MATEMATHUYECKOE MOJEJIMPOBAHUE U ITPUKJIATHA L MATEMATHKA

YK 621.391 DOI 10.15622/ia.24.2.3

M. YnxoB
AYJNOKOJEK HA OCHOBE INEPHEINITYAJBHOI'O
PABEHCTBA HCXOJHOT'O U BOCCTAHOBJIEHHOI'O
3BYKOBOI'O CUTHAJIA

Yuorcos WM. AyaMoKojeK Ha OCHOBE IepUENTyaJbHOI0 pPABEHCTBA HMCXOJHOIO
H BOCCTAHOBJICHHOI'0 3BYKOBOI'0 CHIHAJIA.

Annoramms. IIpencraBieH MeTOA CKAaTHS ayIMOJAHHBIX C TOTEPSAMH (ayIHOKOZEK),
MO3BOJIAIOIINK YITY4YIINTh OOBEKTHBHOE KauecTBa BOCCTAHOBJICHHOTO ayJHOCHMTHana Ha 25%
i 6utpeiita 390 x6ut/c u 55% s Gutpeiita 64x6ut/c o cpaBHeHUIo ¢ Gopmarom AAC
MPEG-4. IlpemaraeMblii METOJ CXKATUs ayMOAAHHBIX, 0Aa3UPYyETCsl HAa Pa3BUTUH MOJTOKEHUIT
Teopun cokatus ayguonaHueix ¢ mortepsmu (TCAII). IMoBbinieHHe OOBEKTUBHOIO KauyecTBa
BOCCTaHOBJICHHOTO 3BYKOBOT'O CUTHaja (1o crangaptu3oBaHHoi Mepe PEAQ) nocturaercs 3a
cuer Toro, 4yro TCAIIl ycTpaHseT HECOBEpPIIEHCTBA COBPEMEHHBIX METOJIOB CIKATHs
ay[MONAHHBIX C TIOTePSIMH B YaCTH MCIIOJIb30BAaHUS MCHUXO0aKyCTHYECKUX IPUHIHIIOB
BOCIPHATUSI 3BYKa YEIOBEKOM, B TOM WUHCIE IIOCNIE IPEONOICHHS «IICHXOaKyCTHIECKOTO
mperena CKaTHsA» ayJHOCHIHana (T.e. MOMEHTa B IIEpLENTYaJbHOM KOJUPOBAaHMH, KOTAa
HMeEIoLIerocst Oo/pkeTa OUT HEIOCTATOYHO JUISl KOAUPOBAHHS BCEX CHEKTPATBHBIX KOMIOHEHT
¢ HeoOXOAMMOW C TOUKHM 3pEHHs IICHXOAaKYCTHKH TOYHOCTBIO), M IO3BOISIET JOCTHYb
NIePLENTYaIbHOTO PAaBEHCTBA BOCIIPUATHS HCXOJHOTO H BOCCTAHOBICHHOIO ayJHOCHTHAJIOB. B
KayecTBe aHAIN3a COCTOSHHS BOIIPOCA PACCMOTPEHBI PELICHHs MO CHKaTHIO ayAHOJaHHbBIX 0e3
MOTeph M C HOTEPSIMH, a TAKXKe C HCIOIb30BaHHEM HCKYCCTBEHHOTO HHTEIIEKTa. Bo Bcex
COBPEMEHHBIX METOJAX CKATHs ayANOJaHHBIX C IOTEPSMHU HPOLEaypa BHIOOpA CIIEKTPAIBHBIX
KOMIIOHEHT, KOTOpbleé HEOOXOAMMO COXpPaHHTh, a TaKXKe JOIyCTUMON IOTrPEIIHOCTH
KBaHTOBAHMS MX II0 YPOBHIO BBIINONHACTCS IIyTeM pPsAAa JOCTATOYHO CIOXKHBIX IPOLERYD,
HOCAIMX oOIIee Ha3BaHUE «IICHMXOAKyCTHYECKas MOJENb METOZa CKaTHsi ayIHOJaHHBIX C
IoTepsiMA». B CTporom cMEeICie, IIEpLENTyaJbHOe PAaBEHCTBO CIIEKTPOB HCXOIHOTO U
BOCCTaHOBJICHHOT'O CUTHAJIOB HU OJJHA U3 IPYIII UCCIeoBaTeNell He J0Ka3ana U KaK CIeACTBUE
— HEe MOXET ero rapaHTHpOBaTh. He3aBHCHMBIC SKCHEPTHl PEryJsIpHO ITYOIMKYIOT TECTHI,
MIOKa3bIBAIONINE, YTO COBPEMEHHBIC ayIMOKOIEKH HMEIOT HpOoOIeMBl Ha psjie CHUTHAJIOB.
B craTthe mpesokeH ayIHOKONEK HAa OCHOBE IIEpIENTYaJbHOIO PAaBEHCTBA HCXOAHOTO U
BOCCTaHOBJICHHOTO 3BYKOBOT'O CHTHaJIa, KOTOPBIi 0a3upyeTcsl Ha HOBBIX HJESX TCOPHH CIKATHS
aynuonanHbix ¢ notepsiMu (TCAIL). DTu uaen rapaHTHPYIOT JOCTIDKEHHE HMEpLEeNnTyalbHOro
PaBEHCTBA BOCHPHATHS HCXOJHOTO M BOCCTAHOBIGHHOIO ayAMOCHTHAJIOB HA Pa3IHYHBIX
OHMTOBBIX CKOpOCTSIX, ITOITOMY IIOCTPOCHHBIH Ha €€ OCHOBE AayIHOKOIEK CBOOOJICH OT
YKa3aHHBIX BBIIIE HEJOCTATKOB U, KaK CJICCTBHE, CYLIECTBEHHO IIPEBOCXOJUT COBPEMEHHBIC
KOJIEKH B CMBICJIE 00BEKTHBHOIO KauecTBa BOCCTAHOBJICHHOTO ayauocurHaia no mepe PEAQ.

KiroueBble cj10Ba: cKaTHE ayIMOJAHHBIX, IICHMXOAaKYCTHUYECKas MOJENb, CIIEKT,
CyOIOJIOCHOE pa3feNeHue, IepLenTyalbHoe PAaBEeHCTBO CUTHATIOB.

1. Beenenue. OOBIYHO, CXaTHe AayOUOCHTHAJNA C MOTEPSMH,
T.€. TIPOLelypa BbIOOpa CHEKTPaIbHBIX KOMIIOHEHT, KOTOPbIe HEOOXO0AUMO
COXpaHUTh, & TaKXKE JOMYCTUMOH MOrPEeHIHOCTH KBAaHTOBAHUS HX IO
YPOBHIO, BBINIOJNHACTCS IyTeM psga [OCICAOBATENbHBIX, JO0CTATOYHO
CIIOKHBIX TPOLELYp, HOCSIIUX O0Ollee Ha3BaHHE «IICUXO0AKyCTHYECKast
MO/JIESTb METO/IA CKATHS ayMOJAaHHBIX ¢ moTepsmu» [1 — 5].
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B crporom cwmbIcie, TEpLENTyalbHOE pPAaBEHCTBO CIEKTPOB
HUCXOJHOTO ¥ BOCCTAaHOBJICHHOTO CHTH&JIOB HH OJHA U3 TpPyMNI
uccienoBaTeNel HE JOKa3ajga, IO3TOMY HH OJMH M3 COBPEMEHHBIX
KOMMEpPYECKNX KOJEKOB M HE MOXET €ro rapaHTHpoBaTh. JlpyruMn
CJIOBAMH, COBPEMEHHBIE METOJBI CXKATHS AyAMOJAHHBIX C TOTEPSIMH HE
MOTYT TapaHTHPOBAaTh, YTO BCE BO3MOJXKHBIC ayAHOCHUTHAIBI OyOyT COKaThI
KOPPEKTHO C TOYKM 3peHHs COONIOACHUs] INPHHIMIIOB IICHXOAKYCTHKH.
B kauecTBe J0Ka3aTeNbCTBA TOTO YTBEPIKICHUS, CTOUT HANIOMHHTH, YTO
HE3aBUCHUMBIC OJOKCHEPTHI PCTYJIAPHO IMPOBOAAT TECTbl Ha CIIOXKHBIX JIsA
aynuokozekoB ¢aiinax (“codec killer test”), Ha KOTOPBIX y BCEX METOIOB
CKaTus ayInOJaHHbIX, BOBHUKAIOT HpOGJ'leMI)I Ha psJIC CUT'HAJIOB.

W3 Bcero BBIIEHU3IIOKEHHOTO CIEAYET, YTO IIOCTPOCHUE HOBOM
Teopun cxarus aymmomaHHbeix ¢ motepsmu (TCAII), obecneunBaromeit
JOCTHKEHHE MEPIENTYaJbHOTO PAaBEHCTBA  BOCIPHATHA  HCXOIHOTO
1 BOCCTaHOBJICHHOT'O ayJWOCHTHAJIIOB HAa JIIOOBIX OWTOBBIX CKOPOCTSIX,
MIpeICTaBIICTCS BaXKHOW HAYYHOW MpPOOJIEMOM, CYIIeCTBEHHOM U TaKo
obJacTy 3HaHUS KaK KOJUPOBAHHE 3BYKOBBIX CHI'HAJIOB.

OTMeTHM, YTO METOJ CXKaTusl ayAWOJAaHHBIX, IOCTPOCHHBIN
Ha ocHoBe TCAII, Gymer cBOOOJIEH OT YKa3aHHBIX BBIIIE HEJOCTATKOB
W MI03TOMY JIOJDKEH CYLIECTBEHHO IPEBOCXOJUTh COBPEMEHHBIE KOJIEKH
B CMbICJIe OOBEKTHBHOTO KauyeCTBa BOCCTAHOBJICHHOTO ayJHOCHIHANA TI0
mepe PEAQ (“Objective Measurements of Perceived Audio Quality” —
cTaHgapTH30BaHa MexIyHapOIHBIM COFO30M 3IIEKTPOCBsi3H) [6].

2. AHaquTHYyeckuii 0030p ayauokoaexkoB. B Hacrosimiee Bpems
CYIIECTBYET  JiBa  pPa3IM4YHbIX 10 CYTH TMOJIXOJa K  CXKaTHIO
ayauouH(pOpPMalMu: CXaTHe ay/AuoCUrHajga Oe3 TIoTepb U C)KaTHe
C TOTEPSAMH.

2.1. MeToabl cxaTusi ayAn0JaHHBIX 0e3 moTepsb. JJaHHbIE METOABI
OCHOBBIBAIOTCS HA yJNAJICHUH CTATHCTHYECKOW HM30BITOYHOCTH HMCXOJHOTO
CHTHaJa ¥ HE BHOCAT W3MEHEHHMH B BOCCTaHOBIICHHBIH CHUTHAN IIO
OTHOIIECHHIO K MCcXOmHOMY. OHM NpPEACTaBISIOT CIa0blii MHTEPEC C TOYKU
3pEeHUs 3HAYNTEIHHOTO YMEHBIIEHU ONTOBOTO NMPECTaBJICHHUS HCXOIHOTO
ayauocursana. K OCHOBHBIM aIrOpHTMaM CKaTus ayIHOAAHHBIX (1 BOOOIIE
MOOBIX JaHHBIX) ©Oe3 MOoTeph OTHOCATCS KOJUPOBAHHWE TII0 METOXYy
Xaddmana [7, 8] u apudpmerryeckoe koauposanue [9].

Ha coBpeMeHHOM pBIHKE MPeCTaBIIeH PsiJl TOJ00HBIX KOJEKOB!

- FLAC [10] (Free Lossless Audio Codec) mno3Bomser
OCYILIECTBHUTH CKaThe ayJHONaHHBIX 10 50%.

- Komex WavPack [11], paspabotanusiii [I3Bumom Bpuantom,
MO3BOJISIET OCYIIECTBIATH KoMmpeccHio Ha 30-70%.
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- Komex Monkey’s Audio [12] B Hacrosiiiee BpeMsi aKTHBHO
nopabateiBaeTcs. IlocinenHee oOHOBIEHHME OBUTO ONMyONMKOBaHO Ha
odpunmanbHOM caiite 29 centsaops 2023 roga. C:xuMaeT UCXOHBIN (aiin Ha
40-60%.

- Komex Apple Lossless Audio Codec (ALAC) [13],
pa3paborannblii Kommanueld Apple, Bmepsrle Obul mpencrasier B 2004
TOJY ¥ MO3BOJISICT OCYILECTBUTh CXKATHE ayauoaaHHbix Ha 40-60%.

OCHOBHBIMH METOJIJAaMH yMCHBIICHUS OUTOBOTO MpPECTABICHUS
AyAUOJaHHbIX B HACTOAIICEC BPEMS ABJIAIOTCA MECTOAbI U aJITOPUTMbI CXKATUL
C MOTCPAMHU. B ocHoBe JaHHBIX METOZOB CXKaTusd ayANOJaHHbIX JICKUT YUCT
0COOEHHOCTEH CilyXa 4YeloBeKa, B YaCTHOCTH HECIOCOOHOCTH YesloBEKa
pazauuyarth  3BYKM IIpU  OIpPEJCNIEHHBIX  ycloBusxXx.  Hampumep,
HEBO3MOXXHOCTh pa3inyaTh THXHE ayJHOCHUTHANBl IOCIE TPOMKHX,
HECTIOCOOHOCTh CIBIIIATE OYCHb BHICOKHE M OUYCHb HHU3KHE 3BYKH U T.J.
Takum 00pa3zoMm, MICUXO0AKYCTHUYECKAst MOJICTh, YIUTHIBAIOIIAast OCOOCHHOCTH
ClIyXa dYellOBEeKa, IIOJIOKEHAa B OCHOBY METOJOB W aJlTOPUTMOB CHKATHUS
ayOUOJaHHBIX C TIOTEPSAMH, KOTOPHIC PEalM30BaHBl B BHIC PAa3IMIHBIX
KOJICKOB.

BosnpmmHCcTBO KOJICKOB, HCTIOJIB3YIOIIUXCA JJIA CXxXaTus
ayJIMO/IaHHBIX, B CBOEH OCHOBE OPUEHTUPOBAHBI HA CJICYIOIIMN aITOPUTM:

1. Pa30ueHHe HMCXOJHOTO ayJHOCUTHAIA Ha OTACIbHBIC (peitmMbI
(xamps1). JlnmHa ¢peiiMa MoOXKeT OBITH pa3iIWYHON, HO, Kak IPaBHIIO,
HCUYUCIsieTCd B MMIIMCeKyHnax. [lpu nanpHelmieM aHanmu3e BXOAsLIEH
aymTuonH(pOpPMAIAN 3aYacTYI0 HCIIONB3YeTCcs HE TONBKO TEKYIIUH (peiim,
HO W MpPEOpIOylIuid, 00 QpeiiMbl OepyTcs C TEpeKPBITHEM, YTOOBI
oOecrieunTh O0JIee TOJTHBIN U aIeKBaTHBIN aHAIN3 CUTHAIA.

2. CroekTpaibHBIi  aHANM3  ayJUOCUTHANIA IO  KaXIOMY
u3 ¢pperimoB.  I[lpenmymiecTBeHHO A MONydYeHUs — WHGOpPMAIHU
O CIIEKTPATBHBIX COCTaBIAIONMX (peiiMa ayIuOCHUTHANA HCIOIb3yeTCs
MoAH(HUIIMPOBAHHOE JTUCKPETHOE KocuHyc-TipeoOpazoBanne (MJIKII).
Taxke mepen peanmuzamuer MJIKII B HEKOTOpPBIX — alropuTMax
OCYIIECTBIIICTCSI ~ pa3lelieHHe  CIEeKTpa  HWCXOJHOTO  CHTHaja  Ha
CIIEKTpaJIbHbIE TIOJIOCHI, a BbluHcIeHne HenocpeactBeHHo MJIKII
OCYIIECTBIISIETCS TI0 KaXKA0H oTAenpHOH mojoce (kak Hanpumep B MPEG-1
Layer III [1]).

