOpaTHOM MaTpHIIbI
WDFT, npuBOoAUT K OTHOCUTEIBHO BBICOKOM OIMMOKE CHHTE3a, a cTabwmiIM3anus pe-
IICHUS TOJBKO YBEJIUYHUT CIIEKTpaJIbHBbIC UCKaKeHMs. Harmpumep, monoKum, 4To KO-
s dunuent ocnabnenus ¢unbrpa f. Beramcnsercs mo meroqy DSVD (2.13) ¢ mapa-

MetpoM perymisipuzamuu A = 0,001. CIIM ommbku WDFT-cunrtesa, BeruncieHHas
no gopmyte (2.15), nokazana Ha pucynke 2.4. B kadecTBe BXOJHOTO CUTHAA B DKC-
NEPUMEHTE HMCIIOJIB30BAJICSA CTAMOHAPHBIN OKPALIECHHBII rayCCOBBIM IIyM, KOTOPBIN
MOJIEJIMPOBAJICS C alpHOpPH 3aJaHHOW TEIUIMIEBOM KOBapHALlMOHHOM MaTpULIEH

(Ry)i; = p" s p = 0,9. MOXHO 3aMeTHTD, YTO YPOBEHb NCKAXKEHNIT HA 3a/IaHHOI

4acTOTe 3aBUCHUT OT paccrosiHusi mexay cocequumu WDFT koaddunuenramu. Cur-
HaJl TMOJHOCTHIO BOCCTAaHABIMBAETCA TOJBKO B TOYKaX MpeoOpa3oBaHus (YacTOTax,
OIpeIeNICHHBIX BBIOOpOM KoadduimenTa « ¢$a3oBoro 38eHa (2.3)) U CIEKTpabHbIC
HMCKKEHHUSI 0COOCHHO 3aMETHBI B PACTSAHYTHIX YaCTOTHBIX JHANa30HaX, B TO BpeMs
KaK B CKaThIX YAaCTOTHBIX JHAIa30HAX OINIMOKAa CHHTE3a MMEET MPHUEMJIEMBIA ypO-

BEHb.
20 . ;
\%&9 a=-07
i N = 64

o

|
n
o
T

NckaxkeHune curHana, ob
| |
(o)) B
o o

|
0]
o

0 5 10 15
YacrtorTa, k'L

Pucynox 2.4 — CIIM opuruHagbHOTO cUrHajia (Kpy»XO4YKH) U COOTBETCTBYIOILIEH OIIMOKH CHHTE3a

(crutourHast AMHUS)
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OT1oT 3P deKT HaOMI0AAEeTCSA TAKKE U HA CIIEKTPOTrpaMMe PEKOHCTPYHUPOBAHHO-
IO PEYEBOr0 CHUTHAJIa B BUJI€ Y3KUX CIIEKTPAIBHBIX «JIbIP», JOKAJIM30BAHHBIX MEXKIY
TOYKaMU MpeoOpazoBanus (pUCyHOK 2.5, 6). Takum 00pa3oM, 4aCTOTHAs XapaKTepu-
CTHKAa CHHTE3UPOBAHHOI'O PEUYEBOI0O CUTHAJIA B HEKOTOPBIX JIETAISIX HE BOCCTAHABIIM-
BaeTCs. 3aMETUM, UTO IPOSBICHUE AAHHOTO 3((eKkTa B BBICOKOUACTOTHON YaCTH Ya-
CTOTHOIO JMana3oHa 00yCIIOBIEHO MepUenTyalbHON AegopManveid 4acTOTHOM IIKa-
Jbl, T. €. K03 dunueHt (azoBoro 3BeHa a <0, HO cuTyanuss MeHseTcsl U 3OPEKThI
omnOku WDFT-cuHTE3a MPOSABIAIOTCA B HHM3KOYACTOTHOM YacTH CIHEKTpa, €Cid
a>0. OnHako, JaHHBIN Cllydail He UHTEPECEH Ui MEepUEnTyalbHBIX CHCTEM 00pa-
OOTKH pEeUEBbIX CUTHAJIOB.

4

w

YacToTa, k'Y
N

-~
-

YacToTa, kl'y

e i L& 2
i1,
1

Pucynoxk 2.5 — CriekTporpaMMbl OpUTHHATIBHOTO PEYEBOT0 CHrHaja (a) H PEKOHCTPYHPOBAHHOTO
peueBoro curHaia (0)

N3BecTHO, 9TO BHICOKOYACTOTHBIN JUATIA30H CIIEKTPa PEUEBOT0 CUTHAJIA BIIHSI-
€T Ha KaueCTBO pPeYH, B TO BpeMs KaK HHU3KOYACTOTHBIA — HA Pa300pUYMBOCTH PEYUH.
Taxkum obpaszom, npu BeiOOpe mapamerpoB Hactpoitku WDFT HeoOxoaumo uckarth
HEKOE KOMIIPOMHUCCHOE PEIICHHE MEXIy TpeOyeMbIM YacTOTHBIM pa3pelieHHueM U
OImMOKOM cuHTe3a. MOXKHO MOMBITAThCS CIPOEKTUPOBaTh (a30BOE 3BEHO ¢ KOd(Pdu-
IIUEHTOM (¢, 3aBUCUMBIM OT BPEMEHH, HO JAHHOE PEIICHUE UMEET OYCHBb BBICOKYIO
BBIUHCIUTEIBHYIO CIIO)KHOCTh M, 00Jiee TOro, JUIS IIUPOKOIMOJOCHOTO CHUTHAala He-
BO3MOXXHO OJIHOBPEMEHHO OO0ECMeUruTh ero 0O0pabOTKy C XOpOoIlel pa3pelniaroliei
CIOCOOHOCTBIO B HU3KOYACTOTHOM YacTU U NMEePHEKTUBHYIO PEKOHCTPYKIIMIO €ro BbI-
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COKOYACTOTHBIX KOMIIOHEHT, JaK€ €CJIM yJAaCTCS MOCTPOUTH ymparisiemoe (ha3oBoe
3BeHO. EMMHCTBEHHBIN MyTh MUHUMH3AIUHN CIIEKTPATHHOTO UCKAKCHHSI — 3TO MOJIH-
dbukanus Matpuilbl peodpazoBanus D takum oOGpa3oM, 4TOOBI KOJIMYECTBO MOUYTH
HYJICBBIX CUHTYJIIPHBIX YHCEI ObLIO YMEHBIIICHO.

2.5 MN30bITouHBbIH cuHycoMaaabHbli 6azuc WDFT

®dopmupoBaHUE U30BITOYHOTO HEOPTOTOHAJIBHOIO Oa3uca MOXKET BHECTU 3Ha-
YUTEJIbHBIM BKJIAJ B KOPPEKLHIO OIIMOKN PEKOHCTPYKLHHU, 3 UMEHHO, MPHU MOAXO/IsI-
I1eM BbIOOpE BEKTOPOB CUHYCOMIaJIbHOIO 0a3uca, MOXKHO MOAU(PUIIMPOBATH pacipe-
JIEJICHUE CHHIYJSIPHBIX YHCEN JJII COOTBETCTBYIOUIEH MAaTpHIbI MPeoOpa3OBaAHMUS.
Hosas WDFT-marpuna D He sBnsercs KBagpaTHOW U KOJIWYECTBO CTpoK M >N
yBennunBaeTcs. Marpuunoe npencrasienne WDFT ¢ u30piTounbsiM 6a3ncoM MoKeT
OBITH 3aMUCAHO CIETYIOIIUM 00pPa30M:

X[] | [1 2t o g™ o] -
A A/ A Y
s Lo s (2.19)
X[M-1]] L a5 XN
—

MxN

3amaua moucka OOpaTHOW MATPHIIBl Ui JAHHOW MPSAMOYTOJIHLHOM MAaTPHUIIBI
D,,.,n MOXeT OBbITh Takxe pemeHa ucnonb3osanueM SVD-npouenypsl. Cienyer ot-

METHUTh, YTO CTAOMILHOCTh HOBOW MaTPHIIBI BBIMIC, YeM y MATPHUIbI CTaHIAPTHOTO
WDFT. 136siTouHbI 6a3uc ¢ 700aBIEHHBIMU HOBBIMU BEKTOPAMU YMEHBIIIAET IKC-
HeHTpUYHOCTh SVD-amnmuriconga, KOTOPHIN SBISETCS OTOOpaKEHHWEM EIUHUYHON
chepol B N-MepHoM nipoctpancTBe. CooTHOomeHune Mexay ¢popmarom WDFT ¢ u30bI-
TOYHBIM 0a3UCOM U COOCTBEHHBIMU YUCJIAMH JJIs PA3TUYHBIX 3HaYeHUN Kodh uim-
eHTa JedpopMalii YaCTOTHOM IIKaJbl  MOKa3aHO Ha pucyHke 2.6. BuaHo, uto eciu
M — o0, TO YMCII0 00YCIOBIEHHOCTH MaTpullsl D,,  OIM3KO0 K equHMILIE.

C mpakTH4ecKOM TOYKH 3pEHHUSI HEOOXOAMMO BBIMOJHUTH J[Ba YCIIOBHUS MpPHU
dopmupoBanuu n3oeiTouHoro 6azuca WDFT. Bo-niepBbix, COXpaHUTh PEryiasipHOCTb
pacrooxxeHus: Kod(ppureHToB npeoOpa3oBaHus B COOTBETCTBUH ¢ Jedopmarueit
YaCTOTHOM MIKajbl (HAmpuMmep, mikanoi 6apkoB). Bo-BTOpHIX, pa3Mep HOBOTO CHHY-
COMJIAJILHOTO 0asuca JOHKeH ObITh KaK MOKHO MEHBIIIUM, YTOOBI BBIYUCITUTEIIbHAS
cnoxxknoctb WDFT octraBanace npuemiieMoid.
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Pucynox 2.6 — CoorHomenue mexay popmarom WDFT ¢ u36b1TouHbIM 6a3uCOM M COOCTBEHHBIMU

YUCJIaMU MaTpuIl DMxN

Tak xak m000e HampaBlIeHHE B MIPOCTPAHCTBE KOMILJIEKCHBIX BEKTOPOB, OIpe-
nensieMoe 0a3MCHBIM BEKTOPOM, COOTBETCTBYET KOHKPETHOMY YaCTOTHOMY JHAamnaso-
Hy, T0 WDFT MOXHO npecTaBUTh KaK MAKCUMAJIbHO JCIIUMUPOBAHHBIA OaHK (PUIIb-
tpoB. [Ipu 3TtoM K- ctpoka WDFT matpuisl MoxxkeT paccmarpuBatrbes kak KX-
GbuabTp ¢ epeaaToyHoM PyHKIMEH, OTIpeAeIIIeMON 0 CIIETYIOIIEMY BhIPaXKCHHIO:

H @)= SAZz)z" k=0,... N1,

n=-w

rae A(Z) — (ha3oBOE 3BEHO MIEPBOTO MOPSI/IKA,;

H, (Z) — TI0JIOCOBOM (PUITBTP C IIEHTPATIBLHOM YaCTOTOM

l+a @,
D, = 2arct tgl —% | |, =/17,.
Wy g(l a 9( 2 D Wy k

1 TIOJIOCOi 270 IN

(2.20)

(2.21)

AUX Oanka (GuIbTpOB Hk(z) s k=0,...,N—1 npeacraBieHbl Ha pHCY-

HOK 2.7.
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Amnnutyga

HopmarnusoBaHHas 4YactoTa, pag/c

Pucynok 2.7 — AUX kpuTudecku nenumMupoBanHoro 6anka ¢punstpoB WDFT

Hogsrit u36siTounbiit 6azuc WDFT nomken KoHCTpyupoBaThesi U3 M BEKTO-
POB, COOTBETCTBYIOIIUX MMITYJIbCHBIX XapakTtepucTtuk KNUX-huiabTpoB ¢ 1meHTpass-
HBIMH YaCTOTaMU

zkzexp(j%“(),k:o,...,m 1M >N, (2.22)

PETyJIIPHOCTh KOTOPBIX Ha E€IMHUYHON OKPYXHOCTH TapaHTUPOBAaHA, MOTOMY YTO
BEKTOP HOBBIX KOA(D(PHUIIMEHTOB IpeoOpa30oBaHUsl B TOUYHOCTH COBIAJAET CO CTaH-
naptaeiM WDFT, Ho nnst dopmata npeobpazoBanust M. [pyrumu cioBamu, pazmep
HOBOTO M30BITOYHOTO 0a3uca JOJKEH ObITh PABEH YMCILY MEPEKPBIBAIOLIUXCS OJIO-
coBbIX GuibTpoB (2.20), nepeonpenenenusix 1t K =0,...,M —1. Eciou ko3 durnueHt
¢azoBoro 3BeHa B (2.3) a <0, TO MaKCHUMaJIBHOE PACCTOSHUE MEXKAY LIEHTPATbHBIMU
gactotamu KUX-hunbTpoB cocTaBuUT

l1+a, (7-27x/M
A = —2arct t . 2.23
e = =210 21 T2 229

[l mostydeHus TOro xe€ 4aCTOTHOI'O Pa3pellieHusl B BBICOKOYAaCTOTHOM Juaria-
30HE, 4TO U y o0buHOrO JII®, paccTosiHue MEXIy LIEHTPaJbHBIMU YacTOTaMHU He
noskHO ObITh Ooubie ueMm 277/ N . Ioactasnsias Aw,,, =27/N B (2.21) u pemas oT-

HocuTenbHO M , mosyyaem, 4To

-1
M=M,, = 27{7: - 2arctg£l_ a tg(” —27/N )ﬂ _ (2.24)
1+a 2

25



OtmeruM, uto 1id o =0 (HeT Aedopmanuu yacToTHOU 1mkaiael) M = N, cie-
noBatenbHo, M > N . COOTHOIIEHHE MEXIY pa3MepoM M30bITOUHOTrO Oazuca M u Ko-
ypdunuenrom nedpopmanuu « I 33JAHHOTO 4YUClA cTOIOLHOB Marpuubsl D,

WDFT ¢ u30bITOUYHBIM 0a3UCOM HILTFOCTPUPYETCS Ha pUCYHKE 2.8.
1500

1250 1 "

1000 ‘.

= .

750

500

250 |

-0.7 -0.6 -0.5 -04 -03 -0.2 -01 0
KoachchuupeHt gecbopmayum o

Pucynok 2.8 — CooTHomeHne MexXIy pa3MepoM H30BITOYHOTO Oaznca u kodddumnmentom nedop-

MallMu & U 3aJaHHOTO YHCJIa CTOJ'I6HOB MaTpUuIbl DM><N

CrnextpanbHble UCKakeHus (2.15) MOryT ObITh BBIYUCIICHBI JUIS MPSMOYTOJIb-
HOM MaTpHUIBl Takke, Kak M IS KBaApaTHOM, motomy uto mpoaykr D'D Bcerma
N x N wmarpuna. Ha pucynoke 2.9 nokazansl CIIM BXOJHOTO cUTHaNIa U COOTBET-
CTBYIOIIEH OHIMOKM CUHTE3a, BBIUMCIECHHBIE U1 MPAMOYroybHOM Matpuubsl D,

WDFT. Kak BugHO, omirOka CHHTE3a yMEHbIIAETCS IPU YBeMYeHUn M 1 MoXxeT He

yuutbiBatbes ipp M =M, (Menbiue —75 1b). Ha mpakTuke 4nuciio CTpOK MaTpHIbl

D,,.n MOXHO CJerka yMEHbLINTh, TaK KaK MEPEKPHITHE YACTOTHBIX XapaKTEPUCTUK
MOJIOCOBBIX (UIBTPOB (2.20) BEIOMPATIOCH CITyYaiiHO M 0€3 BCSIKOTO TMCUXO0AKyCTHYe-
ckoro kputepusi. OIHAKO MPOCIYIIMBAHUE PEUEBHIX TECTOB TOKA3aJl0, YTO CIICK-
TpaJIbHBIC HCKAXCHHUS HE CIBIIIHBI B PEKOHCTPYMPOBAHHOM CHUTHAJE pPEUd IS

M~M,,.
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Pucynox 2.9 — CIIM BxonmHOTO CHUTHaNA (KPY>KOUKH) i COOTBETCTBYIOIIUX CIIEKTPAIbHBIX UCKaKe-
HUii (crutomnHas suHust) Ui pa3Heix GpopmaroB WDFT ¢ u30bitounbim 6a3ucom (N = 64)

2.6 Bpruuciaureasuble acnekrsl WDFT

AnroputM, 1o 3¢pextuBHOCTH cpaBHUMBIN ¢ BIID, HEe MOkeT ObITh MOCTPOEH
st WDFT u3z-3a acummerpuunoctu WDFT-matpuiiel. Tem He MeHee, IpsSMOH ajro-
PUTM pabOThI C KOMIUIEKCHOW MAaTpHUIIEH MOXKET ObITh 3HAUYUTENILHO ONTUMU3UPOBAH.

HauGolee ycoBepIIeHCTBOBAHHbII aJIrOPUTM, HecMOTps Ha caoxnocTh O(N?), nc-

nosib3yeT (daktopusanuio WDFT-matpuiibl B mpousBeieHre TpeX MaTPHIL: IEUCTBU-
tenbHOU, 1D (Bbrumcisiemoii uepe3 BII®) u KOMIUIEKCHON MUaroHaJIbHON MaTpH-
ubl. JlaHHBIN METOA XOPOIIO MOAXOIUT Jisi 00paOOTKH M300pakeHui, IAe BCe JaH-
HBIC TTOCTYITAIOT OJJHOBPEMEHHO. B 00paboTKe peueBhIX CUTHAJIOB, II€ OTCUETHI Clie-
IYIOT OJIMH 3a APYTHM, MOXKET OBITh MCTIOJIB30BaHA XK MpsMast peaau3aius mpeoo-
pasoBanuss WDFT. YuurteiBas Beipakenue (2.5), hopmyna (2.6) MoxeT ObITh 3aIu-
caHa B CJIEIyIOLIEM BHJIE:

Ro) ] [ Ay
)2[1] o A(.Zl)n x[n]. (2.25)
XIN-1] A

Kaxnapiii 37€MEHT B JJaHHOM CyMME OTHOCHUTCSI TOJIBKO K OJHOMY BXOZHOMY
orcuety. OH MOKET ObITh PACCUUTAH MPHU MOCTYIJIEHUH BXOJAHOTO OTCYETA U PE3YJib-
TaT akkymynupyercsa. Koaddunments! mpeoOpazoBaHus yCrenHo OyayT BHIYUCICHBI
nociie N maros. IIpu 3TOM BBEIYHCIIMTEIbHAS HArpyska, MPUBEICHHAS K BXOIHOMY
orcuery, paaa O(N).