3. Hcnonp3oBaHHE MCUXOAKYCTHYCCKOW MOJCTH ISl HPUHATHS
pellicHUsT O TOM, KaKHe€ W3 COCTABIIONIMX HEOOXOMUMO OCTaBUTh.
Hcnonp3oBaHUEe TICHXOAKyCTUYECKOM MOJEIH IO3BOJIIET OOCCICUYHTh
MPUEMIIEMOE KAYeCTBO TMOJIYUCHHOTO ayJUOCUTHAIA, OCHOBBIBAsACh Ha
HECOBEPILEHCTBE Cllyxa 4YeJoBeKa, d(dekrax BpEMEHHOH M YacTOTHOU
MacKHpOBKH OJIHHX 3BYKOB OpyruMu. Takum oOpa3oMm, NaHHblE AEHCTBUS
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MO3BOJITIIOT B 3HAYWTENBHOW Mepe YMEHBIIUTh OOBEM  HMCXOIHOMN
ayTHonHGOpMaIny.

4. KsanTOBaHWE MO YpPOBHIO CHEKTPAJIBHBIX KOI((HUIHEHTOB.
MeTtozbl, HCIIONb3YEMBIE Ul KBAHTOBAHHS, a TAKXKe KOJIMYECTBO ypPOBHEH
KBAaHTOBAaHUS BIMSIOT HA 00bEM U Ka4eCTBO ayIHMOCHTHAIA.

5. B 3akiroueHHe AN NMOJTYYCHUS elle MCHBIIErO NpelCTaBICHU
ayAMOCUTHAJIA HCIIONBb3yeTCs KakoW-TMOO METOA CKaTHs JaHHBIX 0e3
noreps (Meton XadpmaHa uim apuMeTHIECKOe KOAUPOBAHUE).

2.2. Metoabl ciKaTHA ayaMOJaHHBIX ¢ moTepsamu. Cikartue
C MOTePSIMH SIBJISIETCSI HA CETOJHSIIHMN JIeHb «Je-(haKTo» CTaHIapTOM B
oTpaciu ¥ OOJBLIMHCTBO CTaHIAPTH30BAHHBIX METOJIOB CKaTHs PadOTAIOT
HWMEHHO B 3TOM napajurme.

PaccMOTpEM  OCHOBHBIC = CTaHAAPTH30BAaHHBIC METOIBI  CHKATHUS
ayIMOJaHHBIX C IIOTEPSIMU, B OCHOBE KOTOPBIX JISKHUT ICHX0aKyCTHYCSCKUH
MOAXOJ K CKATHUIO:

®opmatr MP3 [1,2,4]. /IoBOJIBHO CTapbIM, HO TeM HE MeHee
MOMYJIIPHBIM B HAcTosmiee BpeMs sisgercs ¢opmar MP3  (momHOE
nazBanue MPEG-1 Audio Layer III, MPEG-2 Audio Layer III u MPEG-2.5
Audio Layer III). UWcropuyecku OH sIBIseTCS  JHIEPOM IO
pacipoCTpaHEHHOCTH U MMEET XOPOIIYI0 COBMECTHMOCTh C Pa3jIMuHBIMH
nporpaMmMaMu M ayJauoycTpoictBamu. [lo TEXHHYECKHM TIapameTpam
¢dopmat MP3 ycrynaet 60JIBIIMHCTBY COBPEMEHHBIX (hOPMATOB.

®opmatr WMA (Windows Media Audio) [14]. Jdaumsrit dopmar
CKaTWsl ayJUOJAaHHBIX OBUI CO3[aH Kommanued Microsoft B kauecTBe
KoIeKa, KoHKypupywomero ¢ MP3. J[lanHeliid ¢opmar JOBOJBHO
pacIpocTpaHeH, HO TaKk KaK OH SIBJISIETCSl 3aKPBITBIM, TO, COOTBETCTBEHHO,
BO3HMKAIOT ITPOOJIEMBI € €To UCTIob30BaHHeM BHe Windows cucTteM.

®opmar Vorbis [15]. Hauseiii ¢opmar Obu1 cozman  Xiph
B KauecTBe CcBOOoaHOTrO ¢(opmara. Vorbis sBigercs moxoxum Ha MP3,
OJHAKO MMEIOTCS OTIMYMS KaK B IICHXOAKyCTHYECKOH Monenu ¢opmara,
TaK ¥ B MaTeMaTHYECKUX METOJAaX M HX IPaKTHYECKOH peann3anuu
B MCIIOJIE3YyEeMOW MOJIEIIH.

Aynuoxogexk Opus [16]. Opus paspaboran Internet Engineering
Task Force (IETF). Ilpu co3mannn ayanoxoneka Opus ObuTa HCHIOIB30BaHA
koMOnHammsa TexHosoruii, a nmeHHo koxeka CELT (Constrained Energy
Lapped Transform) ot opranmsaumu Xiph u xoxgexa SILK or xommanun
Skype. Ha ceromHsmHuii AeHb IIMPOKO BHEAPEH U SIBISETCS JHUAECPOM
cpean OecmiaTHBIX KOJEKOB. Takke CpaBHEHHE pe3YJIbTaToB pabOTHI
konekoB Opus u OGG Vorbis npuBomstes B [17].

MPEG Advanced Audio Coding (AAC). B Hactosmee Bpems
MMEHHO JIaHHBIW aJITOPUTM SIBJISIETCSI OCHOBHBIM CTaHIAPTOM B OTPACIIH.
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DTOT KoAeK Oazupyercs Ha MoaXoJax, anmpoOUPOBAHHEIX B opMmaTe
MP3, HO wucmomb3yeT 3HA4YUTENbHO Oosiee A((HEKTHBHBIC TEXHOIOTHH
CXKATHUs, YeM ero TpeANIeCTBEHHIK.

Crnemudurarmmun AAC nperepnend psja W3MEHEHWH C MOMEHTa
moJadn TepBoro mpemnoxenusd. s ompenenenus cuctemsl AAC, ObiT
BEIOpaH MOJIYJIBHBIN MOAXOJM, IIPH KOTOPOM BCS CHCTeMa pa30HWBaeTcs Ha
PS4 aBTOHOMHBIX MOJYJICH WJIA HWHCTPYMCHTOB, TJ¢ HWHCTPYMCHT
OTIpENICNIACTCS. KaK MOJAYJIb KOIUPOBAHHS, KOTOPHIA MOXHO HCIOJh30BATh
KaK OT/ICJIbHBIA MOJTYJIb, KOMIIOHCHT OOIIEH CUCTEMBI.

Hekotopble K3 3THX HHCTPYMEHTOB B3AThl M3 0ojiee paHHEro
crannapra MPEG Audio, B To BpeMsl Kak Apyrue sBJISIFOTCS. HOBBIMHU.

Eciu roBopuTh OYCHb OOOOIICHHO U OCTABUTH B CTOPOHE MOJIYJIH,
OTBEYAOIIHE 32 CTEPEOKOINPOBAHHE (TaKHe KaK KOJHUPOBAHNE CYMMapHOTO
U pa3HOCTHOTO KaHAJOB) WM yNydYIICHHE KadecTBa CHUTHaJa (TaKWe Kak
YMCHBIICHHE pa3Mepa HCIONB3YeMOT0 OKHA aHallM3a B 3aBHCHMOCTH OT
HAJIMYHS B CUTHAJIE PE3KHUX BCIUIECKOB), TO cxema padoTel metoga AAC mis
kaxmoro ¢peiiva (1024 ortcuera ayaMocHTHANa) BBITISIAAT AOCTATOYHO
TUTTUYHO JJI1 COBPEMEHHBIX METOIOB CIKATHS C TIOTEPSMU:

- IlcuxoakycTHdeckas MOJIEITb onpenenser MOPOTH
MacKHUpPOBaHMA, T.€. TO HAa CKOJBKO MOXXHO H3MEHHTh Kak[0€ 3HAYCHHE
CHEKTPaJbHOI0 KOMIOHEHTA, YTOOBI 3TH UCKaXXCHUS ObUIM HE 3aMETHBI Ha
CIIyX.

-  TlapamnensHo (peiiM TepeBOAWTCS B CHEKTPAIbHYIO 007acTh
myTeM TpuUMeHeHus MOIu(QUINPOBAHHOTO TUCKPETHOTO KOCHHYCHOTO
npeobpasoBanus (MIKII) wu pamee paz0buBaeTcss Ha  CyOIOJIOCHI
B COOTBETCTBUU C bapk-1Ikanoi.

- B kaxmoit cyOmoioce TPOW3BOTUTCS HOPMHUPOBKA U
KBaHTOBAaHUE IO YPOBHIO KaXKIOTO CHEKTPAILHOTO KOMITOHEHTA, TaKUM
00pa3oM, YTOOBI HE HAPYIIUTh IIOJYYCHHBIC OT MCHXOaKyCTHYCCKON
MOJIeNH TOPOTH MACKHPOBKHM (MacKHpPOBAHMWS), NPHMEHSS KaHTOBATEIN
u MacmTabHble KOd(QGUIIMEHTH (711 HOPMHUPOBKH) B COOTBETCTBUH CO
CTaHJApTOM — MaHHBIE 3HAYEHHUS OepyTCS M3 COOTBETCTBYIOIIUX TAONHI
CTaHgapTa. 34eCh CTOUT BBIACIHTH MPUMEHEHHE HOPMHPOBKH, T.K. IPYTHE
METOJIBI CKATHA C TIOTEPSIMH €€ HE UCTIONb3YIOT.

- Jlanee mpuMeHsieTCS SHTPONMHHOE KOIAMPOBaHUE (IO METOIY
Xaddmana nnm apudmeTnieckoe).

OmnuUCcaHHYI BBIINIC YacTh METOJA CKATHUS C IMOTEPSMH MPUHSITO
HA3bIBaTh MCPUEHTYAILHBIM CXATHEM ayJHOCHTHAlA, B TO BpEMs Kak
OCTaJbHbIC MOJIYJH SIBISIOTCS BCIOMOTATCIbHBIMH, OJIHAKO WMCHHO OHH
3aHUMAIOT 3HaYUTENbHYIO YacTh CTaHIapTa.
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Bonee  moapoOHO ¢ OMUCAHHBIMH  MPOLEAYPAMH  MOXKHO
03HaKOMHUTBCs, HarlpuMep, B pekomernaanusx ITU-R BS.1196-8 [18].

3/1ech CTOUT OTMETHTh, YTO B YKA3aHHOW CXeMe eCTh HECKOJBbKO
sBHBIX HapymeHuii TCAIl (mogpoOHoe ommcanme Oynger maHO B
pasznene 4.2).

B HacTosiiee BpeMsi UCIONIb3yeTCsl COBPEMEHHAasi BEPCHUsI CTaHAapTa
AAC MPEG-4 [18]. BaxHO OTMETHTh, YTO CYIIECTBYIOT Goiee
coBpeMenHble Bepcun kojeka AAC — ato AAC High Efficiency v1/2 (AAC
HE v1/2) [18].

OyiHaKO, C TOYKH 3PEHUs IEpLENTyalbHOro CXKAaThsl ayJHOCHIHaNa
Ti Qopmarel He uMeroT ominuuid oT AAC, a TOBBIIIEHHE KauecTBa
nocturaetcst B ciiydae AAC HE vl 3a cuer TeXHOJOTUM BOCCTaHOBJICHUS
BBICOKHX YaCTOT Ha OCHOBE MUMEIOIINXCS HIKHUX U CPEIHHUX, UMEHYEeMON
SBR (Spectral Band Replication), B AAC HE v2 eme nomomHUTEIHHO
MOSIBJISIETCS TEXHOJIOTHUS IMapameTtpuueckoro KOJIMPOBAHUS
crepeonanopamsl — PS (Pyranometric Stereo).

JIOCTaTOYHO OYEBUIHO, YTO OTH TEXHOJIOTMH HWMEIOT KpaiiHe
OT/aJICHHOE OTHOIICHHUS K MEPIENTYAILHOMY CKATUIO YO C MOTEPSMH U
MO3TOMY He SIBJSIFOTCS YaCThIO HACTOSILIETO HCCIIEIOBAHUSL.

2.3. Meroabl c:KaTUs  ayAMOAAHHBIX C  HCHOJIL30BAHUEM
HelpOHHBIX ceTell. B HacTosmee BpeMs MHOTHE TPYHIBI pa3paboTIHUKOB,
B IIEPBYIO oOuepeib 3a pyOeKOM, TMBITAIOTCS IMPUMEHUTh TEXHOJIOTHU
HelpoceTeit A1 KOMIIpeccuu 3Byka u peun [19].

Tak ke BBI3BIBACT OOJNBIIOW WHTEPEC MPOTPECC B CMEKHBIX
00acTsX, TaKMX Kak TEHepalus peYd U3 €ero Mel-Mpe/CTaBIeHUs
(4TO MOXKET OBITH UCIIOJNBE30BAaHO B KadecTBe Jlekonepa B CHCTEME CKATHUS
peun) [20, 21], a Tak e MONBITKAa NPUMEHEHUSI TeHEPATUBHBIX MOJIENICH Ha
ocHoBe mudpdys3un (“Diffusion”) [22] mis ymydnieHus Ka4ecTBa pedu, 4To
MOXeET OBbITh NPUMEHEHO KaK NOCT-00paboTKa B CHUCTEMax CXKaTusl pedn
(u moTeHIMaNLHO ayauo). Hamo oTMeTHTh, UTO B CXKATHH PEYH UMH ObLIH
JIOCTUTHYTBI OMpENeNICHHbIE YCIIEXH, OHAKO B CXKaTUU ayJAMOCHUTHAIIOB
MOKa TMPUMEHEHHE YKa3aHHBIX TEXHOJOTMH He Jajo CYyLIeCTBEHHOTO
pe3ynbTara.

OCHOBHBIMH KOJIEKaMH, B OCHOBE KOTOPBIX JISKHUT NPUMCHEHHE
HCKYCCTBEHHOTO MHTEIIEKTa, sBIsttoTcst SoundStream m LPCNet.

LPCNet. LPCNet sBiusiercss TubpuaHbiM Kojekom [23, 24],
UCTIOJNIb3YIOIIMM B CBOEM COCTaBe KaK TPaJWIMOHHBIC ITOJXOJBI K COKaTHIO
(B MaHHOM ciydae 3TO CXAaTHE HAa OCHOBE JIMHEWHOTo IpelCKa3aHus
3HayeHuil peueBoro curHama — LPC (linear predictive coding), mmpoxo
NpUMEHsieMOe B TPaAWIMOHHBIX pPEYEBBIX KOJEKax), Tak M OJoK
BOCCTAHOBJICHUS CIIEKTpa PEYEBOr0 CUTHAlla Ha OCHOBE HEHpOCETEBOrO
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noaxona (B ciaydae LPCNet nmpumeHeHa MHOTOCIOWHAs peKyppeHTHAst
apxXuTEKTypa Heiipocetn) [25, 26].

SoundStream [27,28]. OCHOBHBIM KOMIIOHEHTOM ayIHOKOJICKa
SoundStream sBiseTcs HEHpoOHHAas CETh, COCTOSINAs W3 JHKOAEPA,
IeKolepa W KBAaHTOBATENs, KaXKIBIH M3 KOTOPHIX OOyYeH CKBO3ZHBIM
crocobom (end-to-end). Komep mpeoOpaszyer BXOOHOH ayaMOINOTOK B
3aKOJIMPOBAaHHBIN CUTHAJ, KOTOPBINA CXKUMAETCS C TIOMOIIbIO KBAHTOBATEIISA,
a 3aTeM npeoOpasyercss oOpaTHO B ayAMo ¢ MOMOUIbIO aekoxepa. Jls
IIOBBIILIICHUA Cy6"beKTl/lBHOFO KadecCcTBa BOCCTAHOBJICHHOI'O CUrbgajia
SoundStream UCMOJIB3yeT FEHEPATUBHO-COCTI3ATEILHOE O0YUCHUE.

Juckpumunarop BBIYUCIISET KOMOMHAIHUIO GbyHKIMi
COCTA3AaTCIIbHBIX u TCHCPATHUBHBIX I/ICKa)KeHI/II‘/II, 4qyTO IIOBBIIIACT
CyOBEKTHBHOE KadecTBO cUTHama. [locrme oOydeHHUs SHKoIEp U JEKOIep
MOJKHO 3aITyCKaTh Ha OTACIBHBIX MallWHAaX A 3PPEKTHBHON Iepenadn
BBICOKOKAYECTBCHHOTO 3BYKa IO CETH.

Komep SoundStream cozmaet IaTeHTHBIE BEKTOPHI, KOTOPBIE MOTYT
MPUHUMATh He(UKCHPOBAaHHOE KOJMYECTBO 3HAUeHUI. UTOOHBI mepenaTs ux
MPUEMHUKY, HCIOIB3ysSd OTPAHUYCHHOE KOJHYECTBO OWT, HEOOXOIUMO
3aMEHHUTh WX OJM3KMMH BEKTOpaMHU M3 KOHEYHOTO Habopa (Ha3bIBaEMOTO
KomoBOW  kHMroi). JlaHHBII Tpomecc W3BECTEH KaKk BEKTOPHOE
kBaHTOBaHue. J{si moBblmeHns1 3pHEKTHBHOCTH BEKTOPHOTO KBAHTOBAHUS
B SoundStream wucnonp3yercss BEKTOPHOE KBAaHTOBAHUE OCTaTOYHBIX
BekTopoB — RVQ (Residual vector quantizer). JlanHbIfi momxojn ceiiuac
MPUMEHSETCS OOJBITMHCTBOM METOAOB COKATHS PEYU Ha OCHOBE HEHPOHHBIX
ceteil.

CToUT OTMETHTBh, 4YTO CymecTByeT Oosiee d(h(EeKTUBHBIH, YeM
SoundStream, wmeron cxatus, HaseBaromuiics EnCodec (xommnanust
Meta) [29], HOo Tak kak 00a METO/Aa JOCTATOYHO KOHCTPYKTHUBHO CXOXKH,
MPHUBOJAUTH €ro MOIPOOHO He uMeeT cMbicia. OTMETUM TOJBKO, YTO
B HacTosmee Bpemss umeHHo EnCodec nmemMoHCTpupyeT Hambosee BHICOKOE
Ka4ecTBO BOCCTAHOBJICHHOTO ayAHOCHTHajla M3 BCEX METOJIOB ITOOOHOTO
kiacca. JlocTuraercs 3TO 3a CUET NPHUMEHEHHS HOBBIX (YHKIWH HOTEpPh
W aBTOMAaTHYECKOTO «OamaHcepa» BeCOBOM (yHKIMHM B CyMMapHOH
(YHKINU TTIOTEPE.

OmHako, Bce yKa3aHHBIE METOABI CKATHS Ha OCHOBE HCKYCCTBEHHOTO
WHTEJUICKTA B HACTOSINEE BPEMs XOTS M JAOT XOPOIIUE PE3yJbTATHI IS
CXKATHUS PEUH, HO MPH CXKATHU aynuodaiioB (Hampumep, My3bIKH) HE JAIOT
MPUEMJIEMBIX PE3yJIbTATOB. YMECTHO MPEANOJOKHUTh, YTO YKa3aHHBIC
pasiuuusi B pe3yinbTatax OOYCIOBICHBI TEM, 4YTO B pPEYH €CTh SBHO
BBIPQKCHHBIC MATTEPHBI (TapMOHHKH, 00EpPTOHA U T.1.), & B MY3bIKE JIN0O
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X BOOOIIe HET, MO0 OHHW CIMIIKOM pa3sHOOOpa3HbI, YTO HE IO3BOJISCT
HEHPOHHOU ceTH 3PPEKTUBHO OOYIUTHCS JIJIS MX TEHEPAITUH.

Kpome Toro, ¢ yBenmdeHnem Outpeiita kadectBo y HelpoceTeBbix
KOJICKOB HE pacTeT (a MHOT/a Jake HEMHOTO CHIDKaeTcs [29]). DTo cBs3aHo
C OTCYTCTBHEM B HX COCTaBE IICHXOAKyCTHUECKOH MOJENH, KOTOpas
OTIpENETsieT, KaKhe CIEKTPalbHble KOMIOHEHTHI HEOOXOAMMO Mepenars,
a Kakue OyAyT He CIBIIIHBI YeJIOBEYECKHMM YXOM. TakuMm oOpazom, poct
OuTpeiita obecriednBaeT Ooyiee TOYHOE KBAaHTOBAHHE JIATEHTHOTO BEKTODA,
4TO BOOOIE-TO HE BEJIET HEMOCPEACTBEHHO K YBEJINYECHHIO CYOBEKTUBHOTO
KayecTBa BOCCTAHOBJIEHHOI'O CHUTHAJIA, TaK Kak Jajiee JIATEHTHBIH BEKTOP
MIPOXOAUT uepe3 «IIyOOKHi» JeKoJep, KOTOPBIH B JOCTAaTOYHOM Mepe
CHOCO6€H KOMIICHCUPOBATH MOTPEIIHOCTL KBAHTOBaHHWSA  JIATCHTHOI'O
BEKTOPa, U TOYHOCTH €r0 BOCCTAHOBIICHUS IOCIIE KBAaHTOBAHUS YK€ MOYTH
HE UTpaeT HUKaKOH POJIH.

2.4. lloctanoBka mpodJjembl. Cxatne 0e3 MOTeph — WHTEpPECHAs
TEXHOJIOTHS, HO WMEET MAaJCHbKHH pPBIHOK, T.K. CTCIICHb CXKaTHi He
npeBblaeT 2-3  pa3, UYTO SIBHO HEJOCTaTO4HO. M XoTs MHOrme
CTPUMUHIOBBIE CEpBUCHI 100aBMIM WX KaK BO3MOXHBIE, HO OOIBIION
NONYyJAPHOCTBIO OHU, TTO OIEHKAM CaMHX CEPBHUCOB, B HACTOAIIECC BPEMS HE
nojp3ytorcs. Kpome Toro, B HHMX HE HCIOJIB3YETCSl IMEpLENnTyaibHOe
CKaTHE, MO3TOMY UX PACCMOTPEHUE BBIXOAUT 3a paMKHU HaCTOS[HIeﬁ CTaThu.
CxaTue Ha OCHOBE HEHPOHHBIX CeTed — MEepPCIEeKTUBHOE HampaBleHUE,
HO U1 CKaTHUA ayquo IIOKa 3TH TCXHOJIOTHU TMPUMCHHUMBI ci1abo (XOT?{
n 3(QQPEeKTUBHBl TPH CKAaTHM pPeuH). Pasnuums Ha CIyX HMCXOXHOTO
1 BOCCTaHOBJICHHOTO (DaiJIOB BeChbMa 3HAYMTEJIBHBI M HET cHocoda Mx
YCTpaHHUTh, T.€. TOBBIIIEHHWEe OuWTpeliTa HE BEJET K JOCTH)KEHHIO
MeplenTyalbHOi OJM30CTH BOCCTAaHOBJICHHOTO CHUTHAJIa K HCXOJHOMY.
Boarom serko yOeamThes, TPOCHyIIaB NpUMEpPHl Ha  JleMo-caiite
EnCodec [30]. [Ipx 5TOM CTOHMT MOMHHTb, YTO ABTOPHI BBHIOpAH yAauHbIC
MPUMEPHI, HO Jake B HUX HMCKKCHHS JIETKO 3aMeTHBI Ha ciuyx. MP3,
Vorbis: B niennom 3 pexTuBHBIC, HO ycTapeBmue GopMarhl CKATHS ayaHO
c motepsAMu. VCXOOHBIH W BOCCTAHOBJICHHBIM (hail JTOCTATOYHO JIETKO
pasnuunTh Ha ciayX. Opus — mNepcHeKTHBHBIA (OpMaT, COCTAaBIABIIUH
cepbe3Hy0 KoHKypeHIMI0 AAC, HO B HacTosIIee BpeMs HE Pa3BHBACTCS
nmodtomy orcran or AAC. Pasnmuuteh Ha CIyX ~ HCXOIHBIN
1 BOCCTaHOBJICHHBIH (haiiil BO3MOXKHO (OCOOEHHO Ha HM3KHMX OMTpeHTax).
AAC - mHaubornee coBepuICHHBIH (opMmar cxXKaThus C [OTEPSIMH
Ha CerogHAIIHNI NeHb. MCXOIHBIH M BOCCT@HOBJICHHBIH CUTHal Ha CIIyX
JIOCTaTOYHO OJIM3KH, HO OOBEKTHBHAs OlieHKa (Hanpumep, o mepe PEAQ)
cpa3y BBISBISIET CYIIECTBEHHbIC MCKa)KEHHS B BOCCTAHOBJICHHOM CHTHAJIE.
Kpowme Toro, B psane ciydaeB HapymalTcs NCUX0aKyCTHYECKUE MPUHIUTIBI
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BOCTIPHSITHS 3BYKa YEIOBEKOM C IEJIBI0 CHIDKCHHS HEOOXOIMMOT0 Of0KeTa
our (HampuMmep, KOTJa VYAAIAIOTCA BEPXHHWE YacTOTHl HA HH3KHUX
outpeiitax). TeopeTHIecKoro J0Ka3aTeIbCTBA MIEPIENTYAIEHOTO PABEHCTBA
HCXOIHOTO M BOCCTAHOBJIIEHHOTO CHTHAJa aBTOPHI JaHHOT'O METOJa TaKkKe
HE TIPUBOJIIT.

W3 mpuBeneHHOTO aHanM3a CIEAyeT, 9TO, HECMOTPS Ha BBICOKYIO
3 PEKTUBHOCTH COBPEMEHHBIX METOJIOB CKAaTUs ayJIUOAaHHBIX C OTEPSIMH,
HU OJMH M3 HUX HE TapaHTUPYET NMEepLEeNTyaJlbHOr0 PaBeHCTBA UCXOJHOTO
1 BOCCTAHOBJIEHHOTO 3BYKOBOTO CUT'HAJIA.

Takum 00pa3oM, BO3HHMKaeT HEOOXOIMMOCTb PAa3BUTHS TEOPHU
cxKarui AyIUOJaHHBIX C MOTCPsAMHU, HOSBOJ’DHOIHeﬁ OCYHICCTBJIATDH
BbICOKOD((pEeKTHBHOE CKaTHe ayIUOJaHHBIX C TMOTEPSIMH Ha OCHOBE
MICUXOAKYCTHYECKNX  IMPHUHIUIOB  BOCHOPUATHS  3BYKa  YEIOBEKOM
U TapaHTHPOBATH MepIeNTyaTbHOE PaBEHCTBO HCXOITHOTO
1 BOCCTAaHOBJICHHOTO ay/JMOCHTHajJa Ha JIOOBIX OHTOBBIX CKOPOCTSX,
MTOIIePKUBACMBIX COBPEMEHHBIMH CTaHIAPTH30BaHHBIMH ayAHOKOICKAMH.

3. YTouHeHHAasT TeOpHs CXKATHSA AaYIHOAAHHBIX C TMOTEPAMH.
JlocTaToYHO OYEBHIHO, YTO IENBI0 PA3BUTHUS TCOPHUU CHKATHS ayIHOTaHHBIX
C MOTCPAMHU SIBJISICTCA JOCTHXKCHUC paBCHCTBaA HUCXOJHOTO
1 BOCCTaHOBJIEHHOTO CUTHAJIOB. Tak Kak peup MAET O CXKATHH C MOTEPSIMH,
TO paBC€HCTBO B CTPOIroM MATEMATHYCCKOM CMBICIIC HEBO3MOXXHO U MOKHO
TOBOPUTH JIMIIb O TIEPIENTyadbHOM (TICHX0aKyCTUYECKOM) PpaBEHCTBE
HCXOJHOTO U BOCCTAHOBJIEHHOTO CHTHAJIOB.

PaccMoTpuM crieayroIyro Teopemy.

3.1. Teopema 0 nepPUENTYyaJIbHOM PpPaBeHCTBE HCXOJHOIO
¥ BOCCTAHOBJICHHOTO ayJAHOCHTHAJIOB.

Teopema: Ilpu cxaTuum ayJUOAAHHBIX C NOTEPSIMH AOCTHXKEHHE
HNepUENTYyalbHOTO ~ PABEHCTBA  MCXOJAHOTO U BOCCTaHOBJIEHHOTO
ayJMOCUTHAIIOB JOCTM)KUMO TIpH  pa30MEHHH CIIEKTpa CXKHMaeMoro
ayoIUOCHTHANa Ha  CyONOJOCH,  COOTBETCTBYIONINE  TPeOOBaHUAM
MICUXOAKYCTHKH, W BBIOJHCHWN YCJIOBUS HEW3MEHHOCTH COOTHOIICHHUS
SHepruu " (a3pl HCXOMHOTO M 00paboTaHHOTO (CXKATOTO) CHUTHAIA
B KaXXJ0i cyOrmoJoce.

B manHOM citydae a3y HE0OX0IMMO paccMaTpHUBaTh KaK BEIMIHHY,
OTIPE/ICIIAIONTYI0 YPOBEHD 3BYKOBOTO JTABJIIEHHUS M3BECTHOW 3BYKOBOW BOITHBI
B TEKYILIUI MOMEHT BpEMEHHU B U3MepsieMOl TOUKe IPOCTpaHcTBa. Jpyrumu
cnoBamy, (aza omnpezenseT (COBMECTHO C aMIUTUTYJIOH) SHEPTHUIO CHUTHAJIA
JUIs KaXJOM YacTOTHOW Tpynmbl B JaHHBIH MOMEHT BpPEMEHH, a T.K.
JUINTEIBHOCTD (peiiMa He mpesbiaeT 20 Mc. (4TO CYHIECTBEHHO MEHBIIE
BPEMEHHU DPEaKLHMU CIyXOBOI'O almapaTa 4YeloBeKa Ha pa3IpakuTelb), TO
U CPE/IHIOI0 SHEPTHIO MO PpeiiMy AOMYCTHMO CUNTATH MIHOBCHHOM C TOYKH
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3peHHs MEepUENnTyaJlbHOTO PaBEHCTBA HCXOTHOTO M BOCCTAaHOBJIEHHOTO
ayIUOCUTHAIIOB.

CTOHUT OTMETHTB, UTO IPH IIEPEX0AE B CHEKTPAIbHYIO 00JIacTh MpH
oMoty JIKIT wim MJIKIT B kaxmbiii k03h(PHUIIMEHT TaKOTo Pa3ioKCHUS
BKITIOYCHA KaK JHEPrus, Tak W Qas3a CuUTHama. OJTO SBISETCS OTHOMN
13 OCHOBHBIX IIPUYUH, To4YeMy B cxkaTuu ayanocursanoB MJIKII sBisetcs
Ha CerOJHSLIHUI JIeHb HauboJiee IMUPOKO MPUMEHSIEMBIM Pa3JI0KEHHEM.

Bropoii npuumnHoit sBusietcss To, uto MJKII omepupyet
B JICUCTBUTENBHON O0O0NACTH, a HE B KOMIUICEKCHOW (Kak, Hampumep
HuckpetHoe npeobpazoBanue Oypre (AI1D)), uTo CylIecTBEHHO YINPOIaeT
MAIlIUHHBIC BBIYUCIICHUSA C IPUMEHECHUEM JJAHHOT'O PA3JIOKCHUA.

Mpumenenne MJIKII (wnm nrobGoro apyroro mpeoOpa3oBaHMs
coxpaHstomero wuHbpopMammoo o (ase curHama) AU IepeBoja
ayOqUOCUTHANIA B CHEKTPAIBbHYIO OOJIACTh TPH €ro CHXKAaTHU SBJSICTCS
HEOOXOIUMBIM yCJIOBHEM, T.K. BOCCTAaHOBJIICHHE CHTHaja 0e3 WHpopManuu
0 ero (¢asze BHECET 3HAYNTEIHHBIC UCKAXCHUS B BOCCTAHOBJICHHBIN CHTHAI
U SIBJISIETCS] HENOIYCTUMBIM € TOUKHU 3peHus npeiaraemoi TCAIL

VMeHHO T1O3TOMY  METOIBI, WCIIONB30BABIIHE B  KadecTBE
paznoxenus JIID ¢ mnocineayromuM BBIYUCIEHUEM 3HEPreTUYECKOro
crekrpa (M Kak CIeICTBHE — ToTeped (a3bl), BIOCIEACTBHUA ObUIN
3aMEeHEHbl Ha METO/Ibl, COXpaHsIoIue HHPOpPMaIHio o ¢a3e, B TOM YUCIIE
3TO KacaeTcs U METOJI0OB Ha OCHOBE HEMpPOHHBIX ceTed. bosee Toro, s
BOCCTaHOBJIECHUs (a3pl curHama ObUT pa3paboTaH CHEUHUATIbHBIA METON,
nmenyemblii PHASEN [31], u psn Oonee COBpeMEHHBIX €ro aHAJIOTOB,
MOJYYHMBINUH IIMPOKOE MPUMCHEHUE B cdepe YIyYIICHHE KayecTBa Peud
C IPUMCHEHUEM HEHPOCETEBBIX MMOIXO0B.