2.7  AnmpoxkcuManus IKaJbl 0apKoOB
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JInst AOCTHKEHUSI BBICOKOTO KayeCTBa PEKOHCTPYUPOBAHHBIX CUTHAJIOB B IEp-
HENTYyaJbHbIX cHCTeMaX o0paboTku peun Tpedyercs A PeKkTUBHAS TICUXOAKyCTHYE-
ckast Mozienib. B u3BecTHOi paboTre [[KOHCTOHA MCUX0aKyCTUYECKas MOJIETh OCHOBA-
Ha Ha JII®: pacuer [AIID B3BELIEHHOIO BPEMEHHBIM OKHOM CErMEHTa CHUTHala,
rpynnupoBkKa Kod(pPuuueHToB rnpeoOpa3oBaHus B IPYIIIbI, COOTBETCTBYIOIINE KPH-
TAUYECKUM YACTOTHBIM IOJIOCAM, U PACUET HEPTHM B JAHHBIX YACTOTHBIX IOJOCAX.
JlocTrxeHre nNpueMiIeMOro CIEKTPaJIbHOIO Pa3pelIeHUsI B KPUTHYECKUX YaCTOTHBIX
M0JIOCAX, PACHOJIOKEHHBIX B HU3KOYACTOTHOW YacTH YaCTOTHOTO JUarna3oHa, Tpedyer
ucnonp3oBanusa [I1®D ¢ 1ocTaToO4HO IIMHHBIM BPEMEHHBIM OKHOM. [loaTOMYy KOH-
IenTyalbHasi TPOCTOTa U d(PPEKTUBHOCTh HUBETUPYIOTCS HEJOCTATOYHBIM BPEMEH-
HBIM pa3peuieHreM, HeMpUEeMIIEMbIM ISl aHaiIu3a 0oJjiee TOHKOTo (heHOMEHA, TaKOTo
KaK MacKupoBaHue Hazad («pre-maskingy).

[lepBbrii war npu ucnonszoBannu WDFT B mcuxoakycThuueckod mMonaenu —
IPOEKTUPOBAHKUE COOTBETCTBYIOIIETO (pazoBoro mnpeodOpazoBaHus. YacToTHbIE KOA()-
(bUIMEHTHI Z -TipeoOpa3oBaHusl JOJKHBI ObITH pacIpeiesieHbl paBHOMEPHO B MEpIIen-
TyanbHOH 1miKane. ®a3oBoe 3BEHO MEPBOTO MOPSIKA JOCTATOYHO XOPOIIO alpOKCH-
MUpPYET NEepIEenTyaIbHyI0 MKaly 0apKoB, IpU ATOM 3HaueHHue koddduimenta dazo-
BOro (UJIbTpa JJI 3aJIaHHON YaCTOTHI AUCKPETU3ALNUU ONPEEISIETCS 10 CIIeTYyIOIIe-
MY BBIPQKEHUIO!

Ag, == 0,1957 -1,048- Earctg 0,07212 £
7T 1000

(2.26)

st wacrorel auckperusanuu o =16 xI'n koapdunment ag,,, =—0,57827.

Tak kak mUpUHA KPUTHUECKUX YACTOTHBIX MOJIOC CTPOTO U3MEHSETCS C UX Me-
CTOMOJIO)KEHHEM Ha YAaCTOTHOM IIIKaJe, TO Pa3IMyHOE KOJMYECTBO KOA(P(UIIMEHTOB
npeoOpa3oBaHUsl aCCOIUUPYETCS ¢ KOHKPETHOM KPUTUYECKOM YacTOTHOM mojiocoit. B
yacTu A Tabmuibl 2.1 konudyecTBo Kod(hGUIIMEHTOB B Tpymmnax Bappupyercs oT 3 10
38 ms [AI1D, B To Bpems kak nist WDFT Toit e pazMepHOCTH HE OTIaeTCs MPEIo-
YTEHUS HU OJHON M3 IOJI0C, Bee KOADPHUIMEHTH MpeoOpa3oBaHUs pacrpe/ieieHbl
NPaKTUYECKH PaBHOMEPHO (4acTh b).

WDFT B ero opurnHansHO# GopMe HE COXpaHSET SHEPTUIO CUTHANIA B COOT-
BETCTBYIOIIIMX YACTAX CIMHUYHON OKPY>KHOCTHU JI0 U mocie (pazoBoro 3BeHa. Benen-
cTBHE 3TOro Kaxbid kodpumrent WDFT nomkeH macitabupoBaThCsi B COOTBET-

ctBUM ¢ Kodddumuentom +1—a’ / (1—az), 4ToOBI BBIUMCIUTE KOPPEKTHO YPOBHH

HHEPrUr B KPUTUYECKHUX YACTOTHBIX MOJIOCAX.

Ha pucynke 2.10 mpuBeneH npumep oOpaOOTKM MIMPOKOMOJIOCHOTO CUTHAJIA,
KOTOPBIA COCTOMT U3 T'OJOCOBOIO COOOIEHHUS M MY3BbIKaJIbHOrO (pparmeHta (Bepx-
HUll pucyHOK). Pacnpenenenue MOUTHOCTH B LIKaje OapKOB AJisl TaHHOTO CUTHAja,
BBIYMCIICHHOE Ha ocHOBe cnekrporpammel WDFT (&g, =—0,57827) (amxHuii pucy-

HOK), IMOKa3bIBACT, YTO OLCHKAa OHCPIMHM B HHU3KOYACTOTHOM H BBICOKOYAaCTOTHOM
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JMana3oHax MOXKET ObITh MOJyYeHa MPUOTU3UTEILHO OJIMHAKOBOM, YeM €CITH JIeaTh
U3MEPEHUS 110 CIIeKTporpamMme, rmoaydyeHHo Ha ocHoBe JIIID (cpenuuii pucyHOK).
Bri6op WDFT maioro ¢opmarta ¢ ycnexom MoxkeT 3ameHUTh JII1D ¢ 6ombiioi
JUTMHOM BBIOOpKK Ojaromaps Tomy, uto kodddumnuentsl WDFT-npeoOpazoBanus
PAaBHOMEPHO pacrpe/ieieHbl B KPUTHUECKUX YACTOTHBIX MOJI0CAX, MOATOMY B IMCUXO-
akyctuueckoi Mojenu Ha 6aze WDFT mMoryT ObITh YypaBHOBEIICHBI KaK XOpollee Yya-
CTOTHOE, TaK U BPEMEHHOE pa3pelieHue.

Tabmuma 2.1 — CpaBuenue pacnpenenenus koddduinuentos D u WDFT B
KPUTUYECKHUX YaCTOTHBIX MOJIOCAX

Yacts A Yacts b
(pasmep JAI1d =512, f, =16 xI'n) (pasmep WDFT =512, f, =16 xI'm)
Kpur. Jnanazon ko- | Kon- | Jnanazon ya- | JIlmama3on ko- | Kon- | Jluama3on 4acTorT,
nojoca | »¢dunmeHTon BO cToT, I'Il ¢ uImenHToB | Bo 'y

1 1-3 3 31-94 1-12 12 8-100
2 4-6 3 125-188 13-24 12 109-202
3 7-9 3 219-281 25-36 12 210-305
4 10-13 4 313-406 37-48 12 314-412
5 14-16 3 438-500 49-60 12 421-523
6 17-20 4 531-625 61-73 13 533-650
7 21-24 4 656—750 74-85 12 660—776
8 25-29 5 781-906 86-97 12 787-912
9 30-34 5 938-1063 98-110 13 923-1073
10 35-40 6 1094-1250 111-123 13 10861254
11 41-46 6 1281-1438 124-135 12 1269-1443
12 47-54 8 1469-1688 136-148 13 1460-1680
13 55-62 8 1719-1938 149-161 13 1700-1961
14 63-73 11 19692281 162-174 13 19852302
15 74-86 13 2313-2688 175-186 12 2331-2690
16 87-102 16 2719-3188 187-198 12 2726-3174
17 103-122 20 3219-3813 199-210 12 3220-3792
18 123-145 23 3844-4531 211-221 11 3851-4513
19 146-173 28 4563-5406 222231 10 4588-5328
20 174-205 32 54386406 232242 11 54196412
21 206-243 38 64387594 243-252 10 65207533
22 244-256 13 7625-8000 253-256 4 7650-8000
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Pucynok 2.10 — [IInpoKOIIOIOCHBIN CUTHATI BO BpEMEHHOM 00J1acTH (CBEPXY) U €0 CIICKTPOrpaM-
MBI, TtosrydeHHbIe pu oMoty AI1D (B nentpe) u WDFT (cHuzy)
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3 JAUCKPETHOE IPEOBPA3OBAHUE ®YPBE
C HEPABHOMEPHBIM YACTOTHBIM PASPELHLIEHUEM
B IEPHEIITYAJIBHBIX CUCTEMAX ITIOJABJIEHUA IITYMA B PEYN

3.1 Oomas cxema cucTeMbl LIYMONOAABJIEHUS

BOJIBIIIMHCTBO CYHMIECCTBYIOIIMX CHCTEM IIOJABIACHHS IymMa paboTal0T B Ya-
CTOTHOM 00JIaCTH, IIPH ATOM HCIOIB3YETCS XOPOIIO M3BECTHBIM MOIX0A CIIEKTPallb-
HOTO BBIYMTAHHS WK, JAPYTMMH CJIOBaAMH, MPABUIIO CIEKTPAIbHOTO B3BEIIMBAHHS
(pucynok 3.1).

arg I (@ )

o ™ ~ ;.
y(i) g _ ) g v(i)
- I) (@ )| YMHOXEHUe Ha S
< > BECOBYIO (hYHKLMIO :>

OueHka CI'M o
Lwyma S(w)

Pucynok. 3.1 — Cxema nojaBieHus yMa Ha OCHOBE CIIEKTPAJIHLHOTO B3BEIIMBAHUS

[IpeamnonaraeTcs, 9To YUCTHIA pedeBoit curaan S(i) u okpyskaromwmii mrym N(i)

CTATHCTHYECKU HE3aBUCHMBIC M CTAIMOHAPHBIC B MIMPOKOM cMbicie (I 00o3HadaeT
BPEMEHHON MHJEKC), TOr/a OUU(PPOBaHHBIN 3alllyMJIEHHBI pEYEBOM CHUTHAT MOXET
OBITH IPEACTABJIEH CIEAYIOIINUM 00pa3oM:

y(i)=s()+n(i). (3.1)

Bxoanoii curnan Y(i) pasouBaercs Ha mepekpsiBaronuecs ppeimer u3 N mo-

CJIeIOBAaTENIbHBIX OTCUeTOB. KaxIplii ¢peiiM yMHOXaeTcsi Ha BPEMEHHOE OKHO U
npeodOpasyercst B 4acToTHyi0 00aacth Y (@), rae 0<w<27z. YMeHbIICHHE IITyMa

JOCTUTAETCs YMHOXKEHUEM CIEKTPaJbHbIX KOA((UIIMEHTOB 3allyMJICHHOW pedyu Ha
JeUCTBUTENbHBIC KOd(GurreHTsl BecoBoit Gpynkuun H(w):

S(k)=H(w)-Y(w), 0<H(w)<1. (3.2)

Crnenyet 3aMeTHUTh, uTO (paza curHanga He usMmensetcs. [locie Mogudpukanuu
aAMILTUTY] CIICKTP PEKOHCTPYUPOBAHHOTO CHUCTEMOH curHaia S(w) mpeoOpasyercs

00paTHO BO BPEMEHHYIO 00J1aCTh.
HecMoTpst Ha TO, 4TO 3TH METO/ABI OYEHBb MPOCTHI U JIETKO PEATU3YIOTCS, UX
c1abbIM MECTOM SIBJIIETCSI OCTATOYHBIN IITyM, TAaK)KE€ M3BECTHBIM KaK «MY3bIKATbHBIN
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ToH» (pucyHok 3.2). TpexmepHoe m3zoOpakeHue (pucyHok 3.2, 0) pacmpenencHus
MOIITHOCTH OCTaTOYHOTO IITyMa, COOTBETCTBYIOIIEE 3aIITPUXOBAHHOM YaCTH CIIEKTPO-
rpamMmbl (pUCyHOK 3.2, a), OYCHb HAIIATHO JEMOHCTPUPYET HEIOCTATOK JaHHOTO
I0/IX0/1a TIOJIABJICHUS IIIyMa B PEYCBOM CUTHAJIE.

4 =

w

Frequency (kHz)
P N

o

Power [dE]

5.1
5 Tirme (s)

Frequency (kHz) 0

6)

Pucynok 3.2 — CnekTporpaMmMa BbIXOJHOTO CUTHAJIa CUCTEMBI MTO/IaBIIeHUS IIyMa (a),
«MY3bIKaJIbHBIA TOHY (0)

3.2 IlcuxoakycTHYeCKH MOTUBHPOBAHHOE MPABUJIO CIIEKTPAIbLHOTO
B3BElIIUBAHUS

Boznukaer 3amaua MoauuKalnuy B3BEIIMBAIOLIETO NMPaBUjia Ha OCHOBE MPHH-
IIUIIOB MICUX0AKyCTUKH TaKUM 00pa3oM, YTOOBI OCTaBUTh MY3bIKaJIbHbIE TOHA HEMHO-
ro HI>Ke nopora mackupoBaHus. Cxema nojasiieHus myma Ha ocHoBe WDFT u ncu-
X0AaKyCTHYE€CKHM MOTHBHUPOBAHHOIO MPABHJIA CIEKTPAJIbHOIO B3BEIIMBAHUS IMOKAa3aHa
Ha pucyHke 3.3.
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| Mepuent 5(e)
| D B3BELLNBAHME :D

Ror (o)

WDFT-

aHanus

CuHTes
(IWDFT)

:> OueHka OueHka
lyma nopora mack.

Y (o) D LsA S(o)

Pucynok 3.3 — CtpykTypa nepuentyaibHOH CUCTEMBI T0AaBIeHUs ryma Ha 6aze WDFT

OCHOBHOI 3a1auell JaHHOIO NOJAXO0/1A SABIISIETCSA HE MOJHOE yNaJeHue 1IyMa, a
ocjabJieHUe CIBIIIMMOIO IIyMa JI0 YPOBHS KOM(OPTHOTO HIyMa. OT0 00yCIIOBIEHO
TEM, YTO B HEKOTOPBIX CIIydasiX, Hal[puMep BO BpeMs JUayiora 1o tejaedoHy, MoJHOe
yAaJIeHHEe IIyMa HexenatenabHo. st Toro 4ToObl COXpaHUTh XapaKTEPUCTUKU OKPY-
KAIOLLETo 1IyMa, HEOOXOAUMO OMPEAEIUTh MPEANOUYTUTENbHBIN YPOBEHb OCTATOYHO-
ro myma ¢, . Torma pa3HuIa MEXIy JKEIaeMbIM CIIEKTPOM PEKOHCTPYHPOBAHHOTO

pequoro CUTHaJIa U €10 OHeHKOf/'I MOXCET 6I>ITL onpeaeneHa KakK
Q(@) =S(w) + £ N(w) — H(@)[S(w) + N(@)], (3.3)

rae S(w) u N(w) crmekTpsl YUCTON peyn M Iyma, COOTBeTCTBeHHO, © H(w) —

OIICHKA BECOBOM (hyHKIIUU.

Tak kak peyb W NIIyM TPEANOiaraloTcsi CTATUCTHYECKH HE3aBUCHUMBIMHU, TO
crieKTpasbHas mI0THOCTH MomtHOCTH (CIIM) pasnoctu (3.3) MOXeT ObITh BhIpayKeHa
CJIeIYIONUM 00pazoM:

Raq(@) =[1—H(@)] Rys(@) + [¢, — H(@)[ Ryp (@) (3.4)
Ryg(@) =Ry q (@) + Ry, (@). (3.5)

Cnaraembie BeipakeHus (3.5) coorBercTBytoT CIIM MCKakeHUs peuu U IIyma
COOTBETCTBEHHO. J{J1si MUHUMI3aK cyMMBI (3.5) B IepenTyaibHOM CMEBICIIE HEOO-
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XOJUMO, YTOOBI YPOBEHb MCKaXEHUU OBLJI HEBOCIIPHUHUMAEMBIM Ha ciyxX. B unmeans-
HOM CJIy4yae BCE€ MCKa)K€HHs JOJDKHBI ObITh 3aMacKUpoBaHbl. TeM He MeHee B 00Jib-
IIMHCTBE PEAJIbHBIX CUCTEM 3TO TPeOOBAHUE HE MOXKET OBITh YJIOBJIETBOPEHO, TaK KaK

muauMyM R, (@) Moxer ObiTh Gonbie, yem CIIM nopora MacKupoBaHuUs R ().