Takum o00Opa3om, coxpaHeHue (as3pl CHTHAJIa TaK e SBISETCS
Ba)XKHOW Hay4HOHW 3amaveil, oOecrieynBaroliell NepuenTyalbHOe pPaBEeHCTBO
UCXOJHOTO ¥ BOCCTAHOBJIEHHOTO CHUTHAJOB, a B CIlydyae MHOTOKaHAJIbHOIO
CHUTHalla — elle W Bce OMHaypaibHble 3((EKTHl UYEITOBEYECKOTO CIyXa,
HaTpUMep MO3UITHOHUPOBAHNE NCTOUYHUKA CHTHAJIA B IPOCTPAHCTBE.

JlokazaTeabCTBO:

Hcxons w3 B3aMMHOIM OJHO3HAYHOCTH NPEACTABICHHS CHUTHANA
B CHEKTPAIIbHOM M BPEMEHHOM JIOMEHaX

X(n),, =X(n),., (1)

ccin

F(n)ucx = F(n)«ocm’ (2)
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rae X — nudpoBoit curHan, a F — crmekrp 3toro curHayia (37ech U jaaee
O6ompmmMu OykBamMH OOO3HAa4YeHBI BekTopa Buaa X(t), T.K. ITHUCKPETHBIH
ayIMOCUTHAI — 3TO BEKTOp aMIUIMTYIbl OT Bpemenu), n=1,2,...,N, rue
N — KOJIMYEeCTBO BPEMECHHBIX/CIIEKTPAILHBIX OTCUCTOB.

F=(ff..... ) 3)

rne f — coekrpanbHble KoddduiuenTsl (B Hamem ciaydae — MJKII),
N — KOJIMYECTBO CIEKTPAIBHBIX KOI(PPHUIIUEHTOB.

Hns  nocrmwxkenuss (2) BocHoNb3yeMcsl Te€M, 4YTO B IIpejeiax
KPUTHUYECKOH IOJIOCHI CIIyX MHTETpUpYeT BO30YXKJEHHE 0 4acTOTe U HE
pa3nuyuaeT TOHKOW CTPYKTyphl BO30ykaeHws. Ha stoM, B wacTHOCTH,
ctpoutcss 3(p(HeKT MacKHpOBaHHS B CIEKTpaibHON oOmactu. pyrumu
CJIOBAMH, CIICKTP 3BYKOBOT'O CHTHajla MOXKET paccMaTpHBaThcs Kak Habop
cym™ 3HaueHnH kodduumenToB MJIKII (Bkmowaromux sHepruto u Qazy
CHTHaJIa) B YaCTOTHBIX IPYIIIAX, COOTBETCTBYIOMINX KPUTHIECKHM OJI0CaM
ciryxa.

HanomuaumM, 4YTO mnpu BOCHPHUSATHMM 3ByKa CIYXOBOM ammapar
YejoBeKa pasfeNsieT ero Ha YacTOTHBIE TPYMNbI, Ha3bIBaeMble
KPUTHYECKHMH IojlocaMu ciiyxa. B amamasone ot 20 mo 22050 I'm yucio
KpUTHYEeCKHUX Mojoc paBHO 25. IllupuHa 3THUX MOJIOC MEHSAETCS OT HU3KHX
K BBICOKHM 4acTOTaM HEperyIsIpHBIM 00pa3oM.

TakuM 00pa3oMm, CHEKTp CHTHajJa MOXHO pPacCMaTpUBaTh Kak 25
3HAQUYEHUH SHEPTUHM CHI'HAla B COOTBETCTBYIOIIMX KPUTHYECKUX II0JIOCaX
ciyxa. [lns monydeHHs YKa3aHHBIX 3HAUCHHH HEOOXOAWMO IIPUMEHHTb
COOTBETCTBYIOIIee TpeodpazoBanme (Hanpumep, MJIKII) ¢ mocnexyromeit
rPYNIUPOBKON 4acTOT B COOTBETCTBHM C HEpaBHONOJOCHOM mkanoi BAPK
(Bark-scale).

Ha ocHOBaHMHM BBIIMIEU3TIOKEHHOTO CHOPMYIHpPYEM  MEPBBIHA
[IpuHIIUT TEOPHH CKATUS ayAUOJAHHBIX C IIOTEPSIMH.

Hpunuun 1. Heo6XxoauMo UCTIONB30BaTh CYOMOIOCHOE pa3jeiieHue
CIEKTpa CXHMaeMOTO ayJHOCHTHAJla B COOTBETCTBUH C KPHUTHYECKUMU
IoJIocaMy ciryxa (KelaTebHO B COOTBETCTBHH ¢ bapk-mikanoif), a He Ha
CyOITOJIOCH IPOU3BOIHHON IIMPHUHBI.

CTouT OTMETHTH, YTO JAHHBIN IOJXOJ TMPHMEHSETCS BO MHOTHX
COBPEMEHHBIX ayJUOKOAEKaX, YTO TOJIBKO MOATBEPXKIAET KOPPEKTHOCTh
IIpeAaraeMoi TEOPHHU CXKaTUs ayTUOAaHHBIX C HOTEPSIMU.

[Ipn mepexone K pacCMOTPEHHUIO CIEKTpa CUTHala B CyOIOJIOCHOM
npeacTaBaeHUH (3) MOKHO 3arucaTh Kak

438  Undopmaruka u asromarmsanus. 2025. Tom 24 Ne 2. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (ommaiiz) Www.ia.speras.ru



MATHEMATICAL MODELING AND APPLIED MATHEMATICS

F=(2,,2,,....Zy), 4)

rne Z; = (fi, f2, -, f1) , TAe L — KONMYECTBO YACTOTHBIX KOMIIOHEHT
B cybmonoce, R — konmmgectBo cybmooc.
Ha ocnoge [Ipuniuna 1 ¢popmyiny (4) MOKHO 3ammucaTh Kak

F=(2.2,....25), Q)

L 2
riae z; = Z j=l1‘ i » T.C. CyMMa CIICKTPaJIbHbIX KOMIIOHCHT B cybmonoce.

Kak yxe oTMmewanmoch BBIIIE, B JAaHHOM cCllydae pedb HACT 00
SHEPruu CUTHaja B KOHKPETHBIM MOMEHT BPEMEHH, a OHA OIPENEISIETCS
ammutynoi u ¢asoi curnana. Takum obOpasom, dasza curHama Bcerna
MPUCYTCTBYET B SHEPTUH KaXKI0H CyOII0JIOCH B HESIBHOM BHJIE, TIODTOMY HE
TpeOyeTcsi ee OLEHHBaTh MOIOJHHUTENBHO. JTO OOBSCHSAET TOT (DaKT,
MOYeMy BO BCEX HCTOYHHKAX, OTHOCSIIUXCA K MEPLENTyaTbHOMY CXATHIO
ayJIUOCUTHAIIOB (Hampumep, [5]) peub Bcerma HMIACT TOJIBKO 00 SHEPrHUU
CUrHaja ¥ He YIIOMHHAETCs 0 ero dase.

Tak ke oTMeTHM, YTO T.K. (ha3a HE BBIYHCIIETCS B SBHOM BHJIE
(a ToTBKO BIHSIET Ha YHEPTHIO), TO BO3BEJCHHUE CIICKTPAIILHOTO KOMIIOHEHTA
B KBajJpaT HE MOXET Ha Hee mMoBmUATh. Kpome toro, MJIKII (B oTmnume
ot AI1®) mO3BONSET JIETKO BOCCTAaHOBHTH 3HAYCHHE CIEKTPAILHOTO
KOMIIOHEHTA TIOCJIe €r0 BO3BEICHUS B KBAIpaT — HEOOXOIUMO TPUBHAIBHO
B3iTh KBAJpATHBIN KOpeHb (T.K. 3TO JEHCTBUTENBHOE YHCIIO) U MOIYIUTh
3HaK W3 JONMOJHHUTEIBHOTO IOTOKAa 3HAKOB. /lOCTAaTOYHO OYEBMIHO, UTO
3Haku MJIKIT koad¢duimeHToB HEOOXOTUMO COXpaHATh W BKIIOYATh
B CKATBIN ayHONOTOK ((aiin).

B kauectBe anprepHaTuBsl MJIKII ymMecTHO paccMOTpETh MaKeTHOE
JUCKpeTHOe BelBieTHoe mpeoOpaszosanue (I1IBII), u3ydeHHo KOTOPOro
MOCBANICHO JIOCTATOYHOE KOJHMYECTBO paboOT. VYKa3aHHBIH TOAXON
K [IEPEeX0Ay B CIEKTPAIBHYI OOJNACTh MO3BOJACT IIONYYHUTh YaCTOTHBIC
rpynmnbsl B COOTBETCTBMM ¢ bapk-mikajaod W MO3TOMY B TIOJHOH Mepe
cootBercTBYyeT [Ipunnumy 1.

[lepuenrtyanbHoe cxarue ayquogaHHbx ¢ npumenenueM [1JIBII Tak
e JOCTaTOYHO HM3YYCHHAs 00JacTh 3HAHWH. 3HAYMTENBHBIA BKJIA] B €€
pasButue BHecau A.T.H. [letpoBckmii A.A. [17], ®angee JI.P.,
n.7.H. Porosunckuit I'.I'. [32], u apyrue aBTopsl. B ymoMmsHyThIX paboTax
nokazano, uto ITJIBIT mpuMernMo B kadecTBe Oaswca JUIsi HCIIOJIb30BAHHMS
B nicuxoakyctuaeckord Mmojaenu (ITAM) u aBTopsl ycnemHso ctpost [IAM na
€ro OCHOBE.
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Bwmecre ¢ Tem, HecMoTpst Ha mojHOe cooTBercTBHe [lpunHiumy 1
U JOKa3aHHYI0 BO3MOXHOCTb cTpouTh IIAM c¢ mnpumenenuem IIJIBII,
HMEHHO BOINPOC TOYHOTO COXPAaHEHWs SHEprud W (a3pl CHrHaja MpH
npumenernu [1/IBI1 (Hanpumep, Bo BpeMs KBaHTOBaHU 110 ypoBHIo [1/IBIT
KO3 QHUIMEHTOB) aBTOpaMH HE paccMaTpuBaicsi, W Oojee TOTO
B pabote [32] wmer mpsMoe TPOTHBOIMOCTABICHHE MPOCTPAHCTBA BPEMSI-
yacToTa (Mcrosb3yemomy, Hampumep, B MJIKII) mpocrpaHcTBY Bpems-
MaciuTtad npu ucrons3oBanuu [1JIBII.

JlaHHOE  OOCTOSITEBCTBO ~ HE  MO3BOJISIET  MpsSMO  ceivac
pexomengoBath IIJIBIT kak 6a3uc mepexolia B CIEKTPaJbHYI 00JacTh
B cootBercTBUU ¢ [IpuHumnom 1 (o mpuymHax 3TOro OyJIeT CKa3zaHO HUXeE
B popmyne (6)), HO B ciy4ae IPOBEICHHS HOBBIX HCCIICIOBAHUIA,
TOKA3BIBAIOMINX €ro IMPHUMEHHUMOCTh, IUIAHUPYETCS BEpPHYThCI K €ro
PacCMOTPEHHIO.

Ecim moTpe6oBaTh Ipu OCYIIECTBICHUH JFOOBIX I3MEHEHUH CIICKTpa
TIPH CKATHH ayTHOCUTHANA C TIOTEPSIMH BBITIOTHEHUS YCIOBHS

| N

L =const =a, (6)

~Ne

rne Z; — CyMMa CHEKTpPaJbHBIX KOMIIOHEHT B CyOIOJOCE CXaToro
(UCKa)XEHHOr0) ~ ayJMOCHUTHAJIa, TO CHEKTp C)KaToro ayAuoCUrHaia
B cooTBeTCTBHH C (5) OyzeT paBeH

F,. =(2.%,,....%;), @)

~ Zj
rae zZ; = ;‘, rae a=const (OIMHAKOBas IS BCEX CYOIOJIOC), CICIOBATEIBHO,

CIIEKTP BOCCTAHOBJIEHHOTO CUTHAJIA Oy/IeT paBeH

Foo =(az;,az,,...,a2y ), (8)
T.C.
Z, 1z z
F =laZt,a=%,..aR|=(z2,2,,....2, )=, 9
socm ( a a a ( 1542 R) ( )
Fgocm = Fqu' (10)
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Takum obOpasom, cobmogenne TpeboBanus (6) BO BpeMs CKATHS
ayIMOCUTHAIA C TMOTEPSIMH 00ECIICUMBACT BBIMIOHEHHE (2), T.€. HCXOIHBIN
CUTHAJ OyZeT paBeH BOCCTAHOBIIEHHOMY B NEpPIENTyaJIbHOM CMBICIIE.

Bomee Toro, Tak Kak 3HEPTHs CHTHaja B CyOIlOJIoce OMpenemnseTcs
BTOM dmciae ero (Gaszoil (ToyHee OTO CYNEPIO3UIMS CHUTHAIOB
COOTBETCTBYIOIIUX YaCTOT BXOAIINX B YKa3aHHYIO CYOIIOIOCY, KaXKIBIH U3
KOTOpBIX 00iamaeT cBoeil (aszoii), To TpeboBaHue (6) MO3BOJIET TaK Ke
COXpaHATh (pa30BbIE COOTHOIICHHS MEXAY CYOINOJIOCaMH, YTO MO3BOJISET
HaMm TOBOPUTH HEC TOJIBKO (6] PaBCHCTBC 3Hepr1/1171 HUCXOJHOI'O
Y BOCCTAHOBJICHHOTO CHUTHAJOB (C TOYHOCTHIO JI0 MHOXHTENS), HO M O
paBeHCTBe UX (a3, YTO OJHO3HAYHO omnpeesieT ucrnoyHenue (1).

CTOI/IT OTMETHUTDH, YTO KOrJa p€4b HUJACT O CKATHUU C MOTCPAMHU, TO
PaBEHCTBO HCXOIHOTO ¥ BOCCTAaHOBJICHHOTO CHTHAlOB (2) TPHHATO
MMOHUMATh KaK NPUONIKEHHOE (JaXke B IEpIENTyadbHOM CMEBICIE MBI
MOJKEM TOBOPUTH TOJBKO O «IPO3PAYHOCTH» — T.€. O HEOTIMIAMOCTH
CUTHAJIOB Ha CIIyX)

XGUCW! ~ XllCX’ (11)

MO3TOMY TOT (aKT, 4TO B OOIIEM Clydyae Ha peajbHBIX ayIUOAaHHBIX
TOYHOTO BbIMONIHEHUS (6) JOCTHYb HE yAaeTcs, TOBOPUT O ToM, 4To (6)
6oJlee yMECTHO 3amucaTh Kak

[

L=azte, 20ee>a. (12)
1

™~

YTO HE UJICT B pa3pe3 ¢ OOIIECHPUHITEIMY B HAYKE OTIPEICIICHUSMH.
Jpyrumu crmoBaMu, T.K. peYb HACT O CXKATHU C IOTCPSMH,
TO BhINOJHEHHE (6) B cMbicie BbnosiHeHUs (12) sBisieTcs 10CTaTOYHBIM,
aTIOMCK TOYHOro perieHuss s (6) mpenacTtaBisercs H30BITOYHBIM
Y TIPOTUBOPEYAIIMM CaMOW HJICC COKATHSI C MOTEPSMH, T.K. CMBICI CXKATHUSA
C IOTEPSMU COCTOUT B Iepenave 0ojee BaXKHBIX C MCHXOAKYCTHYCCKON
TOYKH 3pEHHS KOMIIOHEHT CHIrHana (BPEMEHHBIX WIH CIEKTPAIbHBIX)
U OTOpachIBAHUU MEHEe BaXKHBIX B COOTBETCTBHHM C TpeOyeMbIM
CyOBEKTHBHBIM Ka4eCcTBOM BOCCTaHOBJICHHOT'O CHTHAJA, 4TO
MOJIpa3yMeBaeT BO3MOXHOCTh JIOCTIIKCHHS TOJIBKO — MPUOIMIKSHHOTO
paBeHCTBA HCXOTHOTO W BOCCTAaHOBJIEHHOTO CHTHaNOB B cwmbicie (11).
BwMmecte ¢ TeM, Helb3s He OTMETHTh TOT (DaKT, YTO HU OJUH M3 OIUCAHHBIX
B JIUTEPAType COBPEMECHHBIX METOJIOB CXKATUs HE BhINOJHSET (6) B cBOCH
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pabore (maxxe B cmbicie (12)), a cuemoBarenbHOo, M (2) (make
B cMbIciie (11)) Takke He BBITIOTHASTCS.

ITpennaraemast TeOpust CXkKaTHs ayTUOAAHHBIX C MOTEPSIMH IPU3BaHA
YCTPaHUTh yKa3aHHbIC HECOBEPIIEHCTBA COBPEMEHHBIX METOJOB CHKATHA
ayIUOJAHHBIX C TOTEPSAMH M IO3BOJHTH nocTurath (2), B cmeicie (11).
B pmampHeiimeMm, Ui yIPOIIECHHUS BEIYUCICHUH, pelieHus OyAyT IPUBEICHBI
B cMbicie (6) u (2), T.K. 3TO He BIMSET Ha PE3yJIbTAT BHIYUCICHUI.

TakuM 00pa3oM, Ha OCHOBaHHMHU BBINIEH3II0)KEHHOTO JI0KAa3aTeNIbCTBA
chopmynupyem BTOpoil [IpuHIMO TeopuHM CKATHS — ayIUOJaHHBIX
C MOTEPSIMHU.

IIpuamun 2. Ha Bcex sTamax npoueaypbl CKaTHsI-BOCCTAaHOBICHHUS
ayAMocurHaga HeoOxoaumo BbinosiHeHHe (6), T.K. 9TO B CBOIO oOyepelb
SIBISIETCSI HEOOXOANMBIM M IOCTAaTOYHBIM yCIOBHEM BBIIIOJIIHEHNUS (2).

Teopema noka3zasa.

3.2. YMeHblIeHMe OMTOBBIX MNpeACTABJIECHMI AayAUOJAHHBIX
¢ cod.1I01eHuEeM nepuenTyajlbLHOro paBeHCTBa HCXOTHOTO0
¥ BOCCTAHOBJIEHHOr0  ayauocursanoB. CTOHT  OTMETUTh,  4YTO
YMEHBIICHHE OWTOBBIX TPENCTABICHUH ayIHOJAHHBIX (ayJHOCHIHAJIOB)
BO3MOXKHO HCKITIOUUTEJIBHO 33 CUET MAaKCHMMAJIbHO BO3MOXKHOTO CHIDKEHUS
SHTPOINHUU CKaTOH (00pabOTaHHOIT) TOCIIENOBATENILHOCTH U TIOCIIEIYIOLIEr0
NPUMEHEHHE CTATUCTUYECKOTO CXKaTusl (Hampumep, apuMeTHIecKOro
KOJUPOBAHU).

CHIKEHUSL SHTPOMHUHU CXKATOTO ayauodaiiia BO3MOXKHO 3a CUYCT
KBaHTOBaHMS TI0 YPOBHIO OTCYETOB HCXOJHOTO CHUTHala WIH €ro
CHEKTPAJbHBIX KOMIIOHEHT (B TOM YHCJIE M KBAHTOBAaHUS K HYJIIO).

3.2.1. Pa3nenenne Ha TOHAJIbHbIE " HIYMONO100HbIE
KOMNOHEHTHI. C TOUKH 3pEHUS NICUXO0aKyCTHKU y/AaJIeHHE WIH OOHyJIeHUE
MIPOM3BOJIBHBIX OTCUETOB CHTHAIAa WM €ro CIEKTPaJbHBIX KOMIIOHEHT
COBEpLICHHO  HEBEpHO.  VICKiloYeHHWeM  SIBISIIOTCA  CHEKTpalbHBIC
KOMIIOHEHTBI, JIeKalllie HIKEe abCONOTHOTO TIOpora  CIBIIINMOCTH,
KOTOpBIE HE BOCIPHHUMAIOTCS YEJIOBEKOM B MPHUHIUIE HU IPU KaKUX
YCIIOBUSIX — TIO3TOMY MX MOKHO Cpa3y OTHECTH K IIIyMOIIOJOOHBIM, U 3TO HE
CKa)XeTCAd Ha JIOCTIDKCHHH TIEPLENTYalbHOTO pPAaBEHCTBA HCXOIHOTO
1 BOCCTaHOBJICHHOTO ayJHOCHTHAJIOB, OCOOCHHO YYHTBIBAast TOT (akT, 4TO
9HEPrusl TOJOOHBIX KOMIOHEHT KpaiiHe HE3HAYWTEeNbHA W MOJO0OHBIE
KOMITOHEHTBI €CTh B KayK/I0H CyOII0JI0Ce, ¥ X SHEPIHs B I0CTATOYHOI Mepe
YpPaBHOBELIMBAET APYT ApYTa.

Jnst  BceX OCTaJIbHBIX CHEKTPAJIbHBIX KOMIIOHEHT 3BYKOBOT'O
CUrHaja, JIOMyCTUMO TOJBKO KBAaHTOBaTh OTCYUETHl CHUTHAjla WIN
CHEKTpaJbHBIE KOMIIOHEHTHI B Npejenax, KOTopble OyAyT He3aMeTHBI JUIs
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CIymiaTeNss BOCCTAaHOBIEHHOTO ayAWOCHTHANA, O0a3upysach Ha <o dekTe
MacKHPOBKHY.

Bo Bcex COBpEMEHHBIX METOJAaX CXATHUS ayJHOJAaHHBIX C HOTEPSIMU
JUISl WCTIONIB30BAHUS JAaHHOTO 3((EeKTa CTPOAT TaK Ha3bIBAGMbIE KPHBBHIC
MacKHpOBKH, MO3BOJISIONINE ONMPEAEIUTh, MACKUPYETCSI JIH JAHHBIH OTCYET
WIN CHEKTPalIbHBIH KO3()(UIMEHT COCeTHMMH HWIM HET M HACKOJIBKO
CHJIBHO BO3MOJKHO €T0 NPOKBAHTOBATb.

OpnHako, B peaJbHONH TIPAKTUKE COBPEMEHHBIX ayJUOKOIECKOB
B Clly4yae HeJjocTaTka Orojpkera OUT B mpoliecce KBaHTOBAHHUS MO YPOBHIO
NPU JOCTHKEHUHM KPUBBIMH MAacKHPOBKH YPOBHS, KOTOPBIH HE IO3BOJISET
NIPUCBOUTH KBAaHTOBAaHHOMY 3HAUEHHMIO HHUKAKOTO YPOBHS, KpOMeE HYJI,
BO3HMKAET HEOOXOMMOCTD 3aHYJICHUS! YAaCTH CHIEKTPAJIbHBIX KOMITIOHEHT.

370 SBISETCS BaXHBIM HAPYIICHWEM HMPUHIWIOB IICHXOAKYCTHKH
U TIOJUIeKUT YCTPAHECHHUIO.

Kpome Toro, BasKHBIM SIBIISIETCS TOT (PAKT, YTO MPUHITHE PEIICHUS
00 otOpacsiBaHNy (OOHYJICHHH) TEKYIIETO KOMIOHEHTA OCYIIECTBIICTCS Ha
OCHOBE 3BPUCTHUYECKH TOIYYCHHBIX KOYPPHUIUEHTOB (HCIIOIb3YEMbIX MpPH
MIOCTPOGHUH KPHUBBIX MAaCKHPOBKHM), 3HAUYCHMS KOTOPHIX BBI3BIBAIOT
CyIIECTBEHHBIE PpA3HOUYTeHHA (Tpolle TOBOpS — OHH Yy KaxIoH
NICUXOAKYCTHYECKOH MOJEIM CBOM, M UX 3HA4YCHHSA pa3IndaroTcs
3HAUUTEJIbHO, HANpHuMep, y Mcuxoakycrudeckux moneneit MPEG AAC
nDolby AC-4 o0e u3 KOTOpBIX SIBISIFOTCSL  COBPEMEHHBIMHU
1 3(pPeKTUBHBIMU PEUICHUAMH), YTO HO3BOJIIET JeaTh BEIBOX O HE TOUHOM
COOTBETCTBHUHM IICHX0aKyCTHYECKOH TEOPHH.

IMpexxne veM TroBOpUTH O crocobax NPEOJOJICHUS 3aHyJCHUS
CHEKTPaJbHBIX  KOMIIOHEHT Ha  HHU3KMX OHWTpelTax, IOrOBOPHM
0 KOPPEKTHOH C TOYKH 3PEHHs IICUX0AKyCTHKH MAaCKUPOBKE CIIEKTPAJIbHBIX
KOMIIOHEHT.

Ecimu B mpouecce mpoBeaeHHs NPOLEAYPHI CXKaTUs pPa3AenaTh
CyOII0I0CH B COOTBETCTBUU C KPUTHUECKUMH MOJIOCAMH CIIyXa, TO PEIICHHE
3a7a4d MacKHpPOBKM JOCTaTOYHO OYEBHAHO — JIOOOW CHEKTPaIbHBIN
KOMIIOHEHT B Tpefenax CyOmojloChl MAacKHUPYETCsl CIEKTPaJbHBIMU
KOMITOHEHTAaMH ¢ OOJbIIEH YHEPTHEH.

310 00YyCIOBIEHO CaMHUM OTpeIelIeHHeM KPUTHIECKOH ITOIOCHI
cIyxa, T.K. B Hell KpuBas MAacKHpPOBKH JIOOOTO MacKepa IHHEWHa
(HaxoUTCs HAa OJTHOM YpOBHE, Oe3 yObIBaHMS), a yObIBaHME BO3HHMKAET 3a
npeaenaMy KPUTHYECKOW MOJIOCH! ciiyXa (COOCTBEHHO, TaK M BO3HUKIO
MOHATHE «KPUTHYECKOW IOJIOCH CIyXa» — IIMPHHBI CIIEKTpa, TJe KpHUBas
MacKUpPOBKU UMeeT JHHeHHBINH Bui). Hannuue nmuHelHON 4acTu B KpUBOH
MacKUpPOBaHMS TPEACTaBISIETCS KpaillHe Ba)KHBIM, T.K. TIOJIHOE OINHCAHUE
s¢ekra MaCKUPOBKH B KPUTHUYECKOW I10JIOCE CIIyXa MO3BOJISIET MOCTPOUTH
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MeplenTyalbHOo  ODOCHOBAaHHYIO  TEOPHIO  CXKATHS  ayIHOJaHHBIX
C MOTEPSMHU.

Takum o00pa3oM, KaXABIM KOMIIOHEHT CIIEKTpa B cCyOIoioce
MaCKHPYeTCsl TJIaBHBIM MAacCKepOM, M BCE, YTO JISKUT HHXKE KpPUBOU
MacKMpOBaHUSl  [NIABHOTO  Mackepa, MOXHO paccMaTpuBaTh  Kak
LIYMOTOI00HBIC KOMITIOHEHTBI.

BaXHBIM MOMEHTOM SIBISICTCS TO, YTO HpPU TAaKOM TMOAXONEC HE
MPOUCXOMUT  3aHYJICHHUsI  CHCKTPalIbHBIX  KOMIIOHEHT, T.K.  BCE
LIYMOIIOI00HBIE KOMIIOHEHTHI OyIyT 3aKOJMPOBaHbI OJHUM 3HAYCHHUEM,
BbIYUCIISIEMBIM KaK

Z, = , (13)

rae N — Konnm4ecTBO HIyMONOAOOHBIX KOMIIOHEHT B cyOmnosnoce, f,, —
LIYMOII0/100HbIE CIIEKTPaIbHbIE KOMIIOHEHTHI B CYOII0JI0Ce

JlaHHBIN TOXXOM NpeACTaBIseTCs] 0OOCHOBAaHHBIM, T.K. COTJIACHO,
HampuMep, [5] B mpemenax KpUTHYECKOW MOJIOCHI CIyX peardpyeT JIHIIb
Ha OOIIY0 PHEPTHIO IIyMa, HE YUUTHIBAsl €r0 pacipeielieHUE.

Takum o00Opa3oM, TpEACTAaBIEHHE CHEKTPAIbHBIX KOMIIOHEHT
C HU3KOM DJHepruedl B IIpeAeiax KPUTHUYECKOH IOJIOCHI CliyXa Kak
IYMOTOAO0HBIX W JaibHEWINas 3aMeHa HMX Ha CpeIHEee 3HAuYeHHE HX
SHEPrHH MOJHOCTBHIO COTNIACYETCsI C MPUHIMIAMH NICHX0aKycTHku. Ha atoi
ocHoBe chopmymupyem [lpuHimn 3 Teopuu CxaTHs —ayIUOAaHHBIX
C MOTEPSIMHU.

Opunoun 3. B nensax semonsaeHus (6) u, kak cieactsue, (2),
HEOOXOAUMO HE JIOIYCKATh 3aHYJICHUS CIEKTPAIbHBIX KOMIOHEHT C Mallon
JHEprueil, a BMECTO JTOro, B Ciydae HEXBAaTKH Orojpkera OUT JyIs
KOJIUPOBaHHs BCEX CHEKTPAJIbHBIX KOMIIOHEHT C HEOOXOAMMOH C TOYKH
3peHUs]  TICMXO0aKyCTHKM  TOYHOCThIO  (T.e.  IOCJ€  IPEOIOJICHUS
NICUX0aKyCTHYECKOr0  Mpejejia  CKaTusi), KOAMpOBaTh  HMX  Kak
LIYMOIIOI00HbIE, T.€. OJIHMM 3HaueHHeM (CpeTHUM 3HAYCHUEM UX DHEPTHH),
BEIUHUCIIsIeMOH TTpu oMo (13) ¢ coxpaHeHHeM 3HaKa.

Ocraercst 1MOKa3aTh, KaKMM 00pa3oM OCYIIECTBHTh YKa3aHHYIO
oTepanuio, 9To0bl He OBLT HapyIIeH npuHuUI (6).

C TOYKM 3pEHHUS IICHXOaKyCTUYCCKOW TEOpHH, YKa3aHHBIC
CHEKTpajJbHble KOMIIOHEHTBl C MAJOW SHEpPrueil JOMyCTHMO OTHECTH
K IIyMOMOOOHBIM, W, KaK CIEICTBHE, 3aKOJAUPOBATH TOJIBKO CPEIHUM
3HAQUEHHEM, €CJIM MX OHEPrus HIDKE KPUBOW MACKHPOBAHHUS TJIABHOTO
Mackepa.
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YpoBeHb KpWBOH MacKMpOBaHWA TJIaBHOTO Mackepa (M)
B sienOenax 1o OTHOIICHHI0O K 3HAYEHHI0 CaMOro Mackepa MOXKHO
BBIUMCIUTh MO ciexyromeit ¢opmyne (14), mo3BoisIOmEed paccuuTath
YPOBEHH MACKHPOBaHMs 1rymMa ToHOM [1]:

M, =—-1,525-0,175%z, 0,5, (14)

r1e Z; — HOMep TeKyllel cyOroIoCkHL.

Kak yxe oTMmedanoch paHee, B KaueCTBE JOIOJHHUTEIBHOTO Ilara
MOKHO Cpa3y OTHECTH K LIYMOIOJOOHBIM CIIEKTpajbHble KOMIIOHEHTBI,
Jexalye HIDKe aOCONIOTHOTO — IIOpora  CIBILIMMOCTH, Kak  He
BOCIPHHHMAEMBIC YEIIOBEYECKHM CITyXOM.

B 00mux yepTax, B COOTBETCTBUH C MpeUIaraeMoi TeopHuei coxatus
C TOTepsMHU, TPOLEAypa BBIJCICHUS IIYMOIIOJOOHBIX CIEKTPAIbHBIX
KOMITOHEHT JIOJDKHA BBHITJISAETH CIEAYIOINM 00pa3oMm:

B ciryyae HexBaTku OrojkeTa OUT BBIIOJIHSETCS CIEyIOlIee:

1. PamxupoBaHHE CIEKTPaJIbHBIX KOMIIOHEHT B cyOmoJyioce o
MOJIYJIIO.

2. IlomewyaHwe 4acTh CIEKTPaJbHBIX KOMIIOHEHT, JISKAIINX HUKE
KpUBOH MacKUpOBaHUs TIIaBHOTO Mackepa M; (B coorBeTcTBHH C (14)) Kak
IIyMONIOXOOHBIX, HAaYWHAs ¢ HAaUMEHBIIEro, IO TeX Iop, NoKa OHuToBas
CKOpPOCTBb TIOTOKA He OyeT coOmroieHa.