[ToaTomy KpuTeprii MUHUMH3AIUU POPMYITUPYETCS KaK

anqn (C()) = I:QTT (CO) : (36)
Pemas ypasuenue (3.6) ornHocutensHo H(w), ompenensieM BecoByrO (yHK-
KO
H" (@) = mingl, ") 4y (3.7)
Rnn (a))

rae IND o3navaer HecaplmMoe mryMoBoe uckakenue (ot anri. Inaudible Noise Dis-
tortion).
JIerko 3aMeTHTh, YTO €CIIM MOIIHOCTh OCTATOYHOTO IITyMa JISKUT HUKE opora

MaCKHUPOBaHUsA, TOTJa BBIPAKCHUC 110 KOPHEM 0obIIe CAWHUIILI U pCUb HC HMCKaKa-

IND

ercs, Tak kKak H"~ (w) =1. B mpoTUBHOM cily4ae OKPY)KAIOIIUH IIyM ONTHMAILHO

ocnabiseTcss 10 YpOBHs, HE BOCIPUHHUMAEMOro Ha CIyX YeJIOBEKOM. 3aMETUM, YTO
olleHKH nopora MmackupoBanus 1 CIIM myma HE0OXOAUMBI TOIBKO JIJIsl BBIYUCIICHUS
B3BemMBamux koddduimenton. [Ipoctas Moaudukams nepruenTyaibHOW YHTPO-
IIUM UCTIOJIB3YeTCs Kak 0a3uc AJis OLEHKU MOpora MacKupoBaHusl yucToi peuu. [pe-
npoueccop oueHku CIIM 3aniyMiIeHHOTO pedyeBOro CUrHaja peajii30BaH Ha OCHOBE
metona LSA (cm pucynok 3.3).

IIpumenenne WDFT B nmepuentyalibHON CUCTEME pEeJaKTHUPOBAHUS IIyMa He
TOJIBKO KakK 0a3uca JJid ONpeAesieHus] MOJIEIN MaCKMPOBaHHUA, HO U KAK HUHCTPYMEHTA
CHEKTPaJbHOIO aHalli3a, MO3BOJIAET JOOUTHCA JYYLIEro KauecTBa PEKOHCTPYUPO-
BaHHOI'O PEUEBOr0 CUTHAJIA IO CPaBHEHHUIO ¢ cuctemMaMu Ha ocHoBe JIID. D10 00B-
SCHSIETCSI TEM, YTO BECH IpoliecCc 0OpabOTKH OCYLIECTBIISIETCS B MEPLENTYyalbHOM
JIOMEHE C HEPaBHOMEPHOI YaCTOTHOM MIKAJIONW M HET HEOOXOIUMOCTH B IIpeoOpas3o-
BaHMSX MEKIY Pa3HbIMHU YaCTOTHBIMM IIKAJIAMH, YTO IPUBOJUT K YIPOLICHUIO apXH-
TEKTypbl cuctembl. bojee Toro, o6padoTka peun, OCyUIeCTBIIeMas B KPUTUIECKUX
YaCTOTHBIX MOJIOCaX, 0ojiee TOUHA B KOHTEKCTE MCHUXO0AaKyCTHYECKOTO MOJIECINPOBa-
HUSL.

3.3  Otoodpakenue kodpdunuentoB WDFT Ha kpuTHYeCKHE YACTOTHbIE
MOJIOCHI

[IpoBenennsie mccnaenoBanus mokasanu, yto manodopmatrHoe WDFT moxer
ycnenrHo 3aMeHuTh 1P ¢ 6osnbiioi 1auHON BRIOOPKHU. ITO 0Ka3aJI0Ch BO3MOKHBIM
onaronapst tomy, yto WDFT no3Bosisier pa3MecTUTh YaCTOTHbIE KOMIIOHEHTHI B CO-
OTBETCTBUU C PACIPEICICHUEM KPUTHUYECKUX YACTOTHBIX MOJIOC, TO3TOMY B IICHUXO-
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akyctudeckon moaenu Ha 6aze WDFT moryT ObITh ypaBHOBEIIIEHBI KaK XOpOIIee Ya-
CTOTHOE, TaK U BPEMEHHOE pa3pelieHue.

Ha ocnose cBoticte WDFT-nporienypa olieHKH opora MacKMUpoOBaHUsI Ha 0aze
o01iel rnceuxoakyctuueckon mojaenu J[xoHcrona Owiia MoauduimpoBaHa. [lepBbrit
mar npu ucnosibzoBanun WDFT B ncuxoakycTuueckoid MOJENIN — MPOSKTUPOBAHKE
COOTBETCTBYIOIIETO (pa30BOro 3BeHa. HacTOTHBIE KOADPUIIUEHTHI Z -TTpeoOpa30BaHUs
JOJKHBI OBITH TIPEJICTABIICHBI PEryJSipHO B MepienTyanbHoil obnactu. [lokazaHo,
91O (ha30BOE 3BEHO MEPBOTO MOPSIKA JOCTATOYHO XOPOIIO ANIPOKCUMHUPYET Iep-
HenTyajabHylo mKkany O6apkoB. [Ipu aToM 3HaueHue korduimenta $Ha3oBoro 3BeHa
JUTS 9aCTOTHI IUCKpeTH3anuu f, ompesesercs 1Mo cieayrieMy BeipaxeHuio (2.26).

Has f =8 xI'n koappuuuent ag,,, =—0,4092.

3.4 Ouenka CIIM myma

Onenka aucnepcuu IIyMa SBISIETCA KIKOYEBOM 3aJadeld JJIsi MHOTHUX CUCTEM
MOBBIIICHHS] Ka4eCTBa peyeBoro curHaiga. Hanbonee oOumili moaxoa OCHOBBIBAETCS
Ha CTATUCTHYECKUX M3MEPEHUSIX B TEUEHUE PEUYEBBIX I1ay3 C UCIIOIb30BAHUE JKCIIO-
HEHIIMAIBHOTO ycpeaHeHus. [lepronpl pedeBbIX may3 ONpEeAcsItOTCsS B 3allyMJICH-
HOM pE€YEBOM CHUTHAJIE HA OCHOBE JETEKTOPOB BOKAJIM30BAHHOCTU peueBOro (pperima
(ot anrn. Voice Activity Detector (VAD)). CiiegoBarenbHo, 3 (HEeKTUBHOCTh TaKUX
aHAJIM3aTOPOB IIyMa CTPOro 3aBUCUT OT ypoBHs SNR u Tuma mryma. B gactHOCTH,
OHM JKCTPEMAJIBHO YyBCTBUTEIIbHBI K BHE3AIIHBIM U3MEHEHUAM YpPOBHS 1yma. [py-
rue, 0oJjiee yCTOMYMBBIE MOJXO0bl OCHOBAHBI HA METOJE CTATUCTUYECKOTO MHUHHUMY-
Ma, KJIK0YeBasi Ulies KOTOPOro, 3aKI04aeTCs B CIECKEHUN 38 MUHUMAJIBHBIM YPOBHEM
MOIIHOCTH IIyMa JUIs KaXIOM CHEKTPaJbHOM KOMIIOHEHTBI HA IPOTSIKEHHUH pPAaa
¢peiliMoB curHana. B ciyyae ymMeHbIIEHHS MOILTHOCTHU IIyMa ObICTpast KOPPEKTUPOB-
Ka OLICHKHM MOIIHOCTH ILIyma 3JeCh OueBHAHA. HO B IIPOTHMBOIIOIIOKHON CHUTYaLUU
(MOILIHOCTH IIyMa YBEJIMYUBAETCA) — OOHOBJIEHUE PE3yJIbTaTa OLICHKHU 3aJE€p’KUBACT-
Cs Ha Lenbld nepuoA ciexenns. K coxkaneHnto, METO CTATUHCTUYECKOTO MUHUMYyMa
HE COBCEM OYEBUIHBIM WU IMOJYyYECHHE ONTUMAIBHOW KOMIIEHCAMOHHOW IPOLIEAYPHI
J0CTaTOYHO 3aTPYIAHHUTENbHO. B maHHOM cucteme (CM. pUCyHOK 3.3) UCHOIB3YeTCs
MoAU(PUIMPOBaHHAS MPOLEAYpPa SKCIOHEHIIMAIIBHOTO YCPEAHEHUSI C KOHTPOJIEM I1O
muauMyMmy sHepruu (ot anri. Minima Controlled Recursive Averaging (MCRA)).
DTOT MOJX0J HAXOJUTCS MEXAY OOBIYHBIM 3KCIIOHEHIIUAIBHBIM YCPETHEHHUEM U Me-
TOAOM CTaTUCTUYECKOTO MUHUMYMA.

B opurunansaom anroputme MCRA onenka CIIM 3amrymieHHOM pednd OCHO-
BBIBAE€TCSl HA MeToJie nepuogorpamMm. B nannom pemenuu onenku CIIM criaxuBa-
IOTCS B COOTBETCTBYIOIIMX KPUTHUECKHX YACTOTHBIX MOjOcax — Oapkax. A UMEHHO,
mpernoiaraeTcs, 4to is OOJBIIMHCTBA MPAKTUYECKUX MPUMEHEHUH MpU OLIEHKE
CIIM 3amymiaeHHON pedd B KPUTHYECKUX YACTOTHBIX IMOJIOCAX CIPABEIJIMBO YTBED-
KIECHUE

Ry, (k, 1) = ﬁyy(b, D), rae k € K, (3.8)
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rie  k € Ky,
| — HOMEp 0OpabaThiBaeMOT0 (hpeiimMa;
b — HOMep KPUTHUYECKOM YaCTOTHOH MOJIOCHI;
K, — xommyecTBO KO3(HUIIMEHTOB MpeoOpa3oBaHMs, MOMAJAIONMX B -0

KPUTHUYECKYIO YaCTOTHYIO ITOJIOCY;

k — HOMep KO03(pPunmenTa npeoOpa3oBanus B D-if KpUTHYECKON YaCTOTHOM
oJoce.

Bo BpeMeHHO# 007acTH ycpeTHeHUE OCYIIECTRBISICTCS CICAYIOINM 00pa3oM:

R, (b.1)=aR, (bI-1)+(1-)S, (bl). (3.9)

2
Onenka CIIM 3amrymMiaeHHON peun Ha OCHOBE MTHOBEHHBIX OLleHOK CIIM |Y (k, | )| B
b -it KpuTHYECKOI YaCTOTHOMH MOJIOCE paBHA

1

> Aa Y (k1) (3.10)

Dhiigh ~ Ppow b beKy

éw(bJ):

rae Piowb, Phighp — paHUIbl b - KpUTHUECKON YACTOTHOM OJIOCHI;

Ao, — monoca K-ro ¢puietpa B WDFT-ciekTpe. 3ameTnM, 4TO BBIpKEHHE
(3.10) nmpezacraBaseT anmmpPOKCHUMAIIMIO IMPOIECCa HWHTETPUPOBAHUS HEMPEPHIBHON
¢byakuuu CIIM 1o mpocTpaHCTBY HEPaBHOMEPHO PACHOJOKEHHBIX YAaCTOTHBIX OT-

cueroB. s crangaptHoro [II®D ¢ mOCTOSTHHBIM YaCTOTHBIM Pa3peIIEHUEM OLICHKA
(3.10) npencrasnsier coboii cpeaHee apupMeTHIecKoe MIHOBEHHBIX 3HaueHuin CITM

¥ (k)

nepcuto onieHku CIIM. Xots npu 3ToM paszpemiaroniasi CrioCOOHOCTh CIEKTPAIBHOTO
aHanu3a TaKke yMeHblaerca. OJHaKo 3TO HE CKaXXETCSd Ha OKOHYATEIbHOM PE3YyJib-
TaTe pellaKTUPOBAHHUSA IITyMa B PEYEBOM CUTHAJIE, TOTOMY YTO OOJBIIMHCTBO ITyMOB
MMEIOT paBHOMEPHBIEC CIEKTPHI M, 00Jiee TOro, pazpeliariias CrnocoOHOCTh YMEHb-
IIA€TCS B COOTBETCTBUM C YACTOTHOU M30UPATEIHLHOCTHIO YEJIOBEUECKOTO yXa. Takum
oOpa3om, moao6Ho (3.8) MOXKHO yTBepKaaTh, uTo mpH oneHke CIIM mryma B Kaxaou
KPUTUYECKON YaCTOTHOU MOJIOCE BBIMIOJHIETCS PABEHCTBO

. CrinaxxuBanue BHYTPHU KPHUTHYCCKUX YACTOTHBIX IIOJOC YMCHBLIIACT AHC-

Run(k, 1) = Rpy (b, 1) (3.11)
rae k € K.

Cornacio MCRA-cxeme, CIIM tryma B b-if KpuTH4eCKOW YaCTOTHOM MoJoce
v Juis |-ro ¢peliMa curHalia OIeHUBACTCS CICIYIONIM 00pa3oM:

R, (b.1)=a, (bR, (b1-1)+(1-4&,(b,1))S,, (b.1). (3.12)
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rae «,(b,1) —3aBucsammii or BpemeHH KOA()OHUIMEHT CrIAKUBAHUSL, SBISTFOIIUIACS

(GyHKIMEH OLIEHKH BEPOSITHOCTH p(b,l) BOKAJIM30BAHHOCTU (TIPUCYTCTBUSL pEUEBOM
aKTUBHOCTH) |-T0 ppeiima peueBoro curnana:

a,(k.)=a, +(1-a,)p(b,l), O<e, <1 (3.13)

KoadduunenT crinaxkuBanus ¢, KOHTPOIUPYET OOLIYIO CIIOCOOHOCTH CIIEXKeE-

uust ipu ouerke CIIM myma. Bepostraoers P(B)l) Boxammsosannoct I-ro dpeiima
PACCUMTHIBAETCA HA OCHOBE HKCIOHEHIHANIbHOro ycpenHenus pemenuit |(b,1) ne-

CJIIOKHOTO jeTekTopa pedeBod aktuBHOCTH (VAD), peann3oBaHHOTO Ha IOAXOJE
MHUHUMYMa CTaTUCTUKU:

p(b.1)=a,p(b1-1)+(1-c,)1(b]), 0<e,<l. (3.14)

rae &, — KO3(QHUIMEHT CrIaKuBaHHS.

Pemennie VAD | (b,l) untepnperupyercss kak OMHAPHBIA pe3yabTaT CpaBHeE-
mnst CIIM R, (b,1) samymuennoro peuesoro curhama n ouenxku CIIM neTextopa

MuHIMYMa cTaTHeTHKE Ry (0.1) B b-if kpuTHeckoil yactoTHOl moN0ce 1-ro dpeii-
Ma CHTHAJIA:

1, rae ﬁyy(b, [) = B - Ry, (b, 1),

16,0 = . (3.15)

, WHaye.

3nech nmapametp B BbIOMpaeTcs SMIUPUYECKH KaK MOJOKUTEIbHAsT KOHCTaHTa
(0ObruHO 2< B <3). OreHka qeTeKTopa MUHIMYMa CTaTUCTHKH MOJTy4aeTCsl COTJIACHO
NPaBUITY:

Ry (b,1)=min{R, (b,1-T),R, (b,1-T +1),...,R,, (b,1)}, (3.16)

rae T o6o3HavaeT JIMHY OKHA MOMCKa MUHUMYMA.

Ha pucynke 3.4 noka3aH npuMep CJICKECHHS B 3alITyMJICHHOM PEUYEBOM CHUTHAJIE
3a u3MeHeHueM CIIM, y KOTOpOro BHE3allHO U3MEHUJICS YPOBEHb MOIIHOCTH IITyMa.
B nannom skcniepumente nmapamerp T = 60 ¢peiimam. Kak MOXHO BUIETh U3 PUCYH-
ka 3.4, 0, otk anroputmMa MCRA Ha cKkauoK MOIIIHOCTH IIIyMa UMEET 3aMETHOE
OTIO3/IaHKE 3a CUeT JJIMHBI OKHA MOWCKAa MUHUMYyMa. B cllydae yMeHbIIIEHUS] YPOBHS
MOIIHOCTH, KaK MOKa3bIBAET IKCIEPUMEHT, aJTOPUTM PearupyeT He3aMeIJIUTEIbHO.
Ha pucynke 3.4, a mpeacraBieHa CIieKTporpaMMa JaHHOTO 3allyMJICHHOTO PEUYeBOTO
CHUTHAJIA.
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Pucynok 3.4 — Ipumep ciexenns 3a uamenenneM CIIM Ha ocHoBe anroputma MCRA

3.5 OueHka MoporoB MaCKUpOBaHUsI

OcHOBHBIE IarW OLIEHKM MOpPOTra MAaCKUPOBAHUS CIEIYIOUIME: pACUET SHEPTUU
KPUTUYECKUX YaCTOTHBIX MoJsioc o WDFT-criekTpy MOIIHOCTH; CBEpTKa ¢ (yHKLIHEH
pacnpoCTpaHEHUsI; BBIYUTAHUE OTHOCUTEJILHOTO CMEILEHUS [T0POra; HOpMaJIu3auus U
CpaBHEHHE € a0COITIOTHBIM TOPOTOM CIIBIIIUMOCTH.

JIuCKpeTHOE MPEACTABIEHNUE IHEPTUU KPUTHUUECKOW YACTOTHOM MOJIOCHI MOXKET
OBITh BBIPQKEHO KaK B3BEIICHHAs CyMMa KOMIIOHEHT CIIEKTPa MOILIHOCTH:

1 .
Eb:—ZAa)k‘S(a)k)

‘2
27[ keKy

) (3.17)
rne K — HOMep KoadduireHTa npeodpazoBaHus (CIICKTPAIBHOTO OTCUYETA);

S(@,) — OLEHKa CIIeKTpa OPUTHHAIBHOTO PEIEBOTO CHIHAIA.

Ha crnenmyromeM 1mare BIYUCISAETCS CBEPTKA YHEPTUM KPUTHUECKUX YaCTOTHBIX
nonoc E, c ¢yHxnuen pacnpoctpaHeHus no 0aswisipHoil MemOpane SK, g yuera

pacnpocTpaHEeHUs] MACKHUPOBAHUS:
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Cb == Eb @ SFb, (318)

rae (O — 3HaK CBEpPTKHU.

OTHOCHUTENBPHOE CMENIEHUE MTOPOTa B KaXA0W KPUTUUECKON YaCTOTHOM MOJIOCE
PACCUUTHIBACTCS C MCIIOJNB30BAHMEM MeEphl TOHAJIBHOCTU. i ompeneneHus Tuma
Mackepa («IIyMONOJOOHBIN» WM «TOHAJIBbHBINY) HCHOJB3YETCd Mepa MOJIOTOCTH
CIIEKTpPA, KOTOpasi ONPEACISIETCS KaK OTHOIIECHUE CPETHETO F€OMETPHIECKOTO fiy, K

cpenHeMy apu(METHYECKOMY /i, CICKTPAJIbHBIX KOMIIOHEHT BHYTPU KPUTHYECKOM
YaCTOTHOM MOJIOCHI D :

Hep

SFM, =10log,, , 1b. (3.19)

/uab

[lonmy4yeHue TaHHOM OLIEHKH MOXET OBbITh 3aTPYAHEHO B CiIy4ae OOBIYHBIX MO-
JIeJiel ¢ MaJIbIM pa3penieHueM, Tak Kak konnuectsa AI1P-ko3PpPuureHToB B HU3KO-
YaCTOTHBIX IMOJI0CaX OOBIYHO HE JOCTAaTOYHO I 3¢ dekTuBHOTO pacuera SFM. B
mogo0HBIX ciaydasx SFM paccumThIiBaeTCs NIl BCETO CIEKTpa WM MPEIOTpe/IeIcH-
HBIX TOHAJIBHOCTEHN JIJIsl KaXKJ0M KPUTHYECKOM YacTOTHOM moJiockl. B cimyuae WDFT,
KO3 PuimeHTsl npeodpa3zoBaHus TPYNIUPYIOTCS PABHOMEPHO B KPUTHYECKUX Ya-
CTOTHBIX IOJIOCAX, cliefoBareabHo, SFM Moer ObITh onpeaeneHa A KaKIaou Io-
JIOCBI OTZIETIBHO.

CwMmemenue nopora MackupoBanusi O, OILIEHMBAETCs 10 CIEIYIOLEMY BbIpaxe-
HHUIO:

0, = ton, - (14,5+ b) + (1 —ton,) - 5,5, b, (3.20)

rae ton;, — MHIEKC TOHAJIIBHOCTH, OIIPEAEIIIEMbIN KaK

. ( SFM
ton, = mln( 2 ,1). (3.21)
~60 1B

JI7Is TIOJydYeHMsT SHEPTHU MOpOTra MAaCKUPOBAHHS OTHOCHTEIBHOE CMEICHHE
BBIYHTACTCS M3 CBEPHYTOTO CIEKTPa KPUTHIECKOH MOJIOCHT:

P — 10('0910 C,—0,/10) , (322)

TT,b
a 3aTeM OCYIIECTBIACTCS HOPMAJU3alMs W CPaBHEHHE C aOCONIOTHBIM TMOPOTOM
CIIBIIITUMOCTH.

Takum oOpazom, onenku CIIM mryma Tak ke, Kak ¥ OIEHKH TTOpoTra MacKHUpo-
BaHUS, BRIYUCIICHHBIC Ha UX OCHOBE, Ha 00pabaTbiBaeMOM (ppeiiMe peueBOro CurHaiza
MMOCTOSTHHBI B KPUTUYECKUX YACTOTHBIX TOJIOCAX, a CIEAOBATEIIbHO, U COOTBETCTBY-
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IOLIUE CHEKTpaJbHbIe B3BEIIMBAIOIINE KOI(PPHUIMEHTHl BHYTPU KPUTHUUYECKUX dYa-
CTOTHBIX I10JIOC TAKX€E MOCTOSTHHBI. DTO CBOICTBO HE TOJIBKO YIPOLIAET CXeMy 00pa-
OOTKH, HO TaKXe 0CIA0IAET FEHEPALIUIO «MY3bIKAJIbHBIX TOHOB.

3.6 OuneHka KauecTBa CHCTEMBbI NMOJABJIEHHS IyMa

DKCHepUMEHTBI M0 OIIEHKE KayecTBa PEKOHCTPYHMPOBAHHOI'O CHUCTEMOI pede-
BOT'O CUTHAJIa MPOBOAMINCH ISl CIEAYIOIIUX MMapaMeTpOB HACTPONKU aJIrOPUTMOB:
4acToTa JUCKPETU3AlMK BXOJHOTO curHaia — 8 kI i, pazmep ¢peitma N = 256 otcue-
ToB (32 Mc), 06paboTka ocymecTBiseTcs ¢ S0%-M nepekpoiTueM GpeiiMoB, BpeMEH-
HO€ OKHO XEHHUHra. B mopsiike coOKpaleHusi BBIYUCIUTEIBHON CIIOAKHOCTH pa3Mep
oxHa a"anuza WDFT ¢ u36brTounbsimM 6azucom OblI cokpaitieH 10 128 orcueros. Omn-
tuManbHblil  popmar WDFT mns N = 128 u xoaddunuenta ¢a3oBoro 3BeHA

Ag.c ®—0,4 nHaxoautca okoisio 300. /JaHHYIO BEIMUMHY MOKHO HEMHOTO YMEHBIIIUTH

Oylarogapsi meplenTyalbHOMY MacCKHPOBAaHUIO MCKAKEHUN B peueBoM curHaie. Ta-
KuM o0Opaszom, pazmep marpuusl D,, , WDFT ¢ n36srrounsiv 6a3zucom Obln BEIOpaH

256 x128.

TecTupoBaHue CHCTEMBbI MOAABJICHUS IIIyMa OCYIIECTBISJIOCh Ha 8 03BYYEH-
HBIX TIPEAJIOKEHUSIX PYCCKOTO s3bIKA. [[MMHa pedeBbIX CerMEeHTOB Kojebanach oT 5 ¢
10 8 c. K kaxaomMy CerMeHTy YHCTOTO PEYEBOro CUTHaia JA00aBISUICS «I[BETHOW
mryM. CermenTHoe cootHomenue curnai/mrym (SEGSNR) Bapwsuposaiock ot —5 nb
10 20 n1b. Vcnonp30BaIUCH ClienyIONMe OOBEKTUBHBIE MOKazaTean kadecTBa: «lc-
kaxeHue peun» (B 1b), «KenctpanbHoe paccrosinue», «Ocnabnenue myma» B 1b.
Onenka «Mckaxenue peun» (B 1b) ato SEGSNR, rie mox nrymom rmoHUMaeTcs pas-
HUIIA MEXIY OPUTMHAIBHBIM (YUCTHIM) PEYEBHIM CHTHAJIOM M BBIXOJHBIM CHUTHAJIOM
cucTeMbl nojAaBieHus myma. Beicokoe 3nauenue nannoro SEGSNR ykasbiBaer Ha
MaJjble UCKakeHus peudn. boibiioe 3HaueHue mokasarens «KemncrpaibHoe paccrosi-
HUE» TOBOPUT O HAJTMYHUH B BBIXOJHOM CUTHAJIE CHCTEMbI CUIIbHBIX apTe(daKTOB PeUH.
[Ton ouenkoit «OcnabneHue mryma» MOHUMAETCS OTHOLIEHHE MOIIHOCTU BXOJHOIO
3alIyMJICHHOTO PEYEBOT0 CUTHAIA K MOIIHOCTH BBIXOJHOTO CHUTHAJIAa CUCTEMBI, B KO-
TOpOM IIIyM ObLT ocnabneH. OHaKo OOBEKTHBHBIE MTOKA3aTeNIM KayecTBa ciabo Kop-
PEIUPYIOT C Pe3yJIbTaTaMHU OLIEHOK Ha OCHOBE BOCHPHATHS yeloBeKoM peur. [1oato-
My TIpHU TECTUPOBAHHUU HCIIONB30BANICA MOKazaTenb «llepuentyaibHble MCKaKECHUS»
Ha OCHOBE MOJIU(HUIIMPOBAHHOTO METO/1a HCKAKEHUH criekTpa 6apkos (ot anrit. Mod-
ified Bark Spectral Distortion (MBSD)), koTopblii onpeaensieTcs Kak pa3sHUIa MEXITy
BOCIPUATUEM YUCTOU PEYU U CUHTE3UPOBAHHOM CUCTEMOMU.

DKCTepUMEHTAIBHBIE PEe3yabTaThl MPOWIIFOCTPUPOBAHBI HA PUCYHKE 3.5 mist
CUCTEMBI MOJaBJieHHs 1yMa Ha ocHoBe ctangapTHoro II1®d, WDFT «uuctoro» u c
u30bpITouHbIM Oa3ucoM. Pesynpratsl 11t WDFT ¢ n30pITOUHBIM 6a3UCOM 3HAUUTEIb-
HO Jyuine st oueHku «Ocnabnenue myma», dyem g JIID u «uauctoro» WDFT,
Onenku nokazareneit «Mckaxenue peun» u «KerncrpaabHOE PacCTOSHUEY CHCTEMbI
Ha Oaze JII® m WDFT ¢ u30biTouHbIM 0a3ucOM MPUOIU3UTEIIBHO OJWHAKOBBIC H
HamMHoOro Jyumie, yeM i «uuctoro» WDFT. O1o 00ycnoBieHO 3HAYUTEIbHBIM
yMeHbIlleHueM omuOku cuHTe3a y anroputMa WDFT ¢ u30bITOUHBIM 0a3ucom, 1o
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cpaBHeHUto ¢ «aucThiM» WDFT. Ananus nokazatenss MBSD nokassiBaeT, 4To Kade-
ctBo cuctembl Ha ocHoBe WDFT ¢ u30BITOYHBIM 0a3MCcOM HE HAMHOI'O BEIIIE, II0
CpaBHEHUIO C cucTeMamu nojaasienus myma Ha 6aze JIID u «uuctoron» WDFT. Oto
MOATBEPKAACT MPEIOI0KECHHE, YTO TeHEPUPYEMble MCKaKCHUSI CUCTEMOM CHHTE3a
Ha ocHOBe «4ucToro» WDFT TOJIbKO OTYACTH CJIIBIIIHEI.
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Pucynok 3.5 — Ornenka kauectBa cucteM Ha 6asze J{I1D (o), WDFT (%),
WDFT ¢ uz0brTounbivM 6a3ucom (+)

Jlns aHanu3a pacrpeereHus MOIIHOCTH OCTATOYHOIO IITyMa U MCKaXEHUM pe-
YH 10 YaCTOTHOMY JHAIa30HY HCIIOIh30BAJIUCH CIIEKTPOrpaMMbI (prucyHoK 3.6). Kak
BUJIHO, HET 3aMETHOM pa3HUIIbI MEXKJy CUCTEMaMd B HM3KOYACTOTHOM JHUaIla3oHeE.
Bo Bcex ciydasix mryM OKpysKaromiei cpeibl CUIbHO OCIIa0ISIeTCs U «MYy3bIKaTbHBIE»
TOHA HE BOCIPUHUMAIOTCS 0JIaroapsi OTHOCUTEIHHO BBICOKOMY MPEAOIPEACICHHO-
My ypoBHIO ocTarouHoro myma (3.3). Onnako as cuctembl Ha ocHoBe WDFT ¢ us3-
OBITOYHBIM 0a3MCOM, B OTIMYKE OT pemeHus ¢ «aucteiM» WDFT, sicHo BuaHO, 4TO
BBICOKOUYACTOTHBIE UCKAXKEHUSI HE T€HEPUPYIOTCS U BBICHIME TAPMOHUKH B PEKOH-
CTPYMPOBAHHOM CHUCTEMON PEYEBOM CHUTHAJIE OJIM3KU K OPUTHHATIBLHOMY CUTHAIY.

JanbHeliye paboThl B TaAHHOM HAMpaBJICHUU HalleJICHbl HA YMEHbBIIICHUE BbI-
YUCJIUTEIbHOMN CI0KHOCTH U pa3zpaboTtky WDFT ¢ BbICOKMM 4acTOTHBIM pa3penieHu-
€M Ha OCHOBE IICUX0aKyCTHUECKON Moieiu (Bo3MoxxHO i1t ERB mMozaenn).
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Yacrora, (kU]
Yacrora, [kl'u]

Yacrora, [klu)
Yacrora, [kl'u]

2 3
Bpems, [c]
B

Pucynok 3.6 — CriekTporpaMmbl: @ — OpUTHHAIIBHBIN PEYEBOM CUTHAIT,
0 — 3amrymJIeHHBIN peueBoi curnai (mym motopa ¢ SEGSNR =5 nb);
B — BBIXOJHOM CUTHAI CUCTEMBI Ha ocHOBE «urcToronWDFT;

I — BBIXOIHOM curHai cucremsl Ha 0a3e WDFT ¢ u30bITOuHBIM Oa3ucom
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4  AJITOPUTM OYHUCTKH PEYEBOTO CUTHAJIA OT
CJIOKHBIX TIOMEX ITYTEM ®WUJIHTPAIIAA B
MOAYJSIIIMOHHOMN OBJIACTHU

4.1 OOmue TeopeTHYECKHUE CBeIEHUS

OnnuM U3 3(pPEeKTUBHBIX MOAXO0/I0B K 33Ja4e IIIYMOOYUCTKH SIBJISIETCS] UCTIONb-
30BaHME METOJOB NapaMETPHYECKOTO0 MOJECIUPOBAHMS NIl MOAABJICHHS CIELUANb-
HBIX IIYMOB (TIOMEX), MPEACTABIAIOMUX cO00i cMeCh HECTAlIlMOHAPHBIX MEePUOINYE-
CKHX M CTOXaCTUYECKHUX COCTABIIAIOIINX, 3aBUCALIMX OT CKOPOCTH UCTOYHHKA LIyMa.
Takoro poja HIymMsl CO3/1al0TCSI Pa3IMYHBIMU BpalaTEIbHbIMH MEXaHU3MAaMH, TaKHU-
MU KaK TypOMHBI U IBUTATENIM BHYTPEHHEro cropanus. OnuceiBaeMblii CIIocOoO OCHO-
BBIBAETCS Ha CHEKTPAJIbHOM BBIYUTAHUM, OJHAKO MO3BOJISIET YYUTHIBATH HECTALMO-
HapHYI0 TpupoAy myma. OOMEnPUHATHIA METOJT CIIEKTPAIIbHOTO BRIUUTAHUS JJI Ta-
KHX IIIyMOB MMEET JIMIIb OIPAaHHMYCHHYIO MPUMEHUMOCTb, MOCKOJbKY oneHka CIIM
CBSI3aHA CO CKOPOCTBIO BpalllEHUs U, TAKUM OOpa3oM, HempephlBHO n3MeHsercs. Ha
pucysnke 4.1 moka3zaH mpuMep MOJABJICHUS HECTAIMOHAPHOTO IIyMa IMPU MOMOIIH
TPAAULIMOHHOTO CHEKTPAJIbHOrO B3BelIMBaHUsA. 3-3a TOTrO, YTO MapaMeTphbl LIyma
U3MEHSIOTCS OBICTPO, BBIIIOJHEHNE KAYECTBEHHOI'O IIYMOINOJABICHUs HE 0oOecreyu-
Baercs. BuaHo, 4To OoJibllIasi YaCTh UCXOJHON MOMEXHU OCTAJIaCh B CUTHAJIE, H, KPOME
TOT'0, UCXOJHBIM CUTHAT 3aMETHO JETPaupOBal.
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o

2000

YacToTa, Ky
[
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(=]
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YacToTa, Ky

1000

a — UCXOAHBIN curHai; 6 — 00paboTaHHBIN CUTHAT

PucyHnok 4.1 — TlogaBneHue HECTAOHAPHOTO LIIyMa METOIOM

CIICKTPAJIbHOI'O B3BCIIMBAHUA

[IpoGnema 0OpabOTKH TaKMX CUTHAJIOB XapaKTepU3yeTcs CIeAYIOIUMH (ak-
TOpaMH: HEYCTOMYMBOCTh MapaMeTpPOB IIyMa, YTO TpeOyeT pa3pabdOTKH aJiropuTMOB
CJIEKEHUSI; OYEHb HHU3KOE COOTHOLIEHUE CUTHAJ/IIYM, KOTOPOE MOXKET OBITh MEHee
—10 nb; rubpuaHas cTpyKTypa ILryma, KoTopasi MpeACcTaBisieT coOoi cMech AeTep-
MUHUPOBAHHBIX (TOHAJIBHBIX WM Y3KOIOJIOCHBIX) M CIy4alHBIX (HEMEpUOIUYECKUX
HIMPOKOTOJIOCHBIX) COCTABIISIFOIINX.

Cpenu mpUMEHSEMbIX TIOJIXO0B IS PEIICHUs JaHHOM 3a/1a4l UCIIONIBb3YIOTCS
CHEKTpaJbHOE BblUMTaHUE, QuibTpauus Bunepa u anocrtepuopnsiii ananuz MAP
(Maximum a Posteriori Method). BonbIMHCTBO METOAOB HCIOJB3YIOT JOIOJIHH-
TEJIbHYIO BHEIIHIOK MH(POPMAIUIO, TaKyl0 KaK 000pOTHAasi CKOPOCTb JBUTATENs, JUIs
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TOT0, YTOOBI OIMpPENesATh TEKYIIYI0 YaCTOTY FapMOHUK LIYMOBOTO curHana. [Ipu us-
MEHEHUH CKOPOCTH BpAILlEHUS U Y3KOIIOJIOCHBIE U IIUPOKOIIOJIOCHBIE COCTABIISIIOIINE
IIyMa CMEINAITCS B YAaCTOTHOM 00J1acTH, OAHAKO (PUIBTpalMs, COrJIacOBaHHAs CO
CKOPOCTBIO BpAIlIEHUs, BBIMOIHIETCS MPU MOMOIIY PEKEKTOPHBIX (PUIBTPOB U MpPHU-
MEHSETCS TOJIBKO K Y3KOIOJIOCHBIM COCTaBISIOIUM. PexexTopHas GpuiabTpanus mnos-
BOJIIET MOJABUTh OT/AEIbHbIE TAPMOHUKH U IIUPOKO HUCIIOJIB3YETCs B TAKUX 33/a4ax,
IOCKOJIbKY MPUMEHEHHE CTAHJAPTHBIX METOAOB OOpAaOOTKM CUTHAlla B 4aCTOTHOM
obnactu, Takux Kak npeodpasoBanue Dypoe, 1160 6aHKK (QUIBTPOB 3aTPyAHEHO B
CBSA3M C HECTALMOHAPHOCTBIO HaOiogaemoro mporecca. [lupokomnonocHele mrymo-
BBIE COCTABJISIOIIME 00padaTHIBAIOTCS BHE 3aBUCHMOCTH OT CKOPOCTH BPAILEHHUS, YTO
SBJISIETCSI CEPbE3HBIM OTPAHUYEHUEM HCIOJIB3YEMBIX METOAOB, TOCKOIBKY MPUBOIUT
K MOSIBJICHUIO U30BITOYHOTO IITYMOBOTO OCTaTKa B 00pab0TaHHOM CHUTHAJIE.