3. 3aMeHa  IIOMEYEHHBIX  LIYMONOJOOHBIX  CIEKTPalbHBIX
KOMIOHEHT Ha CpefHee 3HauYeHHWEe HX DHHEPrHd H (eciom  3To
IpeaycMaTpUBaeT METOJ| COKaTHs) KBAHTOBAHHUE 110 YPOBHIO IOJIyYEHHOT'O
3HAYCHHSI.

CrenoBaTesibHO, T.K. IIOCJIE NPUMEHEHHS NPOLEAYpHl BBIJIECICHUS
LIYMONOJO0OHBIX CIIEKTPANbHBIX KOMIIOHEHT BO BCeX cyOmosocax Oyzaer
BBINIOJTHEHO (6), TO 3TO MO3BOJISIET TOBOPUTH O BHIMOIHEHUH (2).

KomnnaectBo LIYMOIIOZOOHBIX CIIEKTPANbHBIX ~ KOMITIOHEHT
OTIpeNIeNAeTCsl LEJIeBBIM OUTPEHTOM, T.e. TeM ONOHKETOM OWT, KOTOPBIM
oOnamaer »HKOJEp: 4eM HIDKe OWTpelT, TeM mx OepeM Oobmie, T.K. 3TO
OYEBU/THO TIO3BOJISIET YMEHBIIHUTH PacXo]] OUT 3a CUET Nepetay He TOYHBIX
3HAYCHUH KOHKPETHBIX CHEKTPAIBHBIX KOA()(UIMECHTOB, a TOIBKO OJIHOTO
3Ha4YeHUs Z, M1 BceX. HalmoMHUM, YTO COBpPEMEHHbIE ayAHOKOIEKH STH
KOMITOHEHTHI IIPOCTO 3aHYJISIOT.

Kcratu roBopsi, cTeneHb CXaTusi IIPH NpPEAIaraeéMoM II0/X0jie
YMEHBILIUTHCSI HE3HAYHWTENbHO, T.K. HYXHO JIONOJHUTEIBHO Iepe/aBaTh
TOJIBKO 3Ha4eHHe Z, I Kaxkaoi cybmnonockl. [Ipu sTom nepepacxoxa Out
KOMIIGHCHpYeTCsS 3a CdYeT Ooyiee BBICOKOTO CYOBEKTHBHOIO KauyecTBa
[OJIy4aeMOr0 CHIHajia, YTO IIO3BOJMT, B CBOIO O4Yepeab, NPUMEHHTbH
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KBaHTOBAHUE II0 YPOBHIO CIIEKTPAIbHBIX KOMIIOHEHT Ha MEHBILIECE YHCIO
YPOBHEH KBAaHTOBaHUS.

BaxHo, 4TO, T.K. IMEET MECTO 3aMEHA CIEKTPAIBHBIX KOMIIOHEHT
Ha CpeflHee 3HAYCHHWE WX OJHEPruM, TO d3Ta MpoUexypa HE BIHUIET
Ha KOPPEKTHOCTH MPOIEAYPHI CXKATUSI B CMBICTIC BEITIOTHEHUS (6).

Opnako, (6) Oymer HeoOpaTHMO HApYIIEHO, €CIIH B ITYMOIIOZOOHBIC
KOMITOHEHTBI ~IIONIaJyT MAacKephl, T.€. CHEKTpaJbHbIE KOMIIOHEHTHI,
JeKaliye BbIIIE KPUBOW MAaCKMpPOBaHMS TJIABHOTO Mackepa W He
OTHOCSIIHMECS K IyMy. JTO rpyboe HapylIeHHe TEOPHU U ero HeoOX0auMOo
n30erarh.

Juin  peanmzauuMu  yKa3aHHOM  MpoOUENypbl  IPOPEXKHUBAHHS
Npe/sIaraeTcs UCIOIb30BaTh UTEPALMOHHYIO ITPOLEAYPY:

BekTop Z;, 0OTCOPTUPOBaHHBII MO BO3pacTaHuo, OyJeM Ha3bIBaTh

Z i_copm

Ziicopm :(f;’opnzl’f;ome"“f‘come)’ (15)

rae L — xonugectro f B cyOmosoce.
JlocTaTo9HO OYEBHIHO, UTO

L 2
i = Zi_copm = Zj=lfj . (16)

Jis ompenencHus NIyMONOJOOHBIX KOMIIOHCHT B COOTBETCTBUH
c(14) BelUHCHEM  pealbHOE  3HAYCHHWE  KPUBONH  MAaCKHPOBAaHUS
C MCTIONTE30BaHUEM 00paTHOM (GOPMYITBI ISl BEIYMCICHHS IEHOEIIOB:

M, = f2 *2M,, (17)

1 max

Crie0BaTebHO, IS BHINOMHEHUS (6) BBIMOJIHAEM HMTEpAIHHU 110 |
MoKa

2
ftopmij = Mi’ (18)
Ecim

2 —~
fcopmij >M i’ (19)
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T0 j=j—-1, T.. OTMEHa TIOMETKH TEKYyIIero CHEKTPaJbHOTO

KO3 pHUIHEHTa KaK ITyMOIT0{0OHOTO ¥ KOHEI] HTePaIlHOHHON POy PHI.
Crenosarenbro, nocie (19) nomayuaem BeKTOp Zpy,

Zcopm = (.fcopmk s f;opmk+l [ f;opnzL ) > (20)

rae k = j, T.e. TIOCIIEAHEMY YCIICITHOMY ATy UTEPaIHOHHOMN MPOIETYPBI.

ITpoBoarM 0OpaTHYIO COPTHPOBKY, T.e. Bo3BpariaeM f Ha HCXOIHBIE
MECTa 1 3aBepIlIaeM UTEPAHOHHYIO MPOLEAYPY.

Jaiee, kak yxe ropopmioch, npumenseMm (13) u mpoBomum 3ameHy
BCEX IIYMOMOJOOHBIX CHEKTPAIBGHBIX KOMIIOHEHT Ha CpelHee 3HaYCHHE MX
sHepruu (Zn).

[Tocne BBIMONHEHMS MPOLEAYPHI MOIYyYaeM BEKTOp Z; C JHEPTHUEH,
PaBHOW MCXOJHOMY 3HAYEHHIO B CTPOTOM COOTBETCTBUH C (6), T.K. 3aMeHa
3HAYEHHUH HEPTUHU KaXKA0TO U3 NIYMOIIOJOOHBIX CIIEKTPAIBHBIX KOMIIOHEHT
Ha CpeJHee 3HAUCHHWE WX DHEPIrMM HE BHOCHT H3MEHEHHS B OJHEPTHUIO
B cyOrmoJoce.

Eme pa3 ormetmM TOT (akT, YTO YKa3aHHYIO MpPOIEIypPYy
KOAWPOBAaHUS IIYMONOJAOOHBIX KOMIIOHEHT CTOHWT TIPOBOAWUTH TOJBKO
B Cilydae HEXBaTKH Oro[pkeTa OWT (KOT/ia COBpEMEHHBIE KOICKH HAYHTAIOT
3aHYIATH CIIEKTPaJIbHbIC KOMIIOHEHTEI).

310 00YCIOBICHO TEM, YTO XOTS C TOYKH 3PEHHS IICHXO0aKyCTHKH
MacKHpOBaHHME IMyMa TOHOM M pEaKmus cllyxa dYelloBeKa Ha OOMIyIo
SHEPrul0 ULIyMa U HE BBI3BIBAIOT COMHEHMH, HO caMa CIPYKTypa
My3BIKaJBHOTO (3BYKOBOTO) CHIHaja HE BCEr/la BKJIIOYAET pealbHYIo
LUIYMOBYIO  COCTaBIBIIOIIYIO, Il  KOTOpOH  OBUIO  paccuuTaHo
cootHomenue (14), Hanmpumep, KOrja B CHTHAJE MNPUCYTCTBYET TOJBKO
OJIMH YHCTBHIA TOH, TO HUKAKOTO peajbHOro Iryma B HeM HetT u Ilpunrumn 3
HeNpUMEHAM. [IpH 3TOM [TOCTATOYHO OYCBHIHO, YTO UL KOIHPOBAHUS
TaKOTO IPOCTOTO CHTHaJa M HE MOXeT moTpeboBaTthes IlpuHrmm 3 —
OFOIKET OWT TI03BOIISICT OTPAaHIMYUTHCS OCTALHBIMU [[pUHIIATIAMH.

3.2.2. KBanToBaHue mo ypoBHK. Eciu mpoBoaWTCS KBaHTOBaHHE
[0 YpPOBHIO Z,, TO HEOOXOANMO PYKOBOACTBOBATHCA TeM ke lIpmHImImoMm,
KaK 1 TIpY KBAaHTOBAaHUH MacKePOB (TOHAIBHBIX KOMIIOHEHT):

Opuwanun 4. [lpu KBaHTOBaHWUM IO YPOBHIO CIEKTPAJIbHBIX
KOMITOHEHT ayJMOCUTHaJIa HE00X0JUMO, YTOOBI IOTPEHIHOCTh KBAHTOBAHMUS
He TpeBbIlIaa e/[Ba 3aMETHBIX W3MEHEHHH 3ByKa B CMBICIIE H3JI0KCHHOM
LBaiikepom [33] (310 3HaueHHe NeXHUT B quanazone 1-2 n1b B 3aBUcHMOCTH
OT OHEPIrUM CIEKTPAIBLHOTO KOMIIOHEHTa) M 4YTOOBI KBaHTOBaHHAs
MIOCJIEI0BATENILHOCTD COOTBeTCTBOBaIA (6). MeTo/ 1 KBaHTOBaHUS TP 3TOM
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MOXeT OBITh JIFOOBIM — 3TO He BimseT Ha npeanaraemyio TCAITI, rmaBHOe —
9TO BBITIONHEHHE (6).

B cTarse mprMeHEeH METO KBAaHTOBAaHHS 110 YPOBHIO C aJallTHBHBIM
maroM  KBAaHTOBaHWS,  IO3BOJSIOIIMN  €CTECTBEHHBIM  00Opa3oMm
KOHTPOJHMPOBATH TOTPEITHOCTH KBAHTOBAHMS HA Ka)KJIOM YPOBHE H JIEPXKATh
ee B nuanazoHe 1-2 nb, uto rapanTHpyeT BeIonHeHHE (6). Pasymeercs, 9aTo
3HAUEHMsl IIaroB KBAaHTOBAaHHMS HEOOXOJMMO TaK JK€ IepeiaBaTb Ha
NPUEMHYIO CTOpOHY. JleTann MeTona KBaHTOBaHUS 10 YPOBHIO HE MMEIOT
BAXXHOI'0 3HA4YCHUA IJIs1 npeunaraeMoﬁ Teopm/l, MO3TOMY BBIXOAAT 3a
PaMKH HaCTOAILEH CTAaThU.

3.3. O6masn cxema Ayanokoaexa Ha ocHoBe TCAII. Aynuokonex
Ha OCHOBE IEPLENTYaJbHOIO PAaBEHCTBA MCXOJHOTO M BOCCTaHOBJIEHHOTO
3BYKOBOT'O CHTHAJa MpPEICTaBIACT COOOH MPOrpaMMHO-aITOPUTMHICCKYIO
peamuzanuio ykazanHoil TCAII u ucnone3yet Bce 4 ykazaHHbIX [IpuHiuna
B sSIBHOM Buze. Pa3paOoTaHHBIN aymHOKOIEK B HACTOsIIEE BpeMs paboTaer
Ha OHWTOBBIX cKopocTax 32, 64, 128, 195 kxOut/c (@i MOHOCHWTHama),
B MOHO, CTE€pPEO W MHOTOKAHANBHBIX pexunmax. (CkaTue ayquocurHaia
C IOTepsAAMH Ha JFO00H OWUTOBOM CKOPOCTH MOXKET OCYIIECTBISATHCS Kak
HE3aBUCHMO [T KaXIOro KaHama, Tak M C y4eToMm o0Iero OuTpeiita
B MHOTOKAaHQJIbHOM  CHTHaje, 4YTO TMO3BOJseT Oojee 3(D(HEeKTUBHO
HCTIONB30BaTh JOCTYIHBIN OMO/DKET OMT M KOAMPOBaTH OoJyiee CIIOKHBIC
KaHaJbl OOJIBIINM YUCJIOM OWUT.

O6mias  cxema  pabOTBI  MpeajaraeéMoro  MeToja  CXKaTus
ayIUOJaHHBIX ¢ moTepsiMu (aynuokoaeka) Ha ocHoBe TCAII npeacrasieHa
Ha pucyHke 1.

Jlerko BuIETh, YTO B CTPYKTYpe KOAEKa OTCYTCTBYET MOJIYJb
MICUX0aKyCTHYeCKod mozaenu. Kak OBUIO MOKa3aHO BEINIE, ayTUOKOICKH,
noctpoeHnble Ha ocHoBe TCAII, He HyXJalTCs B JaHHOM MOZYJE,
T.K. IEPLENTYaIbHOE PAaBEHCTBO UCXOAHOTO U BOCCTAaHOBJICHHOTO CUTHAJIOB
obecriedero BoimosiHeHUEM (12) u IpuanumoB TCAII, koTtopsle B CBOIO
ouepens  00eCHEeYMBAIOT  BBHINONHEHHE  ICHUXOAKyCTHYECKHMX  OCHOB
BOCIIPHATHS 3ByKa YEJIOBEKOM U TIO3BOJISIOT BBHITIOTHUTH (12).

VYxazanHOe 00CTOATENBECTBO CYyIIECTBEHHO CHIDKaeT
BBIUHCIIUTENFHYIO CJIOXKHOCTH pPa3padOTaHHOTO KOJEeKa IO CpPaBHEHHUIO
¢ COBpeMeHHBIMH Kojekamu (TakuMmu kak AAC) u mpu 3ToM (Kak Oyzper
MOKa3aHO JlaJiee) TIO3BOJIAIOT TIOJYYHUTh OoJiee BBICOKOE KadecTBO
BOCCTAaHOBJICHHOTO CHTHaja. Bce 3TO sBISICTCSA CIEACTBHEM MPUMEHCHUS
TCAIL
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®peiim McxoaHOTO
Ayauo (1024 otcueta)
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h 4

Mpunnun 4

HeT
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CNEKTPaNbHbIX
KOMMOHEHT KakK
wymonoao6Hble

Nnna 1-i Lna R-i
CVGFIOJ]OEbIl | Cy6nonoce!
v Ulpnsumn 2 v
OnpefieneHue KoHTponb HeT
COC;’T—IOLIJEHMH 6|4Tpe|-;1Ta
L=a T
i * Jik]
ApUdmeTUyecKUiA
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T
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CrxaTbli NOTOK

[ekogep

CraTblid NOTOK

|
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ApudmeTUHeCcKHiA
nAexonep

v
i Cybnonocbi

(Bapkw)

[na kaxaoi
Cy6nonocs!

[exkBaHTOBaHMe
C YCTaHOBJ/IEHHO
NorpeLlHOCTbIO

Koaupoeanuce
wymonogoGHble ?
A 4

aa
HeT l

MoAcTaHoBKa Z, BMECTO
LWymMmonogo6HbIX
KOMMOHEHT

[na R-i
| Cy6nonockl
L
Cbop $ppeiima
13 BCex
cybnonoc

I

O6paTtHoe
MAKN
[
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®peiim BoCCTaHOBNEHHOTO
Aygwo (1024 otcyera)

Puc. 1. Cxema paboThl ayIHOKOJICKA

Hecnoxno 3ameruts, uto Bee Ipunnuner TCAIT u (12) Hanwm cBoe
OTpaXCHHUE Ha CXEME:

- Ilepexon B

CIIEKTPAJIbHYIO

obmacte ® cyOmojocHoe

pasioxkeHue B cooTBeTcTBUH ¢ bapk mkanoii ([Tpuammm 1).
- KsanToBamme mo

B COOTBECTCTBHH C

(12), T.e.

YPOBHIO
9TOOBI OOIasi SHEeprus KBAaHTOBAaHHOMN

CIIEKTPAJIBHBIX KOMITIOHCHT

MOCTICIOBATEIEHOCTH B CYOITOJIOCE OTIMYaNach OT WMCXOJHOTO 3HAYCHUS
9HEPruu B cyoOmosioce Ha MHOXKHUTEND «a» ([Ipunnun 4).
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- Koammposanme mnrymMonomoOHBIX CIIEKTPalbHBIX KOMIIOHEHT
cpenHnM 3HadeHreM ux sHeprun ([IpuHiun 3).