Bo MHoOrux ciaydasx BO3MOKHO KoMIleHcUpoBaTh u3MmeHenue CIIM, mpu mo-
MOIIM AJalITUBHON JUCKPETU3AlMi CUTHAJIA, COTJaCOBAaHHOM CO CKOPOCTBIO Bpallie-
Husl. CUTHaJ MPEeACTaBIsAeTCS B U3MEHEHHOM MaclliTabe BpEMEHH, YTO JIEJaeT mapa-
METpHI IlIymMa 00siee yCTOWYMBBIMU U JOCTYIHBIMU I OLICHKU. Y MEHbILIEHUE BapHa-
tuBHOCTH CIIM 1IymMa mo3BoJiI€T BBINOJHUTH 00J€€ TOUHYIO OLEHKY CTAaTUCTHUKU
nrymMa u ycuwiubaeT 3p@exT urymononaBieHus. Takke CTAaHOBUTCS BO3MOXKHOM 00-
paboTKa CUTrHaja Npy MOMOIIM CPaBHUTENIBHO JJIMHHBIX OKOH aHAJIW3a U UCIOJIb30-
BaHUE JUCKPETHOTO npeoOpazoBanus Dypbe 1Isl COEKTpalbHOrO B3BemnBaHus. Ha
pucyHke 4.2 1mokazaHo pacnpeaelieHue 3HaYeHUI aMIUTUTYHOTO CIIEKTpa IIymMa JBH-
raTesnsi aBTOMOOMIIA 0€3 aJaliTUBHOM JHUCKPETH3alMu U C aIallTUBHOW JHCKPETH3a-
uued. BunHo, 4TO crieKTpajibHble KOMIIOHEHTHI ITYMOBOI'O CHTHaja CTaHOBATCA 00-
Jiee YCTOMYMBBIMHU TOCJIE aJAaNTUBHOM JUCKPETU3AlLMH, COTJIACOBAHHOM CO CKOPO-
CTBIO BpPAILEHUS.

JI71st OLIeHKH TEeKYyIIeW CKOPOCTH BpAIICHHs] MOYXHO MCIIOJIb30BaTh JTMOO BHELI-
HUE HM3MEPUTENIN CKOPOCTH, JIMOO BBIMOIHATH aHAIN3 3alIyMJIEHHOTO CUTHaja, IJis
OLICHKM YacTOThl OCHOBHOI'O TOHA IIIYMOBOTO CHIHaja. YYWUTBIBAs, YTO IIyM, Kak
IIPaBUJIO, COCTOUT U3 CMECH KBAa3UNEPHOAUYECKUX U CIIyYalHbIX KOMIIOHEHT LIEJIECO-
00pa3HO BBINOJHATH CIIEKTPaIbHOE B3BEUIMBAHUE B J[BA 3Tana, 0ciaalisas y3KOmojoc-
HBIE U [IUPOKOIIOJIOCHBIE KOMIIOHEHTBI OTAENBHO.

Amnnutyaa, Ab
Amnnutyaa, Ab

0 05 1 15 2 25 3 35 4 o 05 1 15 2 25 3 35 4
Yactota, Ky Yactota, Ky

a §)

a — UCXOJHBIN IIYMOBOM CUTHAJ; O — IIIyMOBOM CUTHAN C aIallTUBHOMN JAUCKpETU3aIlMeH;

Pucynok 4.2 — PacnpeieneHne 3Ha4eHNH aMITUTYTHOTO CIEKTpa IIyMa
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4.2 Metoa cieKTPaJIbHOI0 B3BEIIIMBAHUS

CrekTpalibHOE B3BEIIMBAHUE MPEACTABIAET COOOW METOJ BOCCTAHOBIICHUS
CIIM mu0o aMIUTUTYIHOTO CHEKTpa M3 CUTHAJA, 3apETUCTPUPOBAHHOTO C a/JIUTHB-
HBIM IIYMOM, IIyT€M BBIYMTAHUS CpEIHEH OLEHKH crekTpa mryma. CHekTp mryma
OOBIYHO OIICHMBAETCS U OOHOBIISIETCS B MEPUOJIbI, KOT/IA MOJE3HbI CUTHAJI OTCYT-
CTBYET, a MPUCYTCTBYET TOJBKO IIyM. MeToj mojpa3yMeBaeT, YTO IIyM SIBISETCA
CTaIMOHAPHBIM, MO0 MEUICHHO U3MEHSIOIIUMCS MPOIECCOM, U HE U3MEHSIETCS Cy-
IIECTBEHHO MEXIY MepruoaMyu OOHOBJICHUS MAPAMETPOB.

Mopeinp 3alIyMIE€HHOTO CUTHaja NPEICTaBISAECTCS B CIEAYIOIIEM BUJIE:

y(m) = x(m) + n(m), (4.1)

rae y(m) — 3airymMiIeHHbIH CUTHAT;
x(m) — 4UCTHIN CUTHAI;
n(m) — mym;
M — HOMEp OTcYeTa (TUCKPETHOE BPEMSI).
B ywacroTHOI1 0651acT MO/IENIb CUTHAJIA OMTMCHIBAETCS CICAYIOIIUM 00pa3oM:

Y(w) = X(w) + N(w), (4.2)

rae Y (w) — npeobpazoBanune Oypbe 3al1yMIeHHOTO CUTHATIA;
X(w) — mpeobpazoBanre Oypbe UCXOAHOTO YUCTOTO CUTHATIA,
N (w) — npeobpazoBanmne Oypobe myma;
@ — 9acToTa.

[Ipu crieKTpa bHOM BBIYMTAHUU BXOIHOW CHUTHAJ pa3leiseTcs Ha CErMCHTHI
(UKCUPOBAHHON [UIMHBI, B3BEIIMBACTCS MPU MOMOIIM OKOHHOW (DYHKIIMU U TIEPEBO-
IUTCST B YaCTOTHYIO O0JIaCTh MPH MOMOIIM JUCKpPETHOro npeoOpazoBaHus Dypbe.
Omnepanyst B3BEIIMBAHNS Ha OKOHHYIO (DYHKITMIO OIHMCHIBAETCS B YACTOTHOM 00JacTh
CIEAYIOIIMM 00pa3oMm:

Y,(w) =W(w) - Y(w) =X, (w) + N, (w). (4.3)

JUIst KpaTKOCTH Jlajee MPEAIoaraeTcs, 4To UCIOIb3yEeTCsl CUTHAJ, B3BEIICH-
HBI HA OKOHHYIO (DYHKIHMIO U MHIEKC W omyckaeTcsi. CieKTpallbHOE B3BEILIMBAHKE
OIMCBIBAETCS CJIEYIOIIHUM BBIPAKECHUEM:

12@w)|” = 1Y (@)]? — aIN@)?, (4.4)

- b
rje |X (a))| — TOJly4€HHas OLIEHKa CHIEKTpa MCXOJHOI0 YKMCTOrO CHUTHaja
X ()
|IN(w)|P — cpennss Mo BpeMEHU OLIEHKA CIIEKTPa IIyMa.
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[Ipennosiaraercs, 4To WIyM SIBJISIETCS B LIMPOKOM CMBICJIE CTALIMOHAPHBIM CIIY-
YailHBIM TporieccoM. /{51 BEIUMTAaHUS aMIUIUTYAHOTO CHEKTpa Hcnoib3yercs b = 1,
a JUIsl BBIYMTAHMS crieKTpa MoutHocTh b = 2. [TapameTtp o onpenenser BeJIMYMHY Ya-
CTH IIIyMa, KOTOpas BBIYMTAETCS W3 3AIIYMJIEHHOTO CUTHaJA. /[ MOJHOrO BBIYMTA-
HUs o = 1, a ;1 BeIUMTaHUS ¢ U30BITKOM ¢ > 1. CpenHssi OlleHKa CIEKTpa Lryma
BBIYHCIIIETCS HA ()parMeHTax, rJie OTCYTCTBYET MOJE3HbIA CUTHAI, CIEAYIOIIUM 00-
pasom:

K-1
NP = Y IN@)I, @5)
i=0

rae |N;(w)| — criextp dpeiima rryma ¢ UHACKCOM i;
K — uucno ppeliMoB r/e MpUcyTCTBYET TOJIBKO IIYM.
Ha npaktrke y100HO OLIEHMBATh CPEAHMI CHEKTP LIyMa IPHU MOMOIIM IKCIIO-
HEHIIMAJIBHOI'O YCPEIHECHUA:

IN(0)]” = pIN,()]” + (1 = p)IN,()I”, (4.6)

rae kodhduuueHT ycpeaHeHus p MpUHMMAET 3HaueHus u3 auamnaszoHa ot 0,85 mo
0,99.

J{nst BoccTaHOBJIEHUS 0OPAa0OTAaHHOTO CUTHAJIa BO BPEMEHHOM 00J1acTH OIICHKA
aMIUTUTYAHOTO CHEKTpa |)? (a))| oObeauHseTcs ¢ (ha30BbIM CIIEKTPOM 3aIIyMJICHHOTO
CUTHAJIa U 3aT€M BBIYMCIISETCS TUCKpETHO oOpaTHOe peodpazoBanue dypoe:

2

-1

N , 21
xm) =) X)) eJOv(k) g =—Jykm 4.7)
0

&
Il

rae Oy (k) — dhaza yactoTHOM cocTaBmstomeii Y (k) 3amrymieHHOTo CUTHama,
N — nmuHa gpeitma 0OpabOTKH.

[Ipomemypa BOCCTaHOBJICHUSI CUTHAJIAa OCHOBBIBACTCS Ha TPEIOIOKEHUH, YTO
aIMTUBHBINA IITYM UCKa)KaeT, TJIAaBHBIM 00pa30oM, aMIUTMTYIHBIA CIIEKTP M YTO WCKa-
JKEHUS, BHOCUMBIC B ()a30BBIN CIIEKTP, ABJSIOTCS HE3HAYUTCIIBHBIMU.

W3-3a Bapuanmii CrieKTpa IIyMa CIeKTpajabHOES BEIYMTAHUE MOXET MPUBECTH K
MOJIYYCHHUIO OTPHUIATEIBHBIX OIEHOK aMIUIUTYJAHOTO CIEKTpa. ITO OCOOEHHO BEpO-
STHO MPY TIOHKEHUU OTHOIIEHUS CUTHAI/TITyM. JIJisT TOrO 4T0OBI M30eKaTh MOsBIIC-
HUS OTPUIIATETFHBIX aMIUIUTYAHBIX 3HAYEHUH, PE3yJIbTAT CIIEKTPATLHOTO BEIYUTAHMS
00pabaThIBaeTCsl TOCPECTBOM HCIIONB30BaHUS (QYHKIIUNA OTOOPAXKEHUS CIEAYIONIETO
BHJIA:

X)),  [X@)]|> Y ()],

_ (4.8)
BIY (@), [X(w)] <Y (w)l,

T[|X ()] =
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r7e ff — MacmTadupyromuii KodhummenT.
CriekTpaibHOE BBIYMTAHHE MOYKHO IIPHUMEHSATH KaK K aMIUIUTYIHOMY CIICKTPY,
TaK ¥ K CIIEKTPY MOIIIHOCTH.

4.3 IIpumeHeHHE MeTO/Ja CIEKTPAJbLHOI0 B3BEIIMBAHUSA K HECTAI[HO-
HAPHBIM IIyMaM

Hcnonp30BaHre METOIOB TTapaMETPHUUECKOTO MOJCTUPOBAHUS U 00pabOTKH C
BPEMECHHBIM MacIITaOUPOBAHUEM TIO3BOJISIET BBITIOJHUTE Ooliee d((eKTUBHYIO pea-
JU3AIUI0 METOJa CIIEKTPATBHOTO BBIYUTAHMSI JISI HECTAIIMOHAPHBIX IITYMOB, CBSI3aH-
HBIX CO CKOPOCTBIO BpaIllCHUsI MEXaHU3Ma.

[Ipennaraemoe perieHre COCTOUT U3 CIAEAYIOMUX IaroB (Kak MoKa3aHo Ha PH-
cyHnke 4.3):

1) monmydeHne TEKyIIeH CKOPOCTH BpAIECHUS MPU IMOMOIIHM BHEITHETO HCTOY-
HUKa 100 OIEHKA OCHOBHOTO TOHA IIIyMa U3 3alIyMJICHHOTO CHTHAJa,

2) BpPEMEHHOE MacClITaOMPOBAHHWE CUTHAJIA C yYE€TOM MOJYYEHHON CKOPOCTH
BpaIICHUS;

3) ompeneneHUe TOHAIBHBIX KOMIIOHCHT M MX TOJIaBJICHHE MyTEM Y3KOIOJIOC-
HOU QuIIbTpaIuu;

4) omnpejeneHne TOJI0COBON aKTUBHOCTH M BbIICJICHHE ()parMeHTOB Oe3 mosie3-
HOTO curHana, ouenka CIIM mmpoKomnoI0CHbIX KOMIIOHEHT IITyMa;

5) crniekTpalibHOE BBIUMTAHKE IIMPOKOIOIOCHBIX KOMIIOHEHT IITyMa;

6) oOpaTHOe BpeMeHHOe MaciTadupoBaHHE OOPaOOTAHHOTO CHUTHAJA W BO3-
BpaIlleHUE €0 B JIMHEIHBIN BpeMeHHOU MaciTab. OCHOBHBIE IIaru o0paboTku Oosee
JIETABHO OMMUCAHBI HIKE.

Obpabomka

3alymneHHblA
curHan

OuMLLEHHBIA
curHan

: OBpaTHoe

| BpEMEHH0e

| “| macwTabupo-
| BaHue

MNony4yeHne
CKOpOCTH
BpalleHus

| CnekTpank-
Y3kononocHas

no H
thuneTpauus A oe
| Bbl4UTaHUE

I |
TEKT
BpemeHHoe I HeTekTop Rere Opu OueHka |
ronocoBsoi |
macwTabuposaHne TOHOB cnm |
| aKTMBHOCTH
I |
I |

AHanus

PI/ICYHOK 4.3 — Cxema NPUMCHCHUS CIICKTPAJIbHOI'0 B3BCIINMBAHWA C BDEMCHHBIM MaCIJ_ITa6I/Ip0-
BaHUCM JJI MMOAABJICHUA HECTALIMOHAPHBIX IITYMOB

Ol/;eHKa CKopocmu epauieHusl. HpI/I OTCYTCTBUH BO3MOXKXHOCTU (I)I/IBI/I‘-IeCKI/I Hn3-
MCPUTDH CKOPOCTH BpalllCHUA IIPpU IIOMOIIN BHCIITHHUX JATYHNKOB HCO6XOI[I/IMO OLCHU-
BaThb €€ HCIOCPCACTBCHHO U3 3alIYMJICHHOT'O CUTI'HaJIA.

MGTOI[BI OIICHKN KOHTYpa MTHOBEHHOM 4YaCTOTHI OCHOBHOT'O TOHA moaxoadaT
pInIb: | ATOM 3aJa4n HauoOoee XOpoIIo, IMOCKOJIbKY HO3BOJIAKOT OLCHHMBATHL ITOCTOAHHO
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MEHSOIIYIOCS] CKOPOCTh BparieHus. [IpeaiaraeTcss HCOIb30BaTh AITOPUTMHYECKYIO
OCHOBY OIICHIIIMKAa MTHOBEHHOHM 4acToThl ocHOBHOro ToHa IRAPT, mockojibKy OH
MIO3BOJISICT HMCIOJIb30BaTh MIHOBCHHBIC CHHYCOMJIAJIBHBIC MapaMeTpPhl IS OICHKH
MEPUOJIUYHOCTH CUTHAJIA. YacToTa OCHOBHOTO TOHA IITyMa OIEHUBACTCS CJICIYIONIUM
obpazom.

Curnan packiaabpIBacTCs Ha CYyOIOJIOCHBIE COCTABJISAIONIME IIPU TTOMOIIU
JIId-momynupoBaHHOTO OaHKa (QHIBTPOB, 3aTeM CYOITOJIOCHBIC COCTABIISIOIIHUC
OTIMCHIBAIOTCS B BUIE MTHOBEHHBIX TaPMOHHMYECKHX IMAPAMETPOB U BBIYHCIISCTCS
GyHKIIHS TeHEepaIuy KaHAUIaTOB OCHOBHOTO TOHA, 3aTEM BBITIOTHIETCS CIACKCHHE 32
byHKIIUEH TeHepauy KaHIUAaTOB B CMEXHBIC MOMEHTHI BPEeMEHH. TpaeKTopus u3-
MEHEHUS JIOKAJTbHBIX MAKCUMYMOB OTIPEICISACTCS MPU MTOMOIIN JTUHAMUYECKOTO MPO-
TPaMMHUPOBaHMsI, KOTOPOE HAKJIAILIBAET OTPAHUYEHUS HA JOITYCTUMYIO CKOPOCTh U3-
MEHEHHUsT OCHOBHOTO ToHa. [Iporeaypa ompeneneHns CKOPOCTH BpAIICHUS MPHU TI0-
MOIIM JTAHHOTO TOJAXO0Ja MOJpa3zyMeBaeT alrOPUTMHUUECKYIO 3aJIEP)KKy B Ipejeax

50 mc. Ilpumep omeHKM KOHTypa MTHOBEHHOW YacTOTHI IIyMa IMOKa3aH Ha PUCYH-
ke 4.4,
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OCHOBHOT'O TOHa

PI/ICYHOK 4.4 — OI_IGHKa YaCTOTBI OCHOBHOI'O TOHA IIyMa U3 3alIYMJICHHOTO CUT'HaJIa

CnekmpanvHoe 8blyumaHnue 8 MacumabuposaHHou epemeHnou ooaracmu. Jns
TOT0 YTOOBI ClIeJIaTh YaCTOTY TOHAIBHBIX KOMIOHEHT u CIIM myma Goliee cTaOuib-
HBIMH, BBITIOJIHAETCS MIPOIIEypa BPEMEHHOTO MACIITAOUPOBAHMS, KOTOpAsl 3aKJIr04a-
€TCs B aIallTUBHON TUCKPETU3ALMU CUTHAJIA, COTJIACOBAHHOM C YaCTOTOM OCHOBHOT'O
TOHa TryMa. Pe3ynbTrar BpeMEHHOTO MacIITaOUpOBAaHUS MPEJCTABICH HA PUCYHKE
4.5. 3aMeTHO, YTO aMIUIMTYAHBIN CHEKTpP LIyMa B 00paOOTaHHOM CHTHaje SIBISIETCS
MEHEE N3MEHUYHBBIM.