—  KoHTtpons BbITIONHEHUST cOOTHOIIeHHUS (12) misd Kaxmod wu3
cyononoc. Crout OTMETHUTh, 4YTO € BBIOMpacTCI B COOTBETCTBUHU
c OMTPEeHTOM W JOKHO OBITh CYIIECTBEHHO MEHbBIIE «a». Pa3symHO
ompenenuts € kak goiro ot «a» ([Ipuamum 2).

TouHast OLEHKAa BBIYUCIHUTEIBLHON CIOXHOCTH pPa3pabOTaHHOTO
ayJIMOKOoZieKa OyJIeT BBINOJHEHAa B XOA€ MAaJbHEHIIMX HCCIIEIOBaHUM,
HO Jgaxe HpI/I6J'Il/l3l/lTeJ'II)Ha}I OILICHKa JTaIrloB cxKartus IIOKa3bIBACT
IIOTCHIIMAJIbHOEC CHHXKCHHEC BBIUMCJIMTEILHOM CJIOKHOCTH II0 CpaBHCHUIO
C COBPECMCHHBIMU AyAUOKOJCKaMHu, HCIIOJIB3YIOIIUMHN TMOJTHOUCHHYIO
«IICUX0AKyCTHYECKYIO MOJIEIIBY.

OTMeTHM, YTO KOJEK HECHMMETPHYEH, T.K. Ha CTOPOHE 3HKOHEepa
BO3MOXKHO HECKOJIBKO HTEpanuil 1mo noadopy mapaMmerpa «a» U BO3MOXEH
TIONCK ITYMONOZOOHBIX KOMITIOHCHT CHTHAIIA.

4. BoruncauTejbHbIE JKCIePUMEHThI mno CPaBHEHMIO
00bEKTHMBHOI0 KayecTBa cKaTbIX ayauodaiios. /(i1 noaTBepxaeHus
paboTOCTIOCOOHOCTH NPEIUIOKEHHOTO B paboTe AynHMOKOJeKa Ha OCHOBE
NEepUENTYalbHOr0 PaBEHCTBAa UCXOJHOTO M BOCCTAHOBJIEHHOTO 3BYKOBOT'O
CUTHaJia OBLIIN IIPOBEACHBIL BBIYHCIIUTCIBbHBIC OKCIICPUMECHTEBI
10 CPAaBHCHHUIO PE3YJIBTATOB CXKATHUA C IMOTEPAMHU HCXOAHOI'O 3BYKOBOI'O
CUTHaJIA!

- mo texHosioruu Advanced Audio Coding (AAC);

- Ha OCHOBE MpemIaraeMoro AyIMOKOJeKa Ha OCHOBE
NEepLENTYabHOTO PaBEHCTBA MCXOJHOTO M BOCCTaHOBJICHHOTO 3BYKOBOT'O
CHUTrHaJa.

4.1. AnTOpuTM BBIYHCJIHTEIBHOIO JKcIepuMeHTa. B kauectse
UCXOJHBIX CHUTHAJIOB HCIIOJIB30BAJINCH MY3BIKAIbHBIE (DAlIIbl pasIMYHBIX
JKaHpPOB, HampasJeHWl u BpemeHH wusganus (okomo 1000 caiinos),
moI00paHHbIe TAaKUM 00pa3oM, 4TOOBI MaKCHMaJIbHO IMOJHO MPEACTABHUTH
BCIO TEHEPATbHYIO  COBOKYITHOCTb  MY3bIKAJbHBIX  IPOU3BEACHHH,
3allICaHHBIX U HCHOJIb3YEMBIX B HACTOAIIEE BPEMS.

B kadecTBe CpaBHEHUsSI HCIIOJIB30BAJICA CTAaHAAPTU30BAaHHBINA (hopMat
CKaTHs ayIUOAaHHBIX ¢ motepsimu (1o Pexomenmanmn MexayHapoaHOTO
coroza onekTpocBszd ITU-R BS.1196-8 [18], Oonee wu3BeCTHBIH Kak
Advanced Audio Coding (AAC MPEG-4), xotopslii B HacTosiiee Bpems
SIBJISIETCSI CTAHAAPTOM B OTPACiM Kak Jie-lope, TaK U Ae-(PaKro.

CpaBHEHHE  TIOJIy4EHHBIX  PE3YJBTaTOB €  pe3yJbTaTaMu
cranpaprusupoanoro  kogeka Advanced Audio Coding (AAC)
OCYIIECTBISLIOCH B CMBICTIC 00BEKTHBHOTO KavyecTBa
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(o cranmaptu3oBanHoii Mepe PEAQ) W CyOBEKTHBHOTO KadecTBa
BOCCTAHOBJICHHOTO CHUTHAJIa, OLICHUBAEMOT0 Ha CITyX IPYIIHIOH 9KCIIEPTOB.

Mepa PEAQ (Objective Measurements of Perceived Audio Quality)
CTaHAAPTU30BaHA MEXIyHapOIHBIM COIO30M JJIEKTPOCBSI3M W SIBIISICTCS
0OIenpH3HaHHOM Ha CETONHSIIHNIN JEHb KaK Mepa OLEHKH OOBEKTHBHOTO
KadecTBa 3ByKOBOro curHama. PEAQ m3Mepsiercss B YCIOBHBIX CIMHMIAX,
kotopsle cooTBeTcTBYIoT MOS (Mean opinion score — YcpeIHEHHOE
MHEHHUE JKCIEPTOB) M JEXKHUT B quana3oHe oT 5,0 — KauecTBO OpUrHHAIIA,
q0 1,0 — kadecTBO y»KacHO (HEBO3MOXKHO WJIM OUY€Hb TPYAHO Y3HATh
OpUTHHAJIBHBIA curHan) — Pexomenmanus MexayHapoaHOTO cor03a
anekrpocsszu ITU-R BS.1284-2 [34].

Heo0xoauMO OTMETHTb, YTO B peajbHOW IPAaKTHKE JUIS OLECHKU
OOBEKTHBHOTO KadecTBa dacTo ucmonbdyercs mkama ODG (Objective
Difference Grade) [6].

B Ttabmmme | mnpuBeseHB! SKBUBAJICHTHBIC 3HAYCHHUS KadecTBa
no mkanaM MOS m ODG, a Takke OmMCcaHHE 3TOro KadyecTBa, KaK 3TO
TIPUBOJUTCS B Pexomennammsax MesxnyHapoIHOTO coro3a
anexTpocssizu [34] u Pexomennanuu ITU-R BS.1387-2 [6]).

Tab6imma 1. DxBUBaJICHTHBIC 3HaUEHUs KauecTna 1o mkaire MOS u ODG

Tun BHOCHMBIX HCKAKeHUit MOS (ITU) ODG
HeszameTHble HCKaKEHMSI 5,0 0,0
3ameTHbIe, HO HE pa3/pa)xaroiiue 4.0 -1,0
HemHoro pasapakaromne 3,0 -2,0
Paszpaxaromniie 2,0 -3,0
Kpaiine pa3apakaroniue 1,0 —4,0

4.2. Ananu3 meroga AAC na coorBercTBHe TCAIL Ilpexne yem
MPUBECTH PE3yAbTATHl BBIYMCIUTENBHBIX JKCIIEPHIMEHTOB, IPOBEAEM
Teoperndeckuii ananu3 texuonorun AAC Ha coorBercTBre TCAIIL.

Kax HeciaoxHo 3ametuth u3 [18] W KpaTKoro omHcaHus,
mpuBeJeHHOro B pasjene 2.2, B nenoM AAC B JOCTaTOUHOH CTETEHU
COOTBETCTBYET NPHUHIMIAM ICUXOAKYCTHKH, YTO BIIOJIHE OXKHUIAEMO IS
JIy4IIEro COBPEMEHHOI'0 KOMMEPUYECKOTr0 ayAMOKOIEKa.

OpHako, ecTh psii TOHKUX MOMEHTOB, B KOTOpeIX AAC Hapymaer
TCAII:

1.  OrtcyrcrByer KOHTPOJIb BEITIOJTHEHUS OCHOBHOTO
cooTHomreHus (12), 9TOo HE TMO3BOJIIET TOBOPHUTH O TapaHTHPOBAHHOM
BEITONTHEHNH (2), TOAPOOHO YyKazaHHBIE COOTHOUICHHS PACCMOTPEHBI
B pazzaene 3.1.

2. Hauwmnmas c Outpefita 64 KOWT/C IS KaXXIOTO KaHAa, METO.
AAC HaunHaeT 3aHyNSATh YacTh BEPXHHX 4YacTOT, YTOOBI CIKOHOMHTH
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OromkeT OWT Il HIDKHMX UM CPEIHUX YacToT. OJTO OYEBHUIHOE
HapymeHue (2), T.K. 9aCTh CHEKTpa CHUTHAJA IIPOCTO OTCYTCTBYET, M €CIIH
IUIA CpemHuX OuTpelToB (Hampumep, 64 KOWT/C) 3aHYISAIOTCS TOJBKO
gacToTsl Beime 18kIm, (4To, pasymeercs, TOXKe HapyIIeHHWE, HO Pa3HUILY
YCIBIIIAT TOJBKO MOJIOABIC JIFONIN), TO U 32 KOUT/C 3aHYISIOTCS 9aCTOTHI
Boime 14xIm, 9TOo OyAeT CIBIIIHO NpaKkTHUecKH BceM. OTMETHM, dTO
aymuokonek Ha ocHoBe TCAII He mMeeT yka3aHHOTO HENOCTaTKa — OH
BCeria KOJUPYET IOJHBIA CIICKTP CUTHATA.

3. Hecmotps nHa To, uto oOmas cxema AAC B 1enoMm
COOTBETCTBYET NCHUXO0AKYCTUYCCKUM MNPpUHIUIIAM, HpO6HeMI)I HAYUHAKTCA
MOCJe MPEOJOJICHHUS MCHXOAKYCTHYSCKOrO TOpora CkaTus, T.e. KOrja
HUMCHOIIICTOCA 610[[)KeTa 6I/IT HaYMHACT HC XBaTaTbhb I KOJUPOBAHHUSA BCEX
CIEKTPATBHBIX KOMITOHGHT B COOTBETCTBHU C IIOPOTAaMH MAaCKHPOBAHHS.
B sTot MmomeHT aBTOpEI AAC BBEIHYXIICHBI HITH HAa OCO3HAHHOE HAapyIICHHE
MICUXOAKYCTHYECKUX TPHUHIUIOB W TOHIKATh IIOPOTH MACKHUPOBAHHS.
YacTo 3TO MPHUBOAWUT K TOMY, YTO MHOTHE CIEKTpATbHBIE KOMIOHCHTHI HE
MOTYT OBITH TPOKBAaHTOBAaHBI HH K KAaKOMYy JIPYrOMY VpPOBHIO KpoMe
HYJICBOTO W TIOATOMY 3aHYIIOTCS, YTO SBISIETCS TPYOBIM HapyIICHHEM
[Mpunuuna 3 TCAII (nogpobHoe onucanue npuseneHo B paszeie 3.2.1).

Takum 00pa3oM, HECIOKHO 3aKIHOYHUTH, YTO, HECMOTpPS Ha CBOIO
oueBUIHYIO 3P dextuBHOCTh, MeToa AAC Hapymaetr TCAII u He MOXeT

rapaHTUPOBaTh MePIenTyalbHOTO paBeHCTBa HCXOJHOTO u
BOCCTAaHOBJICHHOT'O CUTHAJIA.

4.3. BeruucanrenbHbIi JKCIEPUMEHT. [IpoBenennsIit
BBIYHMCITATEIIbHBINA 9KCIIEPUMEHT TOATBEPIHI CHPaBEUIMBOCTD

TEOPETHYCCKIX BBIBOJIOB, IPUBEICHHBIX BBIIIIC.

CxxaTHe ayAMOJaHHBIX OCYHIECTBISUIOCH C OMTOBOW ckopocThio 390
KOuT/c Mt crepeocwrHama wid 195 kOuT/c I KaXAOTO KaHaia
KOAMPYEMOT0 HEe3aBUCHMO M 64 KOWT/C I cTepeocHrHana win 32 KOurt/c
JUISL KQKJIOTO KaHaJa KOJUPYeMOT0 HE3aBHCUMO.

B kauectBe mpumepa mpuBeneM pe3ynbTaThl 10  creruaibHO
BBIOpAaHHBIX TECTOBBIX (DalIOB, KOTOpBIE OBUIM OMPEIEICHBI TPYIIION
MPEG kak pekoMeHIyeMbIe /IS TECTUPOBAHHS ay/ANOKO/ICKOB.

4.3.1. BoluncauTeIbHbIH JKCIEPUMEHT HAa OHMTOBOM CKOpPOCTH
390 xout/c. B Tabmime 2 npexncraBneHs! pe3yiabpTaTsl ODG mist Kaxaoro
C)KaToro 3BykoBoro (aiina ans 6uroBoit ckopoctr 390 xOut/c, cpaBHEeHHE
c pesynbratamu AAC Ha paBHOM Outpeilite, pasHocth Mexny AAC
U TIPEeJIaracMbIM METOJIOM CXKATHsI C TIOTEPSMHU B aOCONFOTHBIX 3HAUCHHSIX
U MPOIIEHTAX, a TAK)KE YCPEHEHHAs OlIEHKa 110 BCeM (aiiiam.

452  Vndopmaruka u asromarmsanus. 2025. Tom 24 Ne 2. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (ommaiiz) Www.ia.speras.ru



MATHEMATICAL MODELING AND APPLIED MATHEMATICS

Tabmmma 2. Pe3ynpraThl COOCTABUTENEHOTO aHAIN3a PE3YIbTATOB CHKATUS
ayanodaiinos npu nmomorunu koxeka AAC MPEG-4 u npeasiaraemMoro ayuokoiexa
o mkane ODG aust 6Gutpeiita 390k0ut/c

Ne Wwmst daitna AAC, | Tlpennaracmsiit (sz;?;;i;z;mﬁ PazHocrs, [%]
- [ODG] | merox, [ODG] ~ AAC), [ODG] ’
1 | Adel -0,076 -0,034 0,042 55,26
2 | Avril Lavil -0,062 -0,024 0,038 61,29
3 | Elvis_Prestly -0,124 -0,12 0,004 3,23
4 | Evanescence -0,064 -0,06 0,004 6,25
5 | Hotel California | -0,148 -0,146 0,002 1,35
6 | Jump in my car | -0,118 -0,094 0,024 20,34
7 | NewYorkCity -0,074 -0,065 0,009 12,16
8 | Poison -0,069 -0,041 0,028 40,58
9 | SlavesOfFear -0,054 -0,026 0,028 51,85
10 | You are yong -0,075 -0,073 0,002 2,67
CpenHee no Bcem: -0,086 -0,068 0,018 25,50

HecnoxHo 3aMeTUTDb, 4TO, IO YCPEAHEHHOH OLIEHKE, TPEUMYILIECTBO
MpeJUlaraéMoro  aymuokojeka coctaBmwio 25%, a s psga  Qaiiios
npeBbicuio 50%, MpU 3TOM BaXHO MOMHHUTb, YTO PEeYb HJIET O BBICOKUX
outpelitax, TI/J€ Yy COBPEMEHHBIX METONOB CXKaTHSI ayIHOJaHHBIX
C IOTepSAAMH HET IpobieM ¢ OHKeTOM OWUT Ui KOIUPOBAHHSA CHKAaTOTO
3BYKOBOT'O TIOTOKA.

Takum o0pa3oM, IOKa3aHO, YTO TPUMEHEHHE AyYIMOKOACKa Ha
OCHOBE TIEPIUEITYaJbHOTO PABEHCTBA HCXOTHOTO W BOCCTAaHOBJIEHHOTO
3BYKOBOT'O CHTHAJIla II0O3BOJIACT TIPEB3OWTH pE3YIBTATHl COBPEMEHHBIX
ayJIMOKOJICKOB JIaKe Ha BBICOKMX OUTpEiTax, YTO B COBPEMEHHOW Hayke
CUMTAETCS MAaJIOJIOCTIDKUMON 3a7aduei, T.K. MPU HAIMYUU JOCTATOYHOTO
oromkera 6utr AAC wnapymaer TCAII Tompko B YacTH OTCYTCTBHUS
KOHTpPOJIS BBINONMHEHUA (12), a ocTaldbHBIX HApyLUIEHUH B SBHOM BHJE HET,
HO JakKe 3TOTrO BIIOJHE IOCTATOYHO, YTOOBI MPEIOKCHHBIN ayIHOKOICK
npes3omren AAC.

Ha pucyake 2 1mpeacTaBieHBl CIEKTPOTPaMMBI  HCXOTHOTO
ayauogaiiia 1 BOCCTaHOBIICHHBIX (DaIOB, CXKATHIX MPHU MOMOIIK KOJIEKa
AAC 1 npeaniaraeMoro ayJ1moKoieKa.

CTOHUT OTMETHTH, YTO Ha IMMOJOOHOM BBICOKOM OHTpEWTE OTIUYHS
BOCCTAHOBJICHHOTO AayAHOCHWTHaJla OT OpPWUTHHANA JOJDKHBI OBITH KpaifHe
HE3HAYUTEILHBI — TOTJAa MOXHO TOBOPHTH O KOPPEKTHOW pabote
aynuokoneka. B Hamem ciydae otnwums coctaBisiioT 0,068 ODG, uto
KpailHE Mallo, ¥ YBUAETb TaKoe OTIWYME Ha CIEKTporpaMMme KpaiiHe
CIIOYKHO.
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B)
Puc. 2. Cpasaenue cnexrporpamm: a) Opurunai, 6) AAC, B) [Ipemtaraemslii MeTox
(daiin Nel)
[IpuBenennsie CIIEKTPOrpaMMBbI 3PUTEIBHO MPAKTUYECKU

HEOTIMYNMBI APYr OT JAPYyra, 4YTO MOATBEPXKIAET KOPPEKTHOCTh PabOTHI
MPEATaraéMoro KoaeKa 1 JOCTHKEHHS UM KadeCTBa OPUTHHANA.

Takum 00pa3oM, Mg KOPPEKTHOTO CPAaBHEHUS PE3yJIbTaTOB
MpeUIo’KeHHOTo ayanokoaeka u ¢popmara Advanced Audio Coding (AAC
MPEG-4) HeoOXomuM WHCTPYMEHT Oollee TOYHBIA, UYeM 3PHUTEIBHOE
CpaBHEHHUE CHEKTPOrPaMM — UMEHHO TIO3TOMY MBI ONTUPAEMCs Ha PE3yJIbTaT
00BEKTHBHOTO OlicHMBaHUs M0 Mepe PEAQ, xoTopas mokasplBacT SIBHOC
MPEBOCXOJICTBO MPEJIOKEHHOTO ayTHOKOIeKa.

Takke  OTMETMM, 4YTO OLEHKa CyOBEKTHMBHOIO  KauecTBa
BOCCTaHOBJICHHOTO 3BYKOBOTO curHana no mkaire MOS Hocuia B JjaHHOM
HUCCICO0OBAaHUHN BCIIOMOTaTEIbHBIN XapakTep Hu ObL1a HalpaBJicHa Ha
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KOHTPOJIb OIIMOOK CO CTOPOHBI OOBEKTHBHOM MEpHI OLEHKHM KadecTBa
BOCCTAQHOBJICHHOTO 3ByKOoBOro curHata PEAQ w© KOHTpois KadecTBa
BOCITPOM3BOIMMOTO CUTHAJIA Ha CITyX.

Jlst 6utpeiira 390 k6ut/c MOS ObIT OlIEHEH BCEMHU DKCIIEPTaAMH Kak
ONM3KMH K OpWUTHHANy, HO BMECTE€ C TeM OOJbIlIEE YHCIO SKCIEPTOB
MPU3HAIN pe3yibTaT, MOTYyYEHHBIH Ha OCHOBE IIPEIUIaraeMoil TEOpHH,
0oJiee HACBHIIEHHBIM U OJM3KUM K OpUTHHAIY.

4.3.2. BeruncanTeaIbHBIN IKCIIePUMEHT Ha OUTOBOM cKkopocTH 64
kout/c. B Tabnune 3 mnpencrasnensl pesynstatel ODG 1is kaxaoro
C)KaToro 3ByKOBOro (haiiya ajyisi OMTOBOH cKopocTH 64 KOWT/C, cpaBHEHHE
c pesynbraramu AAC Ha paBHOM Owutpeiite, pasHocth Mexny AAC
W MpeJjlaraéMbIM METOJIOM CXKaTHs C MOTEPSMH B aOCOJIIOTHBIX 3HAYSHUSIX
U TIPOIICHTAX, a TAK)Ke YCPEIHEHHAas! OIIEHKa 0 BCeM (aiiam.

Ta6ymia 3. Pe3yabpTaThl COMOCTABUTENEHOTO aHAIN3a PE3YIbTATOB COKATHS
aynauodaiinos npu momony kojgeka AAC MPEG-4 u npeiaraeMoro aymmokoiexa
o mkane ODG auist Gutpeiita 64x6ut/c

N AAC, | Ilpeanaraemsiii Pasiocts . o
Ne Wwms daitma [ODG] | weron, [ODG] (_Hﬁz)zﬂ)ar[aghgélil PazHocTs, [%)]
1 | Adel -3,127 -1,215 1,912 61,14%
2 | Avril_Lavil -2,585 -0,949 1,636 63,29%
3 | Elvis_Prestly -3,139 -2,080 1,059 33,74%
4 | Evanescence -2,895 -1,114 1,781 61,52%
5 | Hotel California | _3 137 -1,726 1,411 44,98%
6 | Jump_in_my car | 3019 -1,410 1,609 53,30%
7 | NewYorkCity 2,831 -1,260 1,571 55,49%
8 | Poison -2,934 0,973 1,961 66,84%
9 | SlavesOfFear -2,500 -0,837 1,663 66,52%
10 | You_are_yong 2,838 -1,525 1,313 46,26%
CpenHee mo BceM: -2,901 -1,309 1,592 54,87%

HecnoxHo 3aMeTnTh, 4TO, HA HU3KOM OHTpEHTE, NPEUMYIIECTBO
Npe/IaraeMoro ayJauoKoJieKa COCTaBWIO Yyxe 55%, a s psina ¢aiinoB
npeBbIcHI0 65%. DTO 3HAYUTENBHO MPEBOCXOAMT PE3YNbTaT Ha BBICOKHX
outperitax u sBiseTcs cueactsuem Hapymennid TCAII, o KoTopsix
TOBOPHJIOCH BBIIIIE.

VKazaHHBI pe3yibTaT MpPENCTaBISETCS KpalHE BaXXKHBIM, T.K.
MIOBBIIIICHUE MEPIENTYaTbHOTO Ka4eCTBa 3BYKOBBIX CHTHAJIOB HAa HU3KHX U
YIBTPaHU3KUX OWTpeWTax sSBISCTCS BaKHEHIICH 3amadei, crosmeil mepen
COBPEMEHHBIM KOJJMPOBaHNUEM ayJHOIAHHBIX C TIOTEPSIMHU.
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Ha pucynke 3 1pencraBieHbl CIEKTPOTPaMMbBI  HCXOIHOI'O
aynuogaiiina ¥ BOCCTAHOBIEHHBIX (DaiIoB, CXKATBIX MpPH MOMOINM KOIEKa
AAC u peraraeMoro ayInoKozeKa.

a)

B)
Puc. 3. CpaBuenue cnexrporpamm: a) Opurunai, 6) AAC, B) [Ipemtaraemsrii MeTox
(paitm Nel)

OTMeTnM, YTO Ha HH3KHX OHTOBBIX CKOPOCTAX WCKaXXCHHS Ha
cnexTporpamMmme mMetona AAC NeTKo 3aMeTHTh HEBOOPY)KEHHBIM TJIA30M —
9TO TONHOCTHIO YEpHbIE O0NaCTH, OTHOCAUIMECS K 3aHYJICHHBIM
CHEeKTpPAIbHBIM KOMITOHEHTaM, 4Yero, kak mokasano B TCAIIL, OwmiTe He
JTOIDKHO.

Takum o00pa3oMm, Kak M OBUIO IIOKa3aHO TEOPETHUYECKH, MOCIe
NIPEOJIOJIEHHS] TIEPLETITYaILHOTO MpeJesia CKaTHs, KaueCTBO COBPEMEHHBIX
KOMMEpPYECKUX KOAEKOB OBICTpO majzaer M Ha Ourpedte 64k0OuT/C

456  Undopmaruka u asromarusanus. 2025. Tom 24 Ne 2. ISSN 2713-3192 (meu.)
ISSN 2713-3206 (omaitn) Www.iaspcras.ru



MATHEMATICAL MODELING AND APPLIED MATHEMATICS

CTaHOBUTBCSL yXKE€ AOCTAaTOYHO HM3KHMM. IIpnumHBl MOMOOGHBIX MpodIeM
o ipoOHO omucaHbl B pazjaene 4.2.

s Outpeiita 64 kOuT/c CyOBEKTHBHAS OIIEHKA HA CIIyX HCXOJHOTO
1 TIOJTy9IE€HHBIX PU TIOMOIIH NPEIIaraéMoro ayAHOKOAEKa ayANOCUTHAJIOB,
MOKa3ana, 9YTO OONBIIMHCTBO 3KCIEPTOB HE MOTYT C YBEPEHHOCTBHIO
OTpENeINTh  OpUTHHAN B CIIETIOM Oe3pedepeHCHOM  Tecre,
a B pepepeHcHOM — MOS OBLIT OIICHEH 3KCIEPTaMU JOCTATOYHO BBICOKO,
KaKk He OTJIMYAIOIIUICSs OT OpUTMHANAa UM HE WMEIOUIMH CYIIECTBEHHBIX
HCKa)KEHUM.

B cBorw ouepenn, pesynabrathl popmara Advanced Audio Coding
(AAC) Ha paHHOM OuTpeiiTe yXe BBI3BAJM HApeKaHUs JKCIEPTOB U,
B IEPBYI0  OdYepe]b, BBI3BAIO  HENOBOJIBCTBO  CYKEHHE  IOJOCHI
MIPOITyCKaHUs, T.€. 00pe3aHne BEPXHUX YacTOT, KOTOPOE SBISIETCS BAKHOU
gacteio anmroputMa AAC amsi HU3KAX OHTPEHTOB, YTO OOYCIIOBICHO
HEXBaTKOM wuMeromerocss Orokera OWTOB Ui  KOAMPOBAHUS BCEH
CIBIIIMMOH TIOJIOCHI 3BYKOBOT'O CHUTHANA.

5. 3akmoyenue. JlokazaHo, 4UYTO TMPEUIOKEHHBIH B  CTaThe
AyIMOKOZEK Ha OCHOBE IIEPLENTYaJbHOTO pPABEHCTBA HCXOIHOTO
1 BOCCTaHOBJICHHOTO 3BYKOBOTO CHIHasla, Oa3upyIOUIMHCS Ha HOBBIX
nonoxeHnax TCAIL, mo3BosiseT AOCTHYL MEPLENTYyaJbHOIO paBEHCTBA
HUCXOTHOTO M BOCCTAaHOBJIEHHOTO ayJHOCHUTHANA, YTO HEBO3MOXHO IS
COBPEMEHHBIX METOJIOB CKaTHs ayAMOJAaHHBIX ¢ ToTepsMu. Kpome Toro,
otr nonoxeHuss TCAII 103BOJSIFOT CO3/1aBaTh MOHSATHBIE U TEOPETHYECKU
00OCHOBaHHBIC ~ METOABI  CXaTHi  AyAMOJAHHBIX C  TOTEpsIMH,
cooTBeTcTByIOmME (6) M Kak ciencteue (2). B kadectBe mpumepa ObUIO
MIPOBEJICHO C)XKaTHE AayJIHOJAHHBIX C TMOTEpPsIMH, B XOJE KOTOPOTO
AyIMOKOZEK Ha OCHOBE IIEPLENTYaJbHOTO pPAaBEHCTBA HMCXOIHOTO
1 BOCCTaHOBJICHHOTO 3BYKOBOT'O CHMTHANa II0Ka3all 0OBEKTHBHOE KAadeCTBO
BOCCTAaHOBJICHHOTO curHana Ha 25% Bbmme (s Outpeiita 390 xOut/c,
crepeo) u 55% Beime (s Outpeiita 64 KOHMT/C, CTEpeo) MO CpPaBHEHUIO
¢ HamboJiee TIPOTPECCHBHBIM Ha CETONHAIMHUKA JeHb (opmarom AAC
MPEG-4.

CTOUT OTMETHTh, YTO TIporpecca B OOBEKTUBHOM KadeCTBE
BOCCTAaHOBIICHHOTO ayJHOCHTHAJa HAa YKAa3aHHBIX BBICOKMX OHTOBBIX
CKOpOCTSX He Habmomamoch mocienaue 10 JmeT W BbICOKHE OWTPEHTHI
CUMTAIOTCS HauOoJjee CIOXKHBIMH JUISl YJIY4IICHHsS Pe3yJbTaToB CXKAaTHUs
ayAMOJaHHBIX C moTepsaMu. Kak TmoOKa3aHO B CTaThe, COBPEMEHHBIC
¢dopmatsl AAC HE (v1/2) He MOryT OMOYb B HOBBIIIEHHH KayecTBa Ha
BBICOKHMX OWTpeiTax, T.K. HCHONB3YIOT TOT K€ JITOPUTM IEPLENTYaTbHOTO
ckarus, kak 1 AAC MPEG-4.
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[IpoBeneHHBIC YKCIIEPUMEHTHI TIOATBEPKIAIOT TOT (aKT, YTO METOT
CXKaTUS ayINONAaHHBIX, IOCTPOCHHBI Ha OCHOBE Pa3BUTOM TEOPHH CKATHUS
ayIUOJAHHBIX C IOTEPSAMH, TIO3BOJIIET OIYYaTh 00Jee BEICOKHE, B CMBICIIE
00BEKTHBHOTO KauecTBa (110 cTaHAapTH30BaHHON Mepe PEAQ), pe3yipTaTs
B CpaBHEHHH C JHIUPYIOIINM Ha CETOTHSIIHINA ACHb Ha PHIHKE (opMaToM
AAC pmaxe Ha BBICOKHX OHWTpeWTax, T/e KadecTBO BOCCTAHOBIICHHBIX
ayIUOCUTHAJIOB MPUOIIDKACTCS K KAYECTBY OpPUTHHAIIA.
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1. CHIZHOV
AN AUDIOCODEC BASED ON THE PERCEPTUAL EQUALITY
BETWEEN THE ORIGINAL AND RESTORED AUDIO SIGNALS

Chizhov I. An AudioCodec Based on the Perceptual Equality between the Original
and Restored Audio Signals.

Abstract. A method for lossy audio data compression (AudioCodec) is presented. It
allows for improving objective quality of the restored audio signal by 25% at a bitrate of 390
kbps and 55% at a bitrate of 64 kbps compared to the AAC MPEG-4 format. The proposed
method of audio data compression is based on an advanced theory of lossy audio data
compression (TLAC), which is also introduced in the article. The improvement in the objective
quality of the reconstructed audio signal (according to the standardized PEAQ measure) is
achieved because the TLAC overcomes issues in modern lossy audio data compression
methods related to the use of psychoacoustic principles of human sound perception, including
after overcoming the "psychoacoustic compression limit" of the audio signal (i.e. the moment
in perceptual coding when the available bit budget is insufficient to encode all spectral
components with the accuracy required from a psychoacoustic perspective). This allows for
achieving perceptual equality between the original and reconstructed audio signals. As an
analysis of the state of the art, solutions for both lossless and lossy audio data compression, as
well as those using artificial intelligence, are considered. In all modern lossy audio data
compression methods, the procedure for selecting the spectral components to be preserved, as
well as the permissible quantization error, is carried out through a series of highly complex
procedures collectively referred to as the "psychoacoustic model of the lossy audio
compression method". In a strict sense, perceptual equality between the spectra of the original
and restored signals has not been proven by any research group and, therefore, cannot be
guaranteed by them. Independent experts regularly publish tests demonstrating that modern
audio codecs have issues with certain audio signals. The article proposes an AudioCodec based
on the perceptual equality between the original and restored audio signals, which is based on
the new ideas of the theory of lossy audio compression (TLAC). These ideas guarantee the
achievement of perceptual equality between the original and restored audio signals at different
bitrates, therefore, the AudioCodec built on its basis is free from the above-mentioned issues
and, as a result, significantly outperforms modern AudioCodecs in terms of the objective
quality of the restored audio signal, as measured by PEAQ.

Keywords: audio data compression, psychoacoustic model, spectrum, subband division,
perceptual equality of the spectra.
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