[Tocie BBITIOJIHEHHWSI BPEMEHHOTO MACHITAOMpPOBAHUS CUTHAJT CTAHOBUTCS
HaMHOT0 OoJjiee y0OHBIM JIJIsl BBITIOJHEHHUS IIYMOIIOAABIEHUSI METOJIOM CIEKTpasib-
Horo B3BemuBaHus. [llymomnonaBieHue BKIIIOYAET JBa OCHOBHBIX IlIara: yJajieHHUE
TOHAJIBHBIX COCTABISIOIIUX M yAAJIEHHWE IIMPOKOMOJIOCHBIX cocTaBistonmx. Ooe
omeparuyu HUCIOJIb3YIOT KPaTKOBPEMEHHBIN crekTp Dyphbe, OJTHAKO HMCHOJIBb3YHOTCS
OKHa aHaJIn3a PA3JIMYHOMN JJIMHBI.
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YactoTa, kl'y

Bpemaq, c

Pucynok 4.5 — 3amrymiieHHbII cUrHaJI 1IOC/I€ BpEMEHHOT'O MacIITaOMpPOBaHUS C IOCTOSHHOMN
4aCTOTOM OCHOBHOI'O TOHA IIyMa

JIns BBISIBIGHWSI W BBIUMTAHUS TOHAJIBHBIX COCTABIISIIOIIUX MCIIOIb3YETCA
TMHHOE OKHO (0K0Ji0 100 Mc). YuuThIBas, 4TO TOHAJIbHBIC IIYMOBBIE KOMITOHEHTHI
HMMEIOT MOCTOSIHHYIO YaCTOTY, OHU MOSBJISIIOTCS] B aMIUIUTYTHOM CIIEKTPE B BUJIE OCT-
pbIx muKOB. OmnpenenuTesb IIYMOBBIX TOHOB OILICHMBAET OTCUYETHI aMILIUTYIHOTO
CIIEKTpa U BBISBIISECT T€ U3 HUX, KOTOPbIE UMEIOT OOJIBIIINE 3HAYEHUSI IO CPABHEHUIO C
coceAHUMHU. ["apMOHMKHM OCHOBHOT'O TOHA PEYM HE OMPEACISAIOTCS KaK IIyMOBBIE TO-
Ha, MOCKOJIbKY OJiarogapsi MOAYJISILMAM YaCTOThl OCHOBHOTO TOHA PEYM MX DHEPTUs
CTUIAKMBAETCS Ha OOJIBIIOM WHTEpBaJie HaOMIOJeHUs. BhIsBICHHBIC IITYMOBBIE TOHA
BBIUUTAIOTCS U3 crekTpa. [locie BBIYUTAIOTCS MIMPOKONOJOCHBIE IITYMOBBIE COCTAB-
JISFOIIME, JJIS Yero UCIOJIb3YIOTCS KOPOTKHE OKHa aHaim3a (okojo 20 mc). OueHka
CIIM mupOKOIOJOCHBIX COCTABIISIONIUX IITymMa OOHOBIIIETCS B MeCTax, I'Ie OTCYT-
CTBYET IOJIE3HbIA CUTHAI. J[jIsi ompeaeneHuss NpUCyTCTBUS MOJIE3HOTO CHUTHAJIa MC-
MOJIB3YETCS ONPEICIUTENb TOJIOCOBOM aKTUBHOCTH.

VYuuteiBasi, uTo 6y1arogaps BpEMEHHOMY MAcCIITAOMPOBAHUIO CTATUCTUKA IIIyMa
cTaja MEHee 3aBUCHUMa OT CKOPOCTH BpallleHUs, CIIEKTPaIbHOE BHIUUTAHUE SIBJISACTCS
BecbMa d¢dexkTuBHBIM. Ha pucynke 4.6 mokazaH pe3ynbTaTr MoIaBICHUS IIyMa.
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a — CUI'HaJ MOCJIC BEBIYUTAHUSA TOHAJIBHBIX COCTABJIAIONINX LIyMa,

0 —CHUTHAaJI OCJ¢ BEIUUTAHHS IIUPOKOITIOJIOCHBIX COCTABJIAIONIUX LIyMa

PI/IcyHOK 4.6 — PeBy.HBTaT CIICKTPAJIBHOT'O BBIYUTAHUW A, BBIIIOJIHEHHOT'O OTACIIBHO IJI TOHAJIBHBIX
N I POKOITOJIOCHBIX HTYMOBBIX COCTABJIAIOIINX

[Tociie BBITTOTHEHMS! BBIUMTAHUS CIIEKTPOB Y3KOIMOJOCHBIX Y IIHUPOKOTIOJIOCHBIX
KOMITOHEHT PEKOHCTPYHUPOBAHHBIA OUYMIIICHHBIN CUTHANT (opMUpyeTCs ImyTeM o0part-
HOT'O BPEMEHHOT0 MacIITa0upOBaHUsI.
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Pezynomameor sxcnepumenmos. Jlanee nmpuBOIUTCS MPAKTUYECKOE CPaBHEHHE
OIMMCAHHOTO METOJ[a CIIEKTPATHLHOTO BBIYUTAHMS /IS HECTAI[MOHAPHBIX IIIYMOB Bpa-
IIAFOIIUXCS MEXaHU3MOB C M3BECTHBIM METOJIOM arocTepruopHoro ananuza MAP.

Ha pucynke 4.7 moka3aH pe3yiabTaT 00paOOTKH CHTHaja, 3allyMJICHHOTO IIIy-
MOM JIBHKYIIIETOCS aBTOMOOWIIS (IITyM 3amucaH B kabuHe Oonmaa dhopmyisl 1) npu
oMo Metoga MAP 1 H3J10)KEHHOTO METOJIa CIIEKTPATLHOTO BBIYUTAHUS JIJIsI He-
CTaIlMOHAPHBIX IITyMOB.
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Pucynok 4.7 — CpaBaenue metoga MAP 1 MeTosa criekTpaJlbHOTO BBIYMTAHUS JIJIs1 HECTALIUO-
HapHBIX IIYMOB

BunHo, 4TO cHiekTpaabHOE BBIYUTAHUE OOECIEUYMBAET XOpollee ociabieHue
mryma (18 nb), B uem Hemuoro npeBocxoaut meto MAP (17 nB). Kpome Toro, B mo-
Joce BBICOKHMX 4acToT (Oosiee 2 kI'1) crekTpalibHOE€ BbIYMTaHUE OOECIeUMBAET 3a-
METHO MEHBIINI IIYMOBOM OCTaTOK. I'apMOHMYECKas CTPYKTypa PEUEBOrO CUTHAJA
TaK)Ke coXpaHsieTcs Jiyuile, o cpaBHeHuto ¢ MAP. OnHako u3-3a MOMHOCTHIO aBTO-
MaTUYECKOTO OIpeeeHNUs TOHAJIBHBIX IIYMOBBIX KOMIIOHEHT HEKOTOpas YacThb
(IpakTUYECKU He3aMeTHasl JIJIsi BOCIPUSITHS) TIEPUOIUUECKOTO IITyMa COXpPaHUJIACh B
CUTHAJIE TIOCJIE CIEKTPAIbHOIO BIYUTAHMUS.

CyObeKTUBHbBIE OLIEHKH KadecTBa ObUIM TMOJIYYEHBI MyTEM IMPOCIYIIUBAHUS C
ucnosibzoBanueM MOS-orieHok. OLIeHUBAJIOCH TTOBBIIICHUE Ka4eCTBA CUTHAJIA U3 TIap
MCXOJIHBII/00pab0TaHHbIN MO IIKale OT MUHYC 3 710 IItoc 3, e MUHYC 3 COOTBET-
CTBYET CYIIIECTBEHHOMY YXYJIIIEHUIO KadecTBa, ) — OTCYTCTBUIO M3MEHEHHM, TITIOC 3
— 3HAYUTEIHLHOMY MOBBIIICHUIO Ka4eCTBA.

B npocnymmBanun ydactBoBasia rpynna u3 10 cioymareneil. B kaxmaoMm tecre
CJIyIlIaTesIb OLEHUBAJ TPU IMapbl PEUEBBIX OOpPA3IOB M OIICHWBAJI W3MEHEHHE Kaye-
ctBa. O6mmas cpennsis ouenka ajss MAP coctaBnset 1,62, B To BpeMs Kak sl METO-
Jla CTIEKTpaIbHOTO B3BemuBanus — 1,71.

Heob6xonumo Taxke yuuthiBaTh uTo MAP ucnons3yer BHEHMIHMIT MCTOYHUK
JJISl OIEHKU CKOPOCTH BpAIICHUS, B TO BpeMsI KaK B U3JIOKEHHOM METOJI€ CIIEKTPaJIb-
HOTO BBIYMTAHUS CKOPOCTh BpaIlleHUs OIIEHHWBAJIACh HETMOCPEICTBEHHO M3 3alllyM-
JIEHHOT'O CUTHAaJa.
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4.4  (OOpadoTka pe4eBOro CUrHaJa B MOAYJISALMOHHOM 00/1aCTH

OuncTKa peueBOro CUrHajla OT CJIOKHBIX IOMEX BO3MOXKHA IyTeM (uibTpa-
U1 B MOJYJSIMOHHOM 005acTH. [IOHATHSA «MOAYISIIMOHHOTO CHEKTPay» U «MOAYJIs-
[IUOHHOM 00JIaCTH» ONPEAEINIAIOTCS Yepe3 MOHATHE «MOIYJIALIMOHHONW 4acToTh». Ec-
JU «aKyCTHUYECKas 4acTOTa» OIMCHIBAET YAaCTOTYy TapMOHMYECKMX COCTaBJISIOIINX
CUTHajJa U HUCHOJB3YEeTCS JJIsl €ro JEKOMIIO3UIUHU MPU TMOMOIIM NPeoOpa3oBaHUs
®dypbe, TO «MOAYJIALIMOHHAS YacTOTa» BBOJUTCS KaK YacTOTa KOJeOaHUN aMILUIUTY-
HOU orubaromieil U umeeT apyroi ¢uandeckuil cMmbicia. PaccMOTpuM aMIUIUTYyIHO-
MOJIYJIUPOBAHHBIN MEPUOANYECKUN CUTHAN ¢ (PUKCHPOBAHHOM YacTOTOM w, W Orpa-
HUYECHHBIM CIIEKTPOM:

s(t) = m(t)cos(w,t), (4.9)

r7e MOAYJIUPYIOIUK curHain m(t) NpuHUMAET HEOTPHIATEIbHbIC 3HAYCHHUS U OTpa-
HUYEH T10 YaCTOTE TAKUM 00pa3oM, 4TOOBI 00ECTIEUUTh BO3MOKHOCTh €I0 BOCCTaHOB-
nenus u3 S(t).

Torma MOAYISIMOHHYIO YacTOTy CUTHaja S(t) MOXKHO IOJIYYHTh, UCIIONB3YS
npeobdpazoBanre Oypbe MOTYIUPYIONIETO CUTHATIA!

M(e’®) = F{im(t)} = j m(t)e/*tdt. (4.10)

Mopenp umeeT 0oJiee MPOCTYI0 MHTEPNPETALUIO Yepe3 y3KOIMOJIOCHBI CUHY-
COMJIANIbHBIN MOJIYJIATOD:

s(t) = (1 + cos(wmt))cos(a)ct), (4.11)

JlJis BOCCTaHOBJICHUS] MOAYJISILIMOHHOTO CHUTHAJl 4acToTa W, AOKHAa ObITh
HUKE HECYyIled 4acToThl w.. JJid obecnedeHnsi HeOTpUUATEIbHBIX 3HAUEHU MOJTY-
JSIMOHHOTO CHTHAJa MCIONB3YeTCsl MOCTOSIHHOE cMeleHne. be3 morepu oOImHoCTH
MO>KHO TIPEIOJIOKUTh, YTO MOIYJIAIMOHHBIA CUTHAT HOPMAIU30BaH M MPUHUMAET
3Ha4YeHus B auamnasone [—1; 1].

CreneHp BIMAHHA MOIYJSALMOHHBIX YacTOT XOPOIIO MCCIEAOBaHA MyTeM
CyOBEKTHBHOM OIEHKH pa300punBOCTU (HUIBTPOBAHHOW B MOIYJISIIMOHHON 001acTH
pedr. DKCIEpUMEHTHl MPOBOAWUIMCH PA3JENbHO AN MOIYJSLHUOHHBIX (PUIBTPOB
HU3KHX M BBICOKMX YaCTOT, YTO MO3BOJIMJIO BBIACIUTH HanboJiee BaKHYIO mojocy. B
pe3ynbTaTte ObUTH CHOPMYTUPOBAHBI CIEAYIOIINE OCHOBHBIE OCOOEHHOCTH 00paboT-
KU P4 MOIYJIALIMOHHON 00JIacTH:

1) aMITIMTYAHBIA CIEKTP PEYCBOTO CHUTHAIA MOXET OBITh OIPAaHUYCH CBEpPXY ua-
ctoroit 16 'y 6e3 3aMeTHOro CHM>KEHHsSI pa30OpUYMBOCTH AJIs JIIOJIEH C HOP-

MaJbHBIM CIIyXOM;
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2) aMIUTMTYJHBIH CIIEKTP PEYEBOI0 CHTHAjIa MOXKET ObITh OTpaHWYEH CHH3Y Ya-
ctotoi 4 'l 6e3 3aMeTHOTO CHUKEHHUS pa300pUYUBOCTH JIJIS JTHOJIEH ¢ HOpMaJlb-
HBIM CIIyXOM;

3) ciaymaTenau JIHIIb YaCTUYHO MOTYT MOHHMMAaTh PE4Yb B YCIOBHSIX HICATBHON
aKyCTH4EeCKOM O0OCTaHOBKH, €CIM aMIUIMTYIHBIM CHEKTp PE4YeBOro CUTHAJIA
orpaHuycH cBepxy uacrtoToi 2 I'tf mubo cHuly yactoroit 32 I'u; (mpu paciuu-
PEHUU TOJIOCHI POITYCKAHUS MOJYJISIIMOHHBIX (PUIBTPOB Pa300pUMBOCTD IO-
BBIIIIACTCH);

4) corjacHbIC 3BYKH JICTPATUPYIOT CHIbHEE TJIACHBIX IPU OIPAHUICHUH MOTYJIs-
IUOHHOTO CIIEKTPA.

OTmeTuM, 94TO OCHOBHBIC MOYJISIIMOHHBIC YaCTOTHI, BIUSIOINE Ha Pa30opUu-
BOCTb p€uH, HaxoAsaTcs B auanaszoHe oT 1 mo 16 I'u ¢ mukom okomno 3—-5 I'; kpome
TOrO0, 60Jiee 95 % MOYIALMOHHBIX KOMIIOHEHT PEYEBOr0 CUTHANIA CKOHIIEHTPUPOBA-
HBI B JIaHHOM JHana3oHe. DTO MPEANOI0KUTETLHO 00YCIOBIEHO KOJIUYECTBOM CJIO-
r'OB, IIPOU3HOCUMBIX JUKTOPOM 3a OJIHY CEKYHIY.

45 IllymomnonaBjeHne HA OCHOBe (PMJILTPALMU B MOLYJISIIIUOHHOM
ob0sacTu

Ha ocHoBe nmpuBeIcHHBIX BBIIIE MOJ0KEHUM ObUTH MPEJJIOKEHBI JIBa Hanbosee
M3BECTHBIX METO/a MOJYJISIITUOHHON (PUIIBTPALIK PEUH IS MOJABICHUS A IUTUBHO-
ro myma u peepoepanuu: GuiabTpanus MoayIsimoHHoro cnekrpa — RASTA u nep-
HeNIMOHHOE TuHeHOoe npenackazanue — PLP (Perceptual Linear Prediction).

OcHoBHasl ues JAaHHBIX AJTOPUTMOB 3aKIIOYAETCS B TOM, YTO MOIYJISIIUOH-
HbI€ KOMIIOHEHTHI CHUTHaja, HE BXOJAIIME B BAXKHBIM JUIsI BOCIPHUSTHS JHAMNa30H,
MOKHO yAQJIUTh 0€3 CYIIeCTBEHHOM NMoTepu pa3oopunBOCTH. B pe3ynbrare nrymoBbie
COCTaBJIAIONIUE CUTHANA (CTOXaCTUYECKHUE, MOJUTapMOHUYECKUE TIOMEXH U peBepOe-
pauusi) OyayT TOAAaBJIEHBI, TOCKOJIbKY CYIIECTBEHHAsI YacTh WX DHEPTUU HAXOJIUTCS
3a MpeAesiaMHl pe4eBOM MOJI0Chl MOAYJISIITUOHHOTO CIIEKTPA.

AnroputMm 00pabotku peun Ha ocHoBe RASTA-PLP cocTout u3 ciemyromux
OCHOBHBIX II1ar0B:

1) BBIYMCIICHHE DHEPTHH CUTHAJIa B KPUTHUCCKHX TI0JI0CaX;
2) KOMIIPECCHs AaMIUIMTYAHBIX 3HAYCHUH IyTEM CTaTUYCCKOW HEIMHEWHOU

TpaHCchHOpMaIINH;

3) ¢unbTpanus aMILUTUTYIHBIX OTHOAIONINX KaXI0TO U3 CyOIMOJOCHBIX CHTHAJIOB;
4) pacTsHKeHHE aMILTUTYIHOTO CIIEKTpa MyTeM OOpaTHON CTaTHYECKOM HEIMHEH-

HOU TpaHchopmaIuuy,

5) yMHOXEHHE aMIUTUTYAHBIX 3HAUYCHUI Ha KPUBYIO PaBHOM I'POMKOCTH U BO3Be-
nenue B crenenb 0,33 1715 BBIpaBHUBAHUS TPOMKOCTH.

Jns HenuHeitHOro mpeoOpa3oBaHus aMIUIUTYHA (KOMIIPECCUH/PACTSIKEHMS)
0OBIYHO UCHOJIB3YIOTCS Jiorapudmudeckue 1udo crenenuble GpyHkuuu. Jlorapudpmu-
yeckas TpaHchopMalus MPUBOAUT K TOMY, YTO TaKU€ HUCKAXKEHUs, KOTOpPbIE Tpe-
CTaBJISIIOT COOOM CBEPTKY BO BPEMEHHOM oOjacTu (Hampumep, peBepoOepariusi), mpo-
SBJIIOTCS KaK aJAUTUBHBIN IIIyM B JIOTapu(PMUUYECKOM aMIUTUTYJHOM crekrpe. Of-
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HAaKo B ClIy4ae 3allyMJICHUSI pEYU HEKOPPEIUPOBAHHBIM aJIUTUBHBIM CUTHAJIOM BO3-
HUKAIOT TPYJHOCTH, MOCKOJIbKY TaKOW IIyM aJJINTUBEH B JUHEHHOM CIIEKTpE, HO B
norapu(MUUECKOM CTAaHOBHUTCS 3aBUCUM OT CAMOTO CUTHAJIA, YTO JIETAeT HEBO3MOXK-
HBIM €ro yJajJeHue myTeM (UIbTpaly MO0 YaCTOTHBIM IojiocaM. PerieHue JaHHOM
pOoOJIeMBbI 3aKITI0YAETCS B UCIIOJIB30BAHUU Clieytonel (yHKIMKU MpeoOpa3oBaHMUS:

Y(k,nAt) = ln(l + JX(k, nAt)), (4.12)

rrne X (k, nAt) — ammutyaa curaaia B K-om xaHaie,
J — monoxuTenpHas KOHCTaHTA, 3aBUCSILAs OT TUIIA CUTHAJIA.
Takxoe mpeobpazoBaHue TUHEHHO AJIST MAJbIX 3HAUEHUN aMILTUTYIbI U SIBIISET-
sl Jorapu(pMUYECKUM 151 O0IbIINX BeInuuH. Dopmyiia 00paTHOTO IpeoOpa3zoBaHuUs
HMMEET CIICTYIOIINN BU]

pY(knAt) _ 1

Y (k,nAt) = 7 . (4.13)

4.6 CuHTe3 MOAYJISIMOHHOIO PUIbTpPa

B kauectBe (punibTpa, UCMOIB3yEeMOTO JiJisi OOpabOTKH CUTHAIA B MOMYJISIU-
oHHOU o6Omnactu, aBropamu RASTA mnpemioxen BUX-bunsTp ¢ mnepegaToyHoi
byHKIIIEH

24zt —z73-2z7*

1—0,98z"1 (4.14)

H(z) =0,1z*

HwuxHsag rpaHuna nojaocsl NponycKaHust PuibTpa ONpeAeisieT MaKCUMAIIbHYIO
CKOPOCTb M3MEHEHUs JOrapu(pMUUYECKOrO CIEKTPa, KOTOPBIA OTOpachIBaeTCs B MpO-
uecce (puibTpanuu, B TO BpeMs Kak BEPXHsAS T'PaHULA MOJIOCHI IPOITYCKAaHUSI OIpee-
JSeT MaKCUMAaIIbHYIO CKOPOCTh M3MEHEHHsI coXpaHsiemMoro crektpa. Ha pucynke. 4.8
MOKa3aHa aMIUIUTYJAHO-YaCTOTHAsl XapaKTEPUCTHKA MOJYJISILIMOHHOTO MOJIOCOBOTO
¢unprpa RASTA. Kak crienyer U3 mpencTaBiIeHHBIX Pe3yIbTaToOB, HAUMHAS C YaCTO-
T 12 't KO3 PHUIMEHT yCHIeHUsT yMEHBIIAeTCS CO CKOPOCThIO 6 b Ha OKTaBy.

OCHOBHBIM HEJOCTAaTKOM aJIrOpUTMOB Ha ocHOoBe RASTA sBnsercsa To, 4TO
curHai ¢puibTpyercs 0e3 yueTa XapakTepa U CTeneHu 3amymiieHus. [loatomy cucte-
MBI Ha OCHOBE JIaHHBIX aJITOPUTMOB OPUEHTHUPOBAHbI HA KOHKPETHYIO aKyCTUYECKYIO
Cpely U HE MOTYT IMOJACTPauBaThCs K M3MEHSIONIMMCS YCIOBHUSM IIYMOBOM 0OCTa-
HOBKHU. bosee Toro, uncras peub nocie oOpabotku RASTA-cucremoit, 3By4uT He-
MIPUATHO U3-3a HAJTUYHS MY3bIKaJIbHBIX TOHOB.
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Pucynok 4.8 — AMIITMTYIHO-4aCTOTHAST XapAKTEPUCTUKA MO LYJISIIHOHHOTO
nonocoBoro ¢punbTpa RASTA

B HekoTOpbIX HccienoBaHUsAX UCHOb3YIOTCs nojgocoBble KUX-hunpTpsl (mo-
joca npomnyckanus 1-16 I'm) ¢ pa3nMYHBIMU aAMIUIMTYAHO-YaCTOTHBIMU XapaKTepH-
cTuKkaMu. M3BeCTHO NpUMEHEHHE MOAYJSLUOHHOTO (DUIIBTPa, KOTOPBIM C LENbIO
YIIy4IIeHHs] pa300pUYMBOCTH PEYH YCHIIMBAJI MOIYJIALIMOHHBIE KOMIIOHEHTHI B AMara-
30He 2—8 I'i. OnHako 00a Moaxo/1a He MO3BOJISIIOT U30ABUTHCS OT BBIIICYTIOMSIHYTOTO
HejocTaTka. B Oonee mo3gHUX HccleqoBaHUAX NPEIIPUHUMAETCS MONBbITKA BbIOOpa
MOAYJISIUMOHHOTO (PUIIBTPA C YUYETOM OIIEHKH YCIOBHI OKPY>KAIOIIEH aKyCTHYECKOU
Cpeabl U JUIs TIOBBIIICHUS KA4e€CTBA PEYH BMECTO OJHOTO MOAYJIAIIMOHHOTO IOJIOCO-
BOT0O (DUIIbTpA C MOCTOSTHHOM XapaKTePUCTUKON UCIIOJIb3YETCsl X Ha0op.

[TockonbKy CyIECTBYET MpsiMasi 3aBUCUMOCTb MEXAY CJIOroBOM pa30opunBO-
CTBIO PEUU U SHEPruel B MOJIOCE ONPENEICHHBIX YaCTOT MOAYJISIUH, LIEIecO00pa3HO
BBIIIOJIHATD CJIE)KEHUE BO BPEMEHM 3a XapakTepoM WU3MEHEHUS MOAYJSALMOHHOIO
CIEKTpa U COOTBETCTBYIOIIUM 00pa30M MEHSTH IMOJIOCY MPOIYCKAaHUS MOIYJISAIIMOH-
HOro (QUIbTPA, T. €. CHHTE3UPOBATh MOIYJIALIMOHHBIA PUIBTP C U3MEHSIOIIUMUCS BO
BpPEMEHU ITapameTpamMu. MO>KHO B Ka4eCTBE MMPOTOTHUIIA UCIIOIB30BATh MapaMeTpuye-
CKUIi MepecTpanBaeMbiii GUILTP, Y KOTOPOTO B KaXKIOM YaCTOTHOM KaHaie K Bo Bpe-
MEHU H3MeHsAETCAd KOAPMULMEHT Agj, ONMPEAEISIONNA MOJ0CY MPONyCKaHUs (PUilb-
Tpa Awy,. LlenTpanbHas yactoTa w, coxpansercs noctossHHou. [lepenaTounas QpyHk-
st GUIbTpa UMEET BUJT

1—2z72
H,(z) = , (4.15)
k(2) = o 1+ (agry —1)gz 1+ (1 — 2a4,)z 72
_ AwgAt |
e Qo = 2+AwiAt’

g = 2cos(wyAt);
At = fM M — gucio mooc 6aHka GUIBTPOB;

S

fs —9acToTa TUCKpEeTU3aIIHH.
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Ha pucynke 4.9 n300pakeHbl UMIYJIbCHBIE M YACTOTHBIE XapaKTEPUCTHKHU
JAHHOTO (UIIBTPA JIsl pa3HbIX 3HaYEHUH KodhPUIeHTa Ay, .

Avrrvryaa [nB]

S35 L--p

-40 s L L L L M M T L L L L L L
0.001 a0 LB 1 10 100 S0 100 150 200 250 300

YactoTa [[u] Bpema [mcek.]
0
a

005
Q

4 — AaMIUTUTYJHO-4YaCTOTHBIC XaPAKTCPUCTUKH 0— HMITYJIbCHBIC XapaKTCPHUCTUKHN

Pucynok 4.9 — [lepectpauBaemslii GunbTp 1ist 00pabOTKU PEUEBOT0 CUTHANA B MOAYJISILIHOHHOM
obnactu

4.7 TlopaBjeHue HIyMOB myTeM (pMJILTPALMHU B MOIYJISIIUOHH O
obJsacTu

Jlis cyOmoiaocHOM NIeKOMIO3UIMM PEYEBOr0 CHUTHajla OOBIYHO HCIOJIb3YIOT
6ank unbTpoB. DUIkTpaIMs BHIMOIHAECTCS B (PUKCUPOBAHHBIX TMOJIOCAX, KOTOPHIC
3apaHee OMpeIeNICHbl Ha dTare pacyeTa OaHka (GUIBTPOB. YTPOIIEHHO cxema oOpa-
OOTKM CUTHaJla B MOJYJISILMOHHON 00JIaCTH MOXKET OBbITh NpPE/ICTaBlICHA, KaK Ha pPH-
cynke 4.10.

Xo %y
X1 Py
BhluncneHve WHTepnonayma
BaHk hunsTpos ’ _ ’ P i BaHk punbTpos
ornBatoLen rapMOHUYECKWUX
aHanwsa CMHTE3a
aMnnuTyabl 1 Cba:thJ . L napameTpoB
Xz P2
3awymneHHbIiN Yo Y1 |- Yue - _ Yo Y- Yz OumLLEHHbIN
curHan, x Yo So curHan, x
Y1 S
HenvHenHoe -] Yskononochas | - HenvHenHoe
cxatue . hunbTpauma - ‘| akcnaHavwpoBaHue

Yz Sz

Pucynok 4.10 — Cxema 00pabOTKH CHTHAJIa B MOTYJIIIIMOHHON 00JIaCTH JUIS TTO/IaBIICHUS IITYMOB

CornacHo NpUBENEHHON CXEME aJTOPUTM COCTOUT U3 CIIEAYIOIINX [AaroB

Ilar 1. Peuesoii curnan x(n/f;) pasnensercs Ha M 9acTOTHBIX TIOJIOC CO CJIe-
AYIONIMMHA HOPMaJIM30BaHHBIMH IIEHTpaIbHbIMK YacToTamu: (2k + 1)m/2M, npuyem
KOKIBIA KaHaJd XapaKTepU3yeTcs CBOCH HMMITYJIbCHOH XapakTEePUCTHKON pj(n), a
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Tak)Ke 4acTOTHOU xapakrepuctukond Py (f) mia 0 < k < M /2. lllupunHa Kaxxaou mo-
JIOCHI HE JOJDKHA MPEBBIIIATh YaCTOTY OCHOBHOTO TOHA CUTHAJA JUIsl TOTO, YTOOBI UC-
KJIFOUUTH TIONAIaHUs HECKOJIBKUX TaPMOHHK OCHOBHOTO TOHA B OJJUH KaHaJ.

Ilar 2. B kaxxaom kanane k(0 < k < M/2) Bbluucisercs aMIUIMTYIHAsI OTHU-
Oaromas curnana x, (nM/f):

M
() = VR M/ F)T + 1 e (n )] (4.16)
u (daza
nMy Im[x, (nM/f;)]
Pk (f> = —arctg Re[x, (WM /)] (4.17)

3areM BBINOJHSAETCA TpaHChOpMALMs AaMIUIMTYAbl OrvOaroIIe CcriekTpa

Yi(mM/f,) TyTeM HENMHEHHOTO CTAaTHYECKOTO CXKaThui  Vj (?—M) = In (1 +
S

+1000 |yk (%)D U QuiabTparus orudarome aMIIITyAbl CIIEKTpa Yy (%) Mony-

JAUMOoHHBIM (unbTpoM. [lapamerp agy, Onpenenstomuid moJIoCy MPOIMYCKaHUsS MO-
TYJSIUOHHOTO (PHIIbTpa B KaXKJOM KaHajie, BBHIOMPAETCS COTJIAacHO 3allyMJICHUIO
curHaia. Jlanee BBIMOMHAETCS TpaHChoOpMalUs OrMOArOIIEH aMIUIMTYHOTO CHEKTpa
Sy (nM/f,) B nTuHEHHBIN MacIITad MyTeM 00paTHOTO HETUHEHHOTO IPeoOpa3oBaHUs

1 __ (nM _eyk(%)_l
Yk _(TS) ~ 1000

Ilar 3. BoccranoBnenue peueBoro curHana X (n/fs) npu momomu OaHKa
(bUIBTPOB CUHTE3A.

4.8 MHcnoab3oBaHMe MTHOBEHHBIX CHHYCOMIAJbHBIX IAPAMETPOB 1JIA
NMOBbINIEHUS] KayecTBa GUWILTPAIIUM B MOTYJISALMOHHOM 00/1aCTH

B npuBeneHHOM BBIIIE aITOPUTME YACTOTHBIE TIOJIOCHI PABHOMEPHO TMEPEKPHI-
BAIOT BECh JIMAa30H CUTHAJIA U He Tepecekatorcs. [Ipudem, ¢ ogHOM CTOPOHBI, YHUCIIO
MOJIOC JIOJDKHO OBITh MaKCUMAJIbHO OOJIBITUM, YTOOBI YBEIMYHUTh YaCTOTHOE pa3pe-
IIeHUE ajaropuTMa oOpabOTKH, C APYroM CTOPOHBI, KaKaas MoJioca JOJKHA OBITH
IIUPOKON TSI COXpaHeHHS 3(P(EKTHBHOTO AWarna3oHa MOIYJSIITUOHHOTO CIIEKTpA.
Ecnu gactora guckperusanuu cocrapisieT 8 k', To M cienyer BeIOUpaTh HE MEHb-
mie 57, Ho u He Oonee 130. /laHHBIE OrpaHUYECHUSI TPUBOASAT K HETOUHOMY paselie-
HUIO0 00padaThIBaGMOT0 CHTHAjIa Ha PEUb M IIIyM, YTO BBIPAXKACTCS B IMOJABICHUU T10-
JIC3HOTO CHTHAja W TMOBBIIICHHOM YPOBHE OCTAaTOYHOTO ITyMa, a TaK)Ke H3JIMIITHErO
«OTOENUBAHUSN» PEUH.

Takum 06paszom, 1enecooOpa3HO UCIOJIB30BaHUE MHOTO CIIOc00a pacueTra am-
IUTUTYTHOM orubaroiei, OCHOBAaHHOTO Ha CYMMHPOBAHHH MTHOBEHHBIX aMILIUTY/T
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HECKOJBKMX KaHAJIOB COTJIACHO TEKYIIEMY 3HAYCHWI0 MTHOBEHHOW YaCTOTHI, Kak
CXEMaTUYHO TTOKa3aHo Ha pucyHke 4.11.

Xo Xi ... Xme
BblancneHune
ornbaroLLen
BaHk domneTpos it BaHk duvnbTpoB
aMnnuTyasl, U
aHanuaa . CUHTe3a
MIrHOBEHHOWN
4yacToThl
BalyMneHHbIA Yo Yri.-- Yure OuMLLIEHHBI
curHan, x Wo Wi|...Ww2  z, curHan, X
z
oVAMMooBKa I T BbluncreHue
pynnip K03 VLUMEHTOB
CUrHanoB :
. ycuneHus
FA
Zy Z1|... Z; _ _ Zy Zy|... ZL
Zy Z
Zq 1
HenuHeiHoe - | Y3kononocHasa | - HenuHelHoe
cKaTue - cduneTpauma : aKkcnaHaupoBaHue

Pucynok. 4.11 — Cxema 00paboTKH CHIHAJIA B MOAY/ISIIMOHHOM 00JaCcTH IS [TOIaBJIEHHS IIyMOB

C MCII0JIb30BaHHEM MTHOBEHHOM YaCTOTHI

Hwxe npuBOaUTCS ONMKCaHuE alropuTMa

Ilar 1. PeueBoii curnan x(n/f;) pazaensercs Ha M 4acTOTHBIX MOJIOC CO Clie-
AYIOIIMMHA HOPMAJIM30BaHHBIMHU IIEHTpaIbHbIMK YacToTaMu: (2k + 1)m/2M. llupu-
Ha Kaxao0i nojockl pukcruponana (6onee 30 ') U He 3aBUCUT OT YMCiIa KaHaloB. M
BBIOMpAETCS CKOJIb YTOAHO OOJIBIIUM B 3aBHCHMOCTH OT MPOW3BOIUTEIBHOCTH BbI-
YUCIUTENbHON IIAaTGOPMBI (B 3KCHEPUMEHTAIBHONW peaM3ali KCIOIb30BaJIOCh
2048 xaHasoB).

Ilar 2. B kaxnom xkanane k(0 <k < M/2) avmmiuryanas orudaromnias
vi(mM/fs) daza ¢, (nM/f;) n MrHOBEHHasi 4acTOTa BBIYUCISIOTCA MO (opMysiam
(4.16) u (4.17).

Ilar 3. Mcxoas U3 MoaydeHHbIX 3HaY€HUH MTHOBEHHOUM 4acToThl Wy, (nM/f;),
aMIUTUTYAHBIC OrHOAroIIKe rpynnupyoTes B L kanasios, npudem L < M (B akcnepu-
MEHTAJIBHON peann3alii HCIoJb30Baloch L = 64). Pe3ynpTupylomiue orubaromme
BBIYHCIISIIOTCSL KaK CPEHEee KBaJIPaTUYECKOE OT MTHOBEHHBIX aMIUIMTYIHBIX 3HAYe-
HU CyOKaHAIBHBIX CUTHAJIOB, BXOJIAIIUX B OJIHY TPYIIITY:

nM\?
nM ZiErpynnal Vi (TS) (418)
Zl(_)=  1<I<L.
fs M/L

BrimonasieTcst TpancdopManusi aMIiMTyabl orubaromiei cnekrpa z;(nM/fs)
o _ (nM nMm

IIyTEM HEJIMHEMHOIO0 CTaTHYECKOTO CKATUS Z) (T) = In (1 + 1000 |Zl (T) ) Bri-
N N

noyiHseTcs punpTpanus orubaromell aMIuIMTyAbl criektpa Z;(nM/f;) MomymsiuoH-
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HeIM (uabTpoM. [lapameTp ay, BBIOMpaETCS COTIACHO MPOIEAYyPE, OMHUCAHHOU
B [11]. 3aTem BBINOIHSAETCS MEPEBOJ aMILIUTYAbI orubaroriei criekrpa Z;(nM/f;) B
JMHEWHBIN MaciTad myTeM 00paTHOTO HETMHEWHOTO MpeoOpa3oBaHUs

_ (MM
a(5) = ") (419
"\ £ 1000 °

Ilar 4. Beruncnenue kodddunuentoB ycuinenus G ansa kaxaoro u3 L xana-

)
2 (%)

AMIunTy1a Kaxxaoro u3 M UCXOJIHBIX KaHAJIOB YMHOKaeTCsl HA COOTBETCTBY-
omui K03 duireHT G; U BBINOJHAECTCS BOCCTAHOBJIEHHWE PEUYEBOTO CUTHAla MpHU

nomoIy 6aHka GUILTPOB CUHTE3A.

JOB:

(4.20)

4.9  Pe3yabTaThbl IKCIEPUMEHTOB

CpaBHEeHHE MOIYYEHHOI'O aJIrOpUTMa Ha OCHOBE MTHOBEHHBIX CHHYCOUJAJIb-
HBIX mapameTpoB (nanee M®2) ¢ uszBectusiM [11] (manee MD1) BBIOIHEHO MyTeM
CpPaBHEHHUSI PE3yJIbTaTOB OOPaOOTKH CHEIUAIBHO MOATOTOBICHHBIX PEUYEBBIX CHUTHA-
JIOB, 3alllyMJICHHBIX NTOMEXaMHU Pa3IMYHBIX TUMNOB. /{1151 cpaBHEHUs MCIOJIB30BAIUChH
00BEKTHUBHBIE OLIEHKH Ha OCHOBE aHaN3a CIIEKTpa CUTHAJIOB U MPHU TMOMOIIN CYObeK-
TUBHBIX OIICHOK Ha OCHOBE PE3yJIbTaTOB MPOCITYIINBAHMS.

Ha pucynke 4.12 npencraBieH pe3yiabTaT 00pabOTKH CHUTHAJA, 3alTyMJIEHHOTO
O€JIbIM IIIyMOM.

Frequency, kHz
A AL
wani
{ TV

N

37,

’l i !-"”',,_‘
L7

R

————

a — UCXOJIHBIN peueBoit curHair, 6 — M®1; B — M2
Pucynok 4.12 — Pe3ynbrar 06pabOoTKH CHTHAIA, 3AITYMIEHHOTO O€JIBIM IIyMOM

B o0OpaboTaHHBIX CHUTHAJIaX SHEPrHs aJAUTHUBHOTO ITymMa CHWXeHa Ha 8 nb
(M®1) u na 10 tb (M®2). Bugno, yto 06a 00pabOTaHHBIX CHTHAJA COJIEPKAT MYy-
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3BIKAJIbHBIE TOHA, OJHAKO WHTEHCUBHOCTH TOHOB 3aMETHO HIDKE JIS aJIrOpUTMa
MO®?2.

Ha pucynke 4.13 npencraBieH pe3yiabTar 00pabOTKU CUTHANA, 3alIyMJICHHOTO
ceTeBol momexoii. CereBasi moMexa NpeiCTaBIsAeT cO00il COBOKYITHOCTh TapMOHUYE-
CKHUX KOMITOHEHT C MEJICHHO HM3MCHSIIOIIMMHUCS aMIUTUTYIaMH U T03TOMY 3 dek-

THUBHO 3aJICPKUBACTCA MOAYJIITNOHHBIMHA q)HHLTpaMI/I.

= N
@ 8
g 8
8 8

Frequency, kHz
Frequency, kHz
3
8

500

A

1
Time, s

a 0 B

a — UCXOJIHBIN peueBoi curHai, 6 — M®1; B — MOD2

Pucynok 4.13 — Pe3ynbrar 06pabOTKH CHTHANA, 3aIIyMICHHOTO CETEBOI

nOMEXOU

Ha ydacTtkax, rie OTCYyTCTBYeT T'OJIOC JAUKTOpA, CHHKCHHE DHEPTHH CETCBOM
nmomexu cocrapisieT pumepHo 33 n1b u 40 n1b s anroputmMoB M®1 1 M®2 coot-
BETCTBEHHO.

Ha pucynke 4.14 npeacrasieH pe3yabTaT 00pabOTKU CUTHaja, 3allyMICHHOTO
IIIyMOM TIBIJIECOCA, KOTOPBIA COCTOUT M3 MEPHUOJUYECKUX U HEMEPUOJIUYECKUX CO-
ctaBisttomux. OCOOEHHOCTBIO JAHHOW MOMEXH SIBIISIETCA €€ HeCTallMOHAPHOCTb.

3
8
Frequency, kHz
3
8

500 500

Frequency, kHz
Frequency, kHz

a — UCXO/IHBIN pedeBoi curnan; 6 — M®1; B — MO2

Pucynok 4.14 — Pesynbrar 00paboTKM CHTHAIIA, 3aITYMICHHOTO ITyMOM

nbLIeCOCa

Ha yyacTtkax, rje oTCyTCTBYeT rojioc JUKTOpA, SHEPTrus MOMEXU B CpeHEM
cuwkena Ha 20 a1b u 23 nb s anroputmMoB M®1 u M®2 cOOTBETCTBEHHO.
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Ha pucynke 4.15 npencraBiieH pe3ynbTaT o0paboOTKH peun Ha (POHE MY3BIKH.
ABTOMaTHYECKOE OTJICIICHHE PEYH OT MY3BIKH B OJIHOKAHAIBHBIX CHCTEMax TpE/l-
CTaBJISIET cO00H OCOOCHHO CIIOXKHYIO 3a7ady. TeM He MEHEe HCIIOIb30BAaHUE MOIYJIS-
IIMOHHBIX (HIBTPOB O00ECIIEUMBAECT HEKOTOPOE MOJIAaBIICHUE TOHAIBHBIX U MEPEXO/I-
HBIX COCTABJISAIONINX, XapaKTEPHBIX ISl My3bIKATbHBIX HHCTPYMEHTOB.
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a — UCXOJIHBIN pedeBoi curaan; 6 — M®1; B — M2

Pucynok 4.15 — Pesynbrar 06pabOTKH CHTHANA, 3alIyMICHHOTO ()OHOBOW MY3bIKON

CHMI)XEHHE SHEPTUU MY3bIKA COCTaBIseT NpUMepHO 4 nb /uist 000X anropur-

MOB MOAYJISITMOHHON (PHITBTpAITHN.
Ha pucynke 4.16 npencrasieH pe3yiabTaT 00pabOTKH peyH, 3alIyMJICHHOUW pe-

BepOepanuei.

Frequency, kHz

a — UCXOJIHBIN pedeBoit curHai; 6 — M®@1; B — MD2

Pucynoxk 4.16 — PesynsTar 00paboTKK CHTHAJA, 3alIyMIIEHHOTO peBepOeparueii

Bo Bcex mpuBeeHHBIX paHee MpUMEpax MPEeAJIOKEHHBIA alTopuT™M (QUIbTpa-
MK o0ecreunBaeT 0osee HU3KUNA YPOBEHb MY3BIKAJIBHBIX TOHOB M JIPYTUX apTedak-
TOB, 0OJIee TOYHO COXpaHseT (GOopMy CHEKTPaTLHON OTrMOaronell U rapMOHUYECKYIO
CTPYKTYpY pe4YeBOTO CHUTHaNA. Pa3nmnuus oCOOEHHO 3aMETHBI B HU3KOYACTOTHOMW 00-
nactu criektpa (Hmwke 500 I').

Pe3ynpTaThl CyOBEKTHBHOW OIICHKHM KayeCTBAa OYMCTKH PEYEBBIX CHUTHAJIOB
npuBeAeHsl B Tabmuie 4.1. B mporecce skcneprMeHTa MCMOIb30BATUCH 3aMKUCH
MY3KCKOTO TOJI0Ca MPOAOKUTEIBHOCTBIO 3 MHH, 3alllyMJIEHHbIE MTOMEXaMU pa3iny-
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HBIX TUNIOB. YeThIpeM ciaymaTensiM Oblia IpeyiokeHa CyObeKTHBHAs OLIeHKa (T10 Tsi-
TUOAJUILHOM IIIKaje) KadecTBa IMOJABICHUS IIyMa B 0OpaOOTaHHBIX CUTHAJIAX IIO
CJIEIYIOLIUM TTOKa3aTelIsIM:

1) pa300puUnBOCTh (TOYHOCTH BOCIIPHUATHS PEUEBOrO COOOIICHUS: 5 — mojHas, 4 —
HOYTH TIOJIHAsI, 3 — HeToJIHasl, 2 — YacTH4Has, 1 — OTCYTCTBYET);

2) CyObEeKTHBHOE 3alllyMJICHHE (CTEIICHD 3alllyMJICHHUS: 5 — BBICOKUN YPOBEHbB 3a-
IIYMJICHUS, OUIYIIAETCA CUIBHBIA AUCKOMGOPT MpU MPOCTyIIUBaHUH, 4 — yMepeH-
HBIH AUCKOM(OPT MPH MPOCITYIINBAHUH, 3 — COXpaHSAETCS CpeAHsisi KOM(DOPTHOCTD
MPOCITYIINBaHUS, 2 — COXpaHAETCs BICOKasi KOM(DOPTHOCTH MPOCTyIIUBaHus, | — HET
3alTyMJICHUS);

3) KauecTBO PEKOHCTPYKIIUHU (€CTECTBEHHOCTh 3BYYaHHsI 00paOOTaHHOTO PEUCBO-
ro CHrHaia: 5 — abCoOJMIOTHO HATypalbHOE 3ByuYaHue, 4 — MOYTH HATypaJlbHOE 3ByYa-
HUE C HEOOJBIINM YPOBHEM apTe(akToB, 3 — CpeAHUI ypOBEHb apTe(akToB, 2 — BbI-
COKHUH ypOBeHb apTe(akToB, | — peub MOTHOCTHIO HEECTECTBEHHAS ).

[TosryueHHbIe pe3yabTaThl CBUJIETENBCTBYIOT O TOM, YTO MPEIJIOKEHHBIN alro-
pUTM QUIBTPALMM PEeYd B MOAYJISILIMOHHOM oOsactu obOecrieunBaeT 0ojiee BBICOKOE
CYOBEKTUBHOE KayeCTBO IIYMOIIOAABICHUS. DTO JOCTUTAETCS KaK 3a CYET CHIKEHUS
YPOBHS CIIBIIIMMBIX apTe(akToOB, TaK M 3a CYET 00Jiee TOYHOIO BOCCTAHOBJICHHUS
CHEKTPAJIbHBIX OTHOAIOIIKX PEYEBOTO CUTHATIA.

Tabnuua 4.1 — Pe3ynbTaThl CyOBEKTUBHON OIEHKHM Ka4eCTBA OUYUCTKU PEUYEBBIX

CUTHAJIOB
CyObeKTUBHOE KauecTtBO
Paz6opuuBocTh
TUII TOMEXH 3alllyMJICHUE PEKOHCTPYKIHH

Ucx. M1 M2 Hcx. M1 M®2 Hcx. M®1 | MD2
benbiil mym 4,0 4,25 4,25 4 3 2,75 — 2,75 3
Ceresan 325 | 40 | 425 | 45 | 25 | 225 | - 35 | 375
rnoMexa
Iym 275 | 35 | 375 | 475 | 3 25 _ 3 | 325
meLIecoca
Porosas 2 25 | 275 | 45 | 425 | 425 | — | 325 | 3.25
MY3bIKa
Pesepbeparus 4 4,25 4,25 3 15 1,25 — 35 3,75

4.10 BbiBoabIl

PaCCMOTpeH MCTOA IIYMOIIOAABJICHWA HAa OCHOBC CIICKTPAJIbHOI'O BBIYHWTAHUA,
KOTOpBIfI B OTJIMYHC OT CYHMICCTBYIOIIMX IMPHUMCHUM JJIs ITOJAABJICHUA HECTAllMOHAP-
HBIX IITYMOB, CO3JaBaCMbIX BpalllatOMIUMHUCIA MCXaHNU3MaMH. MCTO,Z[ HCIIOJB3YCT BpC-
MCHHOC MaCHITa6I/IpOBaHI/IC CUraajia ajisi CHUXXCHHA BJIWAHHA W3MCHCHHSA CKOPOCTHU
BpalllICHUA Ha CTATUCTHUKY IIyMa. y‘-II/ITBIBaﬂ, 4TO MIHOBCHHAA CKOPOCTH BpAIICHUA
MMpONOPHUOHAJIbBHA 9YaCTOTC OCHOBHOI'O TOHA IIyMd, €€ BO MHOIUX ClIy4asaX MOKHO
BBIACIIMTL HCIIOCPCACTBCHHO M3 3alIYMJICHHOT'O CUTHAJIA IIPHU IMTOMOIIN CIICIHAJIBHOTO
ajiropurMa CJIC)KCHUA. HOKaBaHO, qTo0 I[&HHLIfI MCTOJ MMOAABJICHHA HIyMa ABJIICTCA
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3¢} (EKTUBHBIM U MPEANOYTUTENLHBIM B CPABHEHUH C CYIIECTBYIOIIUM METOJOM IIIy-
mMomnoiaBiieHuss MAP, mOCKOJIbKY MO3BOJISIET BBIMOJIHATh OYUCTKY CUTHAJIA OT IIHPO-
KOITOJIOCHBIX IITYMOBBIX COCTaBIISIOIIMX COTJIACOBAHHO CO CKOPOCTHIO BPAILICHHUS .

PaccMoTpeH crmoco0 OYMCTKM pEeYeBOro CHrHajga OT LIyMa, OCHOBAaHHBIA Ha
¢wieTpanuu B MoayisimuoHHoi oomacti RASTA (RelAtive SpecTrA). Crioco6 siB-
JISI€TCS. YHUBEPCAJIBHBIM M MO3BOJIAET MOAABIATh IMPOKUHN KJIacC aKyCTHUECKHUX IO-
Mmex. MccnenoBanue MHGOPMAIIMOHHON 3HAYUMOCTH MOJYJISILIMOHHBIX YacTOT pPedd
SBJISIETCS. OJTHUM W3 INPHOPUTETHBIX COBPEMEHHBIX HAIIPABJICHUN PA3BUTHUSA CHCTEM
IIYMOIIO/IABJICHHUS] U PACIO3HABAHUS PEYM B YCJIOBHSIX arpeCCHBHOM aKyCTHYECKOU
0o0cTaHOBKHU. BBICOKHMIT MOTEHIIMA MOAX0/a MOAYJISIIMOHHON (UIBTpAIIUU ISl TIO-
BBIIICHUSI pa300pUYMBOCTU PEUYH B IIyMaxX OOBSCHSIETCS €ro (PU3NOIOTUYECKON MOTH-
BallMEN U TECHOU CBS3BIO C IICUXOAKyCTUKOU. [IpakTH4eCKHMM TOCTOMHCTBOM ITOJXO-
J1a SBJISIETCS] YHUBEPCAIBHOCTh M aBTOMATUYECKAs aJalTUBHOCTh K ITOMEXaM Pa3HbIX
THUIIOB.

[Tpennoxen cnoco® QuibTpauuu B MOIYJISLIUOHHOM 0OJacTH Ha OCHOBE
MIHOBEHHBIX IIapaMETPOB CHHYCOMAAIBHONM Mozaenn. Ha ocHOBaHMM pE3ysbTAaTOB
IPAKTUYECKUX HKCIIEPUMEHTOB MOKA3aHO, YTO MPEAJIOKEHHBIN criocod odecreunBaet
0onee BbICOKMM KO3((dULIMEHT ocinaldiaeHus IyMa U MEHbIYIO CTENEeHb Jerpajaluu
II0JIE3HOTO PEYEBOr0 CUTHAJIA B CPABHEHUM C U3BECTHBIM aJIrOpUTMOM. [lomyyeHHbIe
pe3ynbTaThl CBUAETEIBCTBYIOT O NPUMEHUMOCTH MPEIJIOKEHHOTO ajaropuTMa i
00pabOTKN PEUeBBIX CUTHAJIOB, 3aPETHMCTPUPOBAHHBIX B PA3IHMUYHBIX aKyCTHUYECKUX
yciioBUsIX. OCHOBHBIM JTOCTOMHCTBOM aJITOPUTMa SIBISETC O0Jiee HU3KHUI YpOBEHb
CIBIIIMMBIX apTe(aKkToB U 00Jiee BHICOKOE KaUue€CTBO PEKOHCTPYKIIMHM PEYEBOIO CHUT-
Hana. Haunbosiee XOpoiio anropuT™ NPUMEHHM JJIsl OYMCTKHA PEYEBOrO CUTHANIA OT
TOHAJBHBIX IIIyMOB BBICOKOW MHTEHCHUBHOCTH (TaKMX KaK CETEBas MoMexa) U peBep-
oeparnuu.
